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Abstract 
 

          Daguerreotypes, nineteenth century photographs made entirely of metal, tarnish easily 

when exposed to atmosphere or other corrosive environments. The removal of such corrosion 

products has always been a controversial issue due to the irreversibility and potential damage 

inflicted by the treatment process. When performed using the proper technique and tools, 

electrochemical cleaning has been shown to remediate daguerreotype corrosion without causing 

damage to the object. This investigation explores in detail the effects of electrochemically treating 

daguerreotypes to better comprehend the physical, chemical, and aesthetic changes which occur 

during tarnish remediation. Such analysis includes understanding the extent to which tarnish is 

removed from the object, whether the microstructure and surface roughness are altered, and 

whether deposits are formed on the surface as the result of cleaning.  

          Before characterizing the effects of treatment, a reliable and consistent electrochemical 

cleaning method was optimized on modern, custom-made daguerreotype coupons. These coupons 

were tarnished in controlled settings to create silver sulfide or silver oxide, two commonly found 

daguerreotype corrosion products. They were then treated by the optimized electrochemical 

cleaning process, which involved immersing the object in a 0.1 M NaNO3 electrolyte and 

connecting it to a platinum counter electrode, an Hg/Hg2SO4 reference electrode, and a 

potentiostat. Tests were executed to determine the most effective voltage for removing each 

corrosion product. Full characterization of the modern coupons was performed prior to corrosion, 

after corrosion, and after electrochemical remediation to provide full understanding of the 

treatment effects. Characterization techniques include scanning electron microscopy/energy 

dispersive x-ray spectroscopy, Raman spectroscopy, atomic force microscopy, x-ray 

photoelectron spectroscopy, and Fourier transform infrared spectroscopy. The optimized process 

was also tested on three nineteenth century daguerreotypes, and the changes fully characterized 

and compared to those of modern samples. Both silver sulfide and silver oxide were noticeably 

reduced as the result of electrochemical cleaning, while the treatment process did not alter the 

physical and chemical features of the daguerreotype image particles or silver base layer. The 

results provide a much better understanding of the electrochemical cleaning process on a 

chemical and microscopic level, allowing conservators to make informed, scientifically-supported 

treatment decisions for their clients and institutions. 
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Chapter 1: Introduction 

 Daguerreotypes, metal-based nineteenth century photographs, are some of the most 

cherished and perplexing photographic objects. Prior attempts to remove daguerreotype 

deterioration products and restore the original image have proven unpredictable and even harmful 

to the object. A form of electrochemical cleaning, potentiostatic cathodic polarization, was 

recently proposed as a means to predictably remove daguerreotype deterioration products without 

altering the original materials or image structure of the photograph. This project focuses on 

optimizing the electrochemical cleaning process for specific daguerreotype corrosion products, 

silver sulfide and silver oxide, and characterizing the effects of restoration through commonly 

used analytical techniques such as electron microscopy, roughness measurements, and 

spectroscopy. The information from this study will help photograph conservators create informed, 

scientifically-supported decisions concerning daguerreotype treatment for their clients and 

institutions. 

The announcement of the daguerreotype process to the public on August 19, 1839 is 

commonly referred to as the birth date of photography, and the daguerreotype is known as the 

first commercially popular photographic medium. Invented as a collaboration between Louis 

Jacques Mandé Daguerre and Joseph Nicéphore Niépce, daguerreotypes are known for their 

unique image properties as well as their unique deterioration properties. Unlike the majority of 

photographic materials, daguerreotypes were not created on a paper or polymer base. Rather, they 

are made entirely of metal and the images are composed of very small silver-mercury amalgam 

particles which rest on a substrate of highly polished silver. This provides daguerreotype plates 

with both extremely high image resolution and a reflective mirror-like quality. From 1839 up to 

approximately 1860, daguerreotypes were the dominant form of photography, used mainly for 

portraiture, and were so popular throughout Europe and the United States that they inspired a fad 

known as “daguerreotypomania”. By 1860, photographic science and technology had progressed 
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to the point where new, less expensive, faster, and more standardized forms of photography had 

been invented. Thus, the daguerreotype process became a part of photographic history. 

 Due to their metallic nature, daguerreotype plates corrode over time. There are several 

accounts from the mid-nineteenth century of daguerreotype corrosion, or tarnish. The corrosion 

mainly takes the form of silver sulfide, resulting from interactions between the highly polished 

silver layer and hydrogen sulfide in the environment. Other commonly described types of tarnish 

include silver oxide in the form of Ag2O and silver chloride (AgCl). As time progresses, so does 

the tarnish layer, obscuring and etching the plate often to the point where the photographic image 

is no longer distinguishable. As the result of such deterioration, there were numerous attempts at 

removing the corrosion layers to restore the original image. Such restoration processes included 

chemical silver dips used to dissolve the corrosion products, mechanical abrasion, and 

electrochemical cleaning.1–3 Unfortunately, all prior restoration methods have harmed 

daguerreotype plates: silver dips left residual chemical on the objects, inducing new forms of 

corrosion, mechanical abrasion scratched the highly reflective surface, and earlier forms of 

electrochemical cleaning were unpredictable and caused plate delamination. A more recent study 

by Dr. William Wei at the Cultural Heritage Agency of the Netherlands proposed a different form 

of electrochemical cleaning for daguerreotype restoration in 2010.4 This technique involved 

changing some of the materials used in prior electrochemical treatments, such as the electrolyte 

solution and the counter electrode material, while adding a reference electrode (earlier methods 

did not include a reference electrode). The newly proposed technique also suggested to apply 

only a steady cathodic voltage to the daguerreotype, while the prior electrochemical technique 

called for oscillation between anodic and cathodic voltages. By using a steady cathodic voltage, 

the treatment process would not run the risk of corroding the daguerreotype in the electrolyte 

solution. The proposed method by Wei was briefly investigated using scanning electron 

microscopy of a single nineteenth century daguerreotype, but was in need of further 

characterization to understand its effects on such delicate objects. The purpose of this project is to 
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therefore provide greater comprehension of the cathodic-polarization electrochemical cleaning 

process when specifically applied to daguerreotype restoration. This is accomplished through 

characterizing daguerreotype plates before and after treatment using scanning electron 

microscopy/energy dispersive x-ray spectroscopy (SEM/EDS), atomic force microscopy (AFM), 

Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), and x-ray photoelectron 

spectroscopy (XPS), analyzing the changes which occur as the result of cleaning.  

 Historical daguerreotype plates vary in their material and deterioration properties due to 

the experimental nature of nineteenth century photography and their unknown storage or 

treatment histories. It is therefore necessary to study a number of relatively standardized samples 

with a known fabrication process and known corrosion products. To accomplish this, a 

contemporary daguerreotypist was commissioned to create small daguerreotype coupons, all 

created using the same process (see Appendix). These coupons were then corroded to specifically 

create either silver sulfide or silver oxide on their surfaces, electrochemically cleaned, and 

characterized. Following these controlled studies, a number of nineteenth century daguerreotypes 

were also cleaned and characterized. All historical photographs were obtained from online 

auctions and have unknown treatment and storage histories.  

This project is divided into three major sections: optimization of electrochemical cleaning 

parameters, analysis of modern daguerreotype coupons, and analysis of historical daguerreotypes. 

The first section is described in Chapter 3 and focuses on determining the best way in which to 

create both silver sulfide and silver oxide tarnish films on the modern daguerreotype coupons, as 

well as the proper cathodic voltage to apply for efficient electrochemical cleaning. The second 

section is outlined in Chapter 4 and describes the analytical characterization of the contemporary 

samples in three phases: prior to induced corrosion, after induced corrosion, and after 

electrochemical cleaning. Coupons which have undergone sulfide corrosion, oxide corrosion, and 

no induced corrosion are all studied. The third and final section is covered in Chapter 5 and 

focuses on the analytical characterization of three nineteenth century daguerreotypes before and 
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after electrochemical cleaning. When possible, the same general locations on both the modern 

samples and the nineteenth century plates were studied before and after each surface treatment. 

The overall results of this investigation show that the proposed cathodic reduction 

electrochemical cleaning process is effective in reducing both silver sulfide and silver oxide 

tarnish. The treatment method itself does not appear to deposit any residual chemicals on the 

daguerreotype surface and does not alter non-tarnished image particles or silver substrates, with a 

few anomalous exceptions, described later. Additionally, it does not further deteriorate surfaces 

which have already been corroded. Several of the analytical techniques used in this study had 

limitations in their abilities to identify silver sulfide and silver oxide corrosion products, as well 

as limitations in terms of sample size and ease of access. Despite such limitations, this study was 

made as comprehensive as possible, although suggestions for future characterizations (when time, 

budget, and space permit) are discussed in the conclusions, Chapter 6. 

 This project was initiated as a means to provide conservation professionals with 

scientifically-supported information on the effects of electrochemically cleaning daguerreotypes. 

It therefore must take into consideration the ethical consequences of such a treatment. One of the 

most important concepts in cultural heritage conservation is that of treatment reversibility – any 

alterations made to a cultural object must have the ability to be undone. It is therefore quite clear 

that any act of cleaning is not reversible, as its intention is to remove a surface layer, such as dirt, 

tarnish, or even varnish from an object with finality. This is not to say that cleaning is never 

performed on cultural heritage. In fact, light cleaning, such as surface dust removal and gentle 

brushing is a common maintenance procedure in conservation settings. The act of cleaning 

becomes more of an ethical consideration when it involves removing a surface layer which could 

be considered part of the object, or which significantly alters the object’s appearance or reactivity 

with its surrounding environment. In the case of daguerreotype tarnish, many consider the visible 

corrosion patterns to be part of the aesthetic appeal of the photograph in the sense that they 

provide historical context and a sense of antiquity. Removing the tarnish layer could be seen as 
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removing part of the history of the daguerreotype. Secondly, cleaning will certainly alter the 

appearance of a daguerreotype (whether this is a desirable outcome or not) and will reveal a more 

reactive surface to its surrounding environment. There is also the issue of causing harm to the 

daguerreotype by utilizing a cleaning procedure which unpredictably reacts with the plate 

materials in an undesirable way. Despite such concerns and ethical considerations, daguerreotype 

cleaning is still practiced in conservation, although more commonly in private practice than at 

institutions. When restoration does occur, it should be performed on a case-by-case basis as there 

are many factors which the conservator must take into account. Such considerations include the 

wishes of the client (if in private practice), the mission of the institution, object significance, 

significance of the historical information which can be obtained from the image, storage 

conditions, level of deterioration from tarnishing, and availability of alternate options for 

retrieving image information (such as hyperspectral imaging). If a conservator does decide to 

clean a daguerreotype, the effects of the treatment process should be fully understood, and the 

technique itself should not alter the photograph in an undesirable manner. This project is 

therefore necessary to ensure that daguerreotypes are cleaned with regard not only to their 

aesthetic appearance but also to their safety and preservation. 
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Chapter 2: Project Background 

Part A: The History of Daguerreotypes as a Photographic Medium 

Daguerreotypes are credited as the first commercially successful form of photography, 

and initiated the widespread popularity of photography as an image-producing medium.  The year 

1839 is often acknowledged as the birth date of photography, but it is important to understand the 

scientific advances, societal desires, and personal collaborations that led up to the development of 

daguerreotypy.  It is also essential to realize that multiple researchers were simultaneously 

creating images with photosensitive chemicals and light.  In short, the daguerreotype was only 

part of the multiple world-wide efforts to bring photography to fruition, and became highly 

popular for a short period of time due to a number of factors.   

Scientific and technological advances which preceded the daguerreotype and directly 

influenced its invention were part of the fields of photometry, photochemistry, optics, and 

drawing. The work of Thomas Young in the early nineteenth century propelled a number of his 

contemporaries to revisit and investigate the wave-like properties of light, a theory originally 

proposed a few centuries prior. In particular, numerous scientists at this time focused on spectral 

analysis of astronomical bodies and photometry, the study of light intensities and their effect on 

materials. Such scientists, including John Herschel and William Henry Fox Talbot, were later 

directly involved with the development of photography.3 These investigations placed light studies 

at the forefront of early nineteenth century research, increasing the general understanding of light 

properties and facilitating the fabrication of high quality lenses. Similarly, the discovery of 

photosensitive silver compounds during the eighteenth century propelled image-making 

photochemical experiments by Thomas Wedgewood and Joseph Nicéphore Niépce around the 

turn of the nineteenth century. These projects involved coating light sensitive silver halide 

solutions on various substrates (paper, leather, stone, and metal) and exposing them to direct 

sunlight. Wedgewood used glass paintings to create silhouettes on the photosensitive surfaces, in 

which the areas exposed to light darkened and the areas shadowed by the paintings resembled the 
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underlying substrate. Niépce used a camera obscura to produce such images. Neither scientists 

were able to fix their final images, thus making their “photographs” ephemeral upon further light 

exposure. The camera obscura, like the one used by Niépce, was utilized for centuries prior to the 

invention of photography as a medium for studying light and as a drawing aid. It consists of a 

dark box into which light enters only through a small opening. An example of a camera obscura is 

shown in Figure 2.1. Light entering the camera obscura would project onto the wall opposite the 

opening, forming an inverted image of scenery outside the box from the other side of the opening. 

The artist could then simultaneously view the surrounding scene through the lens as well as a 

projection of the scene onto a sheet of paper and copy the image by hand. Placing a light sensitive 

material, such as paper coated with silver nitrate, in the camera obscura would render a 

photographic image. Thus, the camera obscura was commonly used in early photographic 

experiments and is the precursor to the modern camera. 

Artistically and socially, the daguerreotype and other photographic forms helped to 

satisfy a building desire for realistic representation of nature. Europeans in the late eighteenth and 

early nineteenth centuries were fascinated by panoramas which created an illusion of continuous 

space through large, realistic paintings often positioned to completely surround the viewer. 

Similarly, American visual culture of this era consisted of national landmark landscape paintings, 

genre paintings of the common people (often working), and portraits of significant public figures, 

evoking a sense of national pride.  Realistic accuracy was highly valued and expected from 

painters, cultivating a sense of nationalism and a favorable climate for the introduction of 

photography.5 Alongside an overall desire for true-to-life pictorial representations were rising 

interests in inexpensive portraiture and easy methods for mass-distribution of images.  Prior to the 

invention of photography, portraiture was reserved for upper class citizens.  During the industrial 

revolution, image-making and image-reproduction became faster and less expensive through the 

lithography process. This process entailed creating a drawing on a slab of stone coated in gum 

arabic. The image was then mass-reproduced through the application of ink and subsequent print 
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pressing. Technical literature of the time suggested easier ways in which to incorporate images 

onto the stone slab, such as coating the stone surface with a light sensitive emulsion and 

transferring a design from a translucent support. In certain countries such as France, these 

improvements were developed as the result of premiums, monetary incentives created by the 

Société d’Encouragement des Arts et Métiers specifically for advancement of the lithographic 

process.3 The invention of lithography fueled Western society’s insatiable demand for 

inexpensive, realistic imagery, thus creating a social need for photography. 

The daguerreotype itself was invented as the result of a partnership between Louis 

Jacques Mandé Daguerre and Joseph Nicéphore Niépce. Prior to forming their alliance, Niépce 

developed an interest in lithography, particularly in the aspect of creating printing plate images 

through photosensitive emulsions. As mentioned previously, Niépce had already experimented 

with forming silver halide images on various substrates using a camera obscura. In his 

lithography work, he focused more on resin and varnish concoctions with photosensitive 

properties, and created his plates by oiling paper engravings (thus rendering them translucent), 

then subsequently placing the engravings onto a glass or stone plate which had been coated with a 

photosensitive resin. After light exposure, the plates were washed in a solvent which dissolved 

the unexposed areas of the resin. The light exposure process rendered exposed areas insoluble, 

thus leaving a final negative image of the original engraving. Around 1826 or 1827, Niépce began 

experimenting with pewter plates and exposing them to light in his camera obscura rather than 

through the oiled engravings. His photosensitive coating was composed of a tar-like material 

called asphaltum, or bitumen of Judea, which hardens upon light exposure. This combination of 

materials produced what Niépce referred to as heliographs. From these experiments, Niépce 

created the first known photograph of nature which is still in existence. Concurrently, Daguerre 

was working as an apprentice to panorama painter Pierre Prévost in Paris, France. He then 

established fame as a stage designer and inventor of the Diorama, which consisted of large 

paintings on fabric depicting realistic scenery, generally of cathedrals or nature scenes.  The 
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viewer was led into a darkened auditorium containing an alternating array of specially lit painted 

screens which faded in and out of the audience’s view.6  Throughout the 1820’s and 1830’s the 

Diorama was highly popular among Europeans because of its ability to imitate nature to such a 

high degree, again establishing the public desire for realistic likenesses of surrounding imagery. 

Daguerre made extensive use of a camera obscura to produce his Diorama paintings, and became 

interested in permanently fixing the images produced by the camera. He had experimented with 

silver chloride photosensitive papers, but with little success in rendering a permanent print.  

By chance, a relative of Niépce’s mentioned his success with producing lithography plates using 

light to an optician in Paris, who then passed this information along to Daguerre. The two 

communicated with each other via letter and in person over the course of the next few years. 

During this time, Niépce made improvements to his photographic process by using a thin layer of 

silver, which was lighter in shade than pewter, plated on the surface of a studier metal such as 

copper. He also began treating the asphaltum with iodine vapors to produce a final image 

composed of silver iodide. Meanwhile, Daguerre discovered that silver iodide alone could be 

used to create images, eliminating the need for asphaltum. After light exposure, silver iodide 

itself did not produce anything visible, but Daguerre found that if this latent image was allowed to 

react with mercury vapor, the image became visible. Unfortunately, Niépece died in 1833, shortly 

after his improvements, but Daguerre continued experimentation with Isidore Niépce, Joseph’s 

son. At this time, the photographic plates that Daguerre produced were not permanent as they 

continued developing after light and mercury exposure, but he later discovered that immersing the 

mercury-developed plate in hot salt water stopped the process and fixed the image. Daguerre and 

the younger Niépce began to promote this new process in 1838, which they eventually decided to 

call the daguerreotype despite Isidore’s reluctance. The process caught the attention of François 

Dominique Arago, secretary of the Académie des Sciences and a member of the Chamber of 

Deputies in the French Parliament.3 As a scientist, Arago was very interested in studying the 

properties of light, and felt that daguerreotypes would be highly useful in this regard. He placed a 
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notice about the photographic process in the journal of the Académie des Sciences in January, 

1839, which sparked a reply from William Henry Fox Talbot, who had also independently been 

creating photographic images on paper rather than metal. Talbot rushed to publish his findings as 

an attempt to establish himself as the inventor of photography. During the months between the 

written notice in January and the official announcement of the daguerreotype process in August, 

1839, Arago granted both Niépce and Daguerre monetary compensation in the form of 

government pensions in exchange for a public release of the photographic procedure. Talbot, on 

the other hand, chose to patent his processes, known as the calotype. There are a number of 

reasons why the daguerreotype became far more popular than the paper-based calotype in the 

following years, but it is likely that this is partially due to the relative freedom that photographers 

had in making and experimenting with daguerreotypy compared to the restrictive legislation 

associated with Talbot’s process. Nevertheless, a large amount of excitement had built around the 

public release of the daguerreotype procedure, and on August 19, 1839, Arago announced to an 

extremely crowded hall during a joint meeting of the Académie des Sciences and des Beaux-Arts 

Daguerre and Niépce’s invention. This particular meeting is commonly referred to as the birth 

date of photography.  

Over the next twenty years, scientists and photographers, mainly throughout Western 

Europe and North America, experimented with and improved the daguerreotype process with 

incredible fervor. Daguerre and Niépce’s original process involved plating a copper sheet with a 

highly polished thin layer of silver, exposing the plate to iodine fumes (thus photosensitizing the 

plate), placing the plate inside a camera obscura to create the latent image, developing the image 

using mercury vapor, and finally fixing the image in heated salt water. While this process 

produced satisfactory images in some instances, the exposure step was lengthy (several minutes 

on average) and required intense light, the process was highly dependent on seasonal and ambient 

conditions, and the resulting image was extremely delicate. It was originally believed that the 

daguerreotype was unsuitable for portraiture due to these restrictions, but improvements made by 
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other scientists reduced these issues to the point where daguerreotype portraits became extremely 

common and a cultural phenomenon. The issue of lengthy exposure time was improved by 

engineering better lenses and camera apparatuses as well as through enhancing the photosensitive 

emulsion on the silver surface. Notable mechanical improvements were made by Joseph Max 

Petzval in Vienna and Alexander S. Wolcott in New York City. Petzval designed lenses 

specifically for portraiture and for landscape photography, which increased the amount of light 

allowed into the camera, thus significantly reducing exposure time. Wolcott developed a lens-less 

camera with a large concave mirror in the back to focus light onto the daguerreotype plate. 

Additionally, Wolcott and his business partner John Johnson developed the first daguerreotype 

portraiture studio in which they discovered that the use of blue filters on all light sources 

shortened exposure time due to the inherent sensitivity of daguerreotype plates to blue light. 

Chemically, photographers began experimenting with mixtures of other silver halide salts besides 

silver iodide. The use of bromine was likely initially investigated by Dr. Paul Beck Goddard and 

Robert Cornelius in Philadelphia or by Hippolyte Fizeu in France – all three did not provide early 

public disclosure of their experimentation for various reasons. Nonetheless, simultaneous 

investigations throughout the United States and Europe utilized both bromine and chlorine in the 

process of improving daguerreotypes. As a more sensitive silver halide than silver iodide, the 

formation of photosensitive silver bromide or silver chloride on daguerreotype plates decreased 

the light exposure time necessary for photography. This act of using halide mixtures was referred 

to as multiple sensitization.  

Daguerreotypes, as they were initially introduced, were notoriously mechanically fragile, 

and Daguerre had previously experimented with coating the final plates with various varnishes to 

protect the image from damage. Early on, photographers began packaging daguerreotypes in 

protective cases, utilizing a sheet of glass to reduce interaction between the plate and its 

surrounding environment. An example of the materials used in a typical daguerreotype case are 

shown in Figure 2.2. These cases were employed throughout the entire popular existence of 



23 
 

daguerreotypes, their use continued on into the mid- and late-nineteenth century for other 

photographic types. A chemical means to stabilize the daguerreotype image was invented by 

Hippolyte Fizeau in 1840. He determined that immersion in a heated solution of gold chloride and 

sodium thiosulfate would fix and mechanically strengthen the final image. Following the 

discovery, this process was referred to as gilding and was used on the vast majority of 

daguerreotypes produced after 1840. Gilding also increased the contrast of the image, making 

highlight areas brighter and shadows deeper, a quality desired by photographers at the time.  

Other limitations of daguerreotypes include their inability to replicate the natural colors 

of the world, and the fact that they cannot be reproduced. To overcome the issue of color, many 

photography studios of the time would offer coloring services through the application of ground 

pigments in a binder. Pigmentation was often applied as some red on the portrait subject’s cheeks 

or on a small prop. The problem of reproduction was not as easily overcome by photographers. 

When viewed at the proper angle, daguerreotypes are naturally positive images. The plate which 

is sensitized and placed in the camera obscura is also the final print. As the plate is composed of 

opaque metals, it cannot be made translucent for easy reproduction like more contemporary 

plastic photographic negatives. Replications were typically made by photographing an existing 

daguerreotype plate or by creating an engraving of a daguerreotype using lithographic stones or 

copper engraving plates.3 Such copies are very rare. Due to these limitations, combined with the 

rapid advancements made in photographic technology during the mid-nineteenth century, 

daguerreotype popularity decreased around 1860 with the invention of the wet collodion process, 

a more rapid, reproducible photographic method. 

Daguerreotypes satisfied numerous societal needs at the time, including a desire for rapid, 

inexpensive, and hyper-realistic portraiture, and therefore became extremely popular after the 

public announcement by François Arago in 1839. The majority of daguerreotype plates produced 

during the mid-nineteenth century were portraits, and were referred to as a “mirror with a 

memory”. Prior to the invention of photography, portraiture was reserved for the upper classes in 
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the form of paintings. With the advent of the daguerreotype, the middle classes in Europe and the 

United States began to establish its worth as consumers of such representative objects. Many 

feared that photography would completely overthrow painting as an art medium, but there were 

noted differences between daguerreotype images and painted portraits. For many, photographs 

presented a too realistic image, to the point where the public expressed anxieties over the amount 

of sometimes unflattering detail captured in daguerreotype plates and the stiffness of the sitter’s 

pose. Compared to daguerreotypes, painted portraits often worked to elevate the sitter by 

smoothing imperfections or incorporating elements of grace and dignity into the pose. Despite the 

public’s original unease with these hyper-realistic images, a phenomenon known as 

“daguerreotypomania” took hold of certain countries, mainly France and the United States. Eight 

years after its introduction, half a million daguerreotype plates had been sold in Paris alone along 

with 2,000 cameras.6 Similarly, by the end of the Daguerreotype era in 1860, the United States 

Census reported the existence of 3,154 photographers.7  The United States in particular created 

and improved daguerreotypes with incredible enthusiasm, even establishing a technique known as 

the “American Process” in which the final polished plate was coated with yet another layer of 

silver, applied using an electrolytic cell. As a newly established country, the United States wished 

to cement its place as a technological force in the era of the industrial revolution, and 

photography helped it do just that. 

During this time, daguerreotypy was often viewed as a business endeavor. It was typical 

for an entrepreneur to create a daguerreotype studio simply as a means to make money rather than 

a means of artistic expression. On the other hand, a handful of people, such as Albert Sands 

Southworth and Josiah Johnson Hawes in Boston, chose to tackle this new profession of 

photography as an art form. These latter plates were typically reserved for wealthier customers. 

Nevertheless, high demand for daguerreotypes in the mid-nineteenth century led to the formation 

of high-volume plate manufacturing facilities, and subsequent desire for low cost methods and 

materials. Thus, when the less expensive wet collodion process and its commonly associated 
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photographic process the tintype were introduced in 1856, manufacturers and consumers alike no 

longer found a need for daguerreotypes. Tintypes were exposed on thin sheets of iron which are 

covered in a black pigment, and the image was composed of silver particles. These plates were 

made in the same size as daguerreotypes and were also placed in the same type of protective 

housing. It was common for people to mistake tintypes for daguerreotypes and vice versa. The 

materials used for this process were far more economical than the copper, silver, and mercury 

necessary for daguerreotypes. Thus by 1860, the use of the daguerreotype process rapidly 

declined, and a new era of image proliferation and consumption began.  

 

Part B: Material Properties of Daguerreotypes 

The Daguerreotype Process  

As mentioned previously, finished daguerreotypes are composed of a thin copper plate 

coated by an even thinner layer of highly polished silver. The image is created by very small 

mercury particles, and is oftentimes gilded with a layer of gold. A cross-sectional drawing of a 

typical daguerreotype plate is shown in Figure 2.3. Due to the vast amount of photographic 

experimentation after the daguerreotype process was divulged to the public, there were countless 

plate-making and image-forming procedures. Nevertheless, standard daguerreotype fabrication 

practice can be broken down into common steps, as follows: 

(1) Plate fabrication: A copper plate, ranging in size from 3.5 x 4 cm (known as a sixteenth 

plate) to 16.5 x 21.5 cm (known as a whole plate) was polished and plated with a thin 

layer of silver. The silver was generally applied one of two ways: through cold roll 

cladding or through electroplating. The former process involved pressing both copper and 

silver plates together between rollers, while the latter is an electrochemical process in 

which silver is deposited onto the copper plate in an electrolyte solution. The technique 

known as the American process consisted of cold rolling followed by application of a thin 

electroplated silver layer. Lastly, the final silver surface was highly polished to a mirror-
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like finish. The majority of unexposed plates were produced in a manufacturing facility 

which mechanized the necessary steps. Typical plates were approximately 0.4 mm thick, 

with a 10 μm thick silver layer.8  

(2) Sensitization: After plate fabrication, the polished silver surface was rendered 

photosensitive. This process was performed in the photographer’s studio within a dark 

box to avoid accidental premature exposure. Daguerre’s original process called for 

sensitization by iodine vapors, but practicing daguerreotypists often utilized a 

combination of iodine and bromine. These vapors formed the photosensitive compounds 

silver iodide and silver bromide, respectively. Manipulation of the silver halide thickness 

was vital for control of the final aesthetic qualities of the image, but ambient conditions 

such as temperature and humidity greatly influenced the process. This thickness was 

therefore gauged by photographers visually through assessing the interference colors. 

Daguerre suggested that proper sensitization was achieved when the plate exhibited a 

golden yellow color, which was determined in recent decades to be approximately 30 nm 

in thickness.9 Such thin halide layers were not very sensitive to light, but by 1847 a triple 

sensitization process was common practice using iodine, followed by bromine, followed 

by a final iodine exposure. The recommended interference color for this process was 

“steel blue” and such layers were determined to be approximately 60 nm in thickness.9 

These plates significantly reduced the light exposure time, thus making daguerreotypes 

more suitable for portraiture.  

(3) Light exposure: The sensitized plate was immediately transferred to the camera obscura 

in which it was exposed to light and the desired photographic subject. Exposure times 

varied depending on factors such as the sensitization process used, lighting conditions, 

subject matter, and environmental conditions. Common exposure lengths in the portrait 

studio lasted approximately 20 to 40 seconds.8 During this process, the photosensitive 

silver halides are reduced to form metallic silver and a halogen, resulting in small specks 
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of metallic silver which cannot be seen by the human eye. These specks are more 

populous in areas which are exposed to greater amounts of light, and less populous in 

areas exposed to less light. This product is referred to as the latent image. It is theorized 

that using various halogen vapor mixtures during sensitization results in the formation of 

crystal defects in the silver halide layer which then act as trapping sites for the products 

of photolytic decomposition. These sites prevent recombination between silver and 

halogen molecules after they have been reduced, thus forcing the formation of the 

aforementioned silver specks and increasing the sensitivity of the plate. 

(4) Mercury development: After exposure and latent image formation, the daguerreotype 

must be developed in mercury vapors. The plate was placed in a sealed box containing a 

vessel of mercury generally heated to between 50 and 130 ◦C. Mercury droplets deposit 

on the surface in accordance with the density of silver particles in the latent image – more 

mercury condensed in areas exposed to more light, and less mercury in areas exposed to 

less light. The plate had to be removed from the box after a certain period of time 

otherwise mercury would deposit on all areas of the surface. Once deposited, the mercury 

and silver react to form very small amalgam particles which constitute the final image. 

When viewed appropriately, highlights have high image particle density, and shadows 

have low image particle density. The physical properties of these particles will be 

discussed later. 

(5) Fixing: In order to halt the development process and prevent further silver halide 

reduction, the plate was immediately immersed in a solution of sodium hyposulfite (now 

called sodium thiosulfate) to remove the residual silver halide layer. Daguerre’s original 

suggestion as a fixing solution was a bath of heated salt water, but this was soon switched 

to sodium thiosulfate. Without this step, silver halide compounds would continue to react 

with light, forming metallic silver particles on the surface and creating an overall gray 
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cast to the image. The final plate was rinsed with water and could then be placed in the 

protective case at this point if desired. 

(6) Gilding: As mentioned previously, the optional step of gilding provided mechanical 

durability to the image particles and deepened the contrast of the image. The gilding 

process involved mixing a solution of gold chloride and sodium thiosulfate, and 

subsequently pouring the solution over the finished plate, allowing it to dry above an 

alcohol lamp. As gold is a more noble metal than both silver and mercury, incorporating 

it into the daguerreotype process should theoretically increase the plate’s resistance to 

corrosion. 

Many daguerreotypists at the time recorded and subsequently published their experiments and 

preferred processes. As a result, there is a good deal of existing nineteenth century literature on 

the specific chemicals and techniques used to make daguerreotypes. Contemporary photographers 

have therefore reconstructed original daguerreotype recipes and tweaked such formulae for their 

own preferences.  

 

Image Formation  

 The silver iodide formation process suggested originally by Daguerre is executed in the 

following manner: 

2 Ag + I2(g) → 2AgI                                (Eq. 2.1) 

At temperatures between 20 and 130 ◦C, the resulting silver iodide (AgI) crystal is the wurtzite β-

phase structure. Similarly, silver exposed to bromine gases undergoes the following reaction: 

2 Ag + Br2(g) → 2AgBr                    (Eq. 2.2) 

The resulting silver bromide has a face centered cubic (fcc) rock salt crystal structure. In general, 

iodine vapor exposure was performed first, followed by bromine vapor exposure, and a final 

iodine treatment. During the initial iodine exposure, a non-continuous silver iodide crystal film is 

generated through nucleation at defects such as grain boundaries and dislocations on the silver 
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surface. Silver bromide likely forms at exposed silver sites that have not reacted with the iodine 

vapor.10 Both crystalline structures inherently contain point, line, and other defects, but are 

greatly increased when different crystal structures are combined on a single surface.11 These 

defects act as trapping sites, or charged locations which can attract interstitial silver ions or 

electrons (depending on the charge of the trap), allowing them to combine at certain sites.  

 The latent image is formed through the interaction between light and the photosensitive 

silver halide layers in the following manner: 

10AgI/AgBr + hν ↔ 4Ag(5) + 5I2/Br2               (Eq. 2.3)10 

in which the halide clusters are dissociated into metallic silver clusters and halogen molecules. 

The equation is reversible if the resulting silver clusters contain less than five atoms. Stable silver 

clusters are formed when the critical number of 5 silver atoms has been reached, forming the 

latent image.10,12–14 Upon mercury exposure, Ravines et al. (2016) theorized a two-step 

amalgamation process to form the final daguerreotype image. The first step involves a nucleation 

reaction between the mercury vapor and latent image silver clusters on the surface, forming 

amalgam seed image particles. These particles are believed to have one of two possible 

stoichiometric forms, created through one of two reactions: 

11Ag5 + 45Hg(g) → 5Ag11Hg9                            (Eq. 2.4)15 

3Ag5 + 20Hg(g) → 5Ag3Hg4                            (Eq. 2.5)15 

The second step involves growth of the existing seed image particles via mass transport from the 

meso/sub-surface region immediately below surface layer of the silver base, creating very small 

voids just beneath the image particles.10,15 This process is complete when the daguerreotype plate 

is removed from the mercury vapor chamber. 

 

Final Daguerreotype Image Structure  

Using modern technology such as scanning electron microscopy (SEM) and energy 

dispersive x-ray spectroscopy (EDS), scientists in recent decades have been able to study the 
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daguerreotype microstructure on a highly detailed level. Examples of both highlight and shadow 

using SEM are given in Figure 2.4. As can be seen by the images, the daguerreotype 

microstructure is composed of very small, discrete particles. These particles are not entirely 

uniform in shape or size, but can be divided into general categories. Most particles in the 

highlight area are small and either spherical, elongated, or hexagonal in shape, whereas particles 

in the shadow area are large, widely spaced, and composed of irregularly-shaped agglomerates. 

Typical particle diameters for highlights range from 0.1 to 1 μm, for midtones from 0.1 to 2.5 μm, 

and for shadows from 10 to 50 μm. Additionally, typical particle heights range from 0.1 to 0.3 μm 

for highlights, from 0.1 to 0.3 μm for midtones, and from 0.1 to 0.8 μm for shadows.3 As 

mentioned previously, the image particles consist of a mercury-silver amalgam formed during the 

development stage. The crystalline structure of this amalgam was first suggested by Swan et al. to 

be body centered cubic (bcc) γ-phase Ag3Hg4.
8 Barger and White then added that the hexagonal 

close packed (hcp) structure of the ξ-phase Ag11Hg9 is present as well in other particles, such as 

those in highlight areas with distinct hexagonal shapes. The phase diagram for silver-mercury 

alloys is shown in Figure 2.5. As mentioned previously, a range of temperatures were used during 

the mercury development phase (typically between 50 and 130 ◦C), this range is indicated on the 

phase diagram. Both the ξ and γ amalgam phases are stable within this region, but have dashed 

lines at lower temperatures, indicating that their positions have not been precisely determined. 

Diffusion rates are very slow at such low temperatures and therefore equilibrium takes an 

incredibly long time to achieve. As the image particle formation process occurs within the region 

of ill-defined phase boundaries, a variety of phases could potentially form on the daguerreotype 

surface.  

 Gilding is a non-electrolytic deposition process of gold on to the daguerreotype surface. 

The gold thiosulfate solution which is poured onto the image and subsequently heated reacts with 

silver in the image particles and on the base to form a layer of discrete nano-sized gold particles, 
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often quite difficult to image even with an electron microscope. The gilding reaction proceeds as 

follows: 

[Au(S2O3)2]
3- + e- → Au + [Ag(S2O3)2]

3-                           (Eq. 2.6)10 

A visual example of the gold deposits on the surface of a contemporary daguerreotype is given in 

Figure 2.6, showing a slight roughness to the image particle surface as well as the underlying 

silver base layer. It was recently proposed that the voids within the sub-surface layer become 

lager during the gilding process.16 

 

Daguerreotype Reflectance Properties  

 One of the most intriguing and defining characteristics of daguerreotypes are their 

specular reflectance, due to the high surface polish of the silver layer. This type of reflectance 

provides a mirror-like quality to the object – those who view any daguerreotype plate will 

observe their own reflection as well as the printed image. It also provides the plate with the 

interesting quality of appearing as both a positive image and a negative image, depending on the 

angle at which it is viewed. When observed as a positive image, the areas of highlight contain a 

large number of densely-packed, small particles whereas areas of shadow contain a less dense 

scattering of larger agglomerate particles. The presence of particles in the highlights creates a 

microscopic level of roughness on the surface, thus increasing the surface area. This roughness 

inherently increases the specular reflectance of the highlight areas, making them appear white due 

to the multiple scattered reflections from the image particles of varying sizes. The appearance of 

brightness in daguerreotype highlights is particularly pronounced because image particle diameter 

size distributions for these areas typically have a peak around 550 nm – similar to the peak 

wavelength in visible light for human response to bright light.3 Shadow areas have very few or no 

image particles and therefore take on the specular reflectance properties of the underlying, highly 

polished silver base layer. These surfaces appear black when viewed as a positive because 

incident light is specularly reflected away from the viewer’s eye. Alternatively, if the 
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daguerreotype is slightly rotated so that the angle of light incidence is equal to the angle of view, 

the highly polished silver surface appears white, therefore reversing the daguerreotype tones and 

making the image appear as a negative. 

 

Part C: Daguerreotype Deterioration and History of Treatment 

Daguerreotype deterioration is dependent on a number of factors and is still not entirely 

understood. Such factors include the storage and display conditions, past treatments, exposure to 

atmospheric pollutants, exposure to varying levels of temperature and humidity, whether or not 

the original package seal was broken, and the materials used to manufacture both the plate and 

case. To further complicate such an issue, these factors are more often than not unknown. 

Materials typically used to manufacture daguerreotype plates are commonly studied within the 

discipline of corrosion science, thus lending theoretical and experimental information towards a 

better understanding of daguerreotype deterioration. Similarly, a number of prior investigations 

specifically focusing on daguerreotypes have elucidated information on the tarnishing process. 

Both types of studies determined that the most commonly formed corrosion product found on 

daguerreotypes is silver sulfide (Ag2S) as the result of exposure to very small amounts of 

atmospheric hydrogen sulfide (H2S). Other products include silver oxide (Ag2O), silver chloride 

(AgCl), silver cyanide compounds, silver-thiourea complexes, glass decomposition products 

which have fallen from the cover glass onto the plate, and copper corrosion products (such as 

copper sulfide, Cu2S, and copper cyanide, CuCN). Some of the aforementioned deterioration 

compounds are the result of exposure to the environment surrounding a cased or uncased 

daguerreotype, but some are due to previous treatments. This section will focus on the theoretical 

and experimental aspects of corrosion due to environmental conditions and early cleaning 

processes. It is also necessary to understand the history of daguerreotype cleaning in order to 

develop an understanding of the ethical considerations that conservators must face when choosing 

to perform a particular type of treatment.  
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Atmospheric Corrosion of Silver 

In general, atmospheric corrosion occurs as the result of exposure to environmental 

humidity, resulting in the formation of a thin electrolyte layer on the metal surface. Atmospheric 

gases are then absorbed into this surface electrolyte, initiating electrochemical redox reactions 

with the metal. Typical atmospheric pollutants include hydrogen sulfide (H2S), sulfur dioxide 

(SO2), nitrogen dioxide (NO2), hydrogen chloride (HCl), and ozone (O3). Both temperature and 

humidity play a role in the corrosion rate of metals. Typically, a higher temperature will 

accelerate the corrosion rate. This phenomenon is explained by the Arrhenius equation: 

k = Ae
−Ea
RT                                  (Eq. 2.7) 

where k is the rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the 

universal gas constant, and T is the absolute temperature (in Kelvin). Corrosion rates are affected 

by far more variables than simply temperature, thus creating a far more complex understanding of 

the process. Increases in the relative humidity of an environment will increase the amount of 

moisture adsorbed onto a metallic surface, measured by the number of monolayers. Up to 2 

monolayers of moisture can adsorb onto a surface at 40% RH, 2 – 4 monolayers at 60% RH, and 

5 – 10 monolayers at 80% RH, assuming no other interfering factors.17,18 A study by Rice, et al. 

suggests that such adsorbed moisture layers form clusters on metal surfaces and that the corrosion 

rate rapidly increases upon exposure to relative humidity above 60% RH.18 At lower humidity, 

corrosion rates are typically lower because thinner moisture layers have greater difficulty 

conducting and moving dissolved ions necessary to induce and prolong the redox reactions 

necessary for corrosion.19 Despite such theoretical predictions, experimental evidence suggests 

that corrosion rates vary greatly when other variables, such as mixed gaseous environments and 

even the presence of ultraviolet light, are introduced. 



34 
 

 By far, the most commonly encountered corrosion product on daguerreotypes is silver 

sulfide tarnish, Ag2S.3,8 The tarnish forms as a multicolored or black surface covering along the 

edges of the metallic plate and along the inner perimeter of the brass passe-partout mat typically 

placed on top of the image surface. It should be noted that Barger and White clearly state that the 

tarnish along the plate edges is composed primarily of silver sulfide, while the tarnish along the 

mat outline is primarily silver oxide (Ag2O), although this latter claim is not proven through 

analytical spectra.3 Figure 2.7, one of the historical daguerreotypes examined in this study, 

displays both the characteristic edge and mat tarnish typically found on corroded plates. Silver 

sulfide in this case takes the form of acanthite, the most stable form of Ag2S below 173 ◦C. 

Another common (although less investigated on daguerreotypes) form of atmosphere-related 

silver corrosion is silver chloride in the form of chlorargyrite.20,21 Silver oxide, in the form of 

Ag2O is noted by Barger as a significant daguerreotype corrosion product, although the corrosion 

science literature has not found Ag2O to be a common product among silver exposed to typical 

ambient conditions.20,22 Atmospheric corrosion of silver will only take place in the presence of 

humidity, and some studies have shown that increases in humidity rather than increases in 

corrosive gas concentration speed up the rate of silver corrosion. Additionally, sulfidation occurs 

as the result of exposure to particular atmospheric gases as well as deposited particulate matter.23 

In general, silver is very sensitive to hydrogen sulfide (H2S) and hydrogen chloride (HCl) gases, 

although both have very small abundances in typical atmospheric conditions, 0.3 ppb and 0.4 ppb, 

respectively (compared to 2.1 x 108 ppb for O2).
20 It therefore takes only a small amount of either 

gas to dissolve in solution and produce silver corrosion products. As mentioned previously, the 

moisture layer formed on the silver surface under humid conditions acts as a medium into which 

atmospheric gases are absorbed and which subsequently fosters the dissolution of silver. Both 

acanthite and chlorargyrite are highly insoluble in water, which is likely why they remain as the 

final, solid silver compounds, where other compounds which form as the result of atmospheric 

exposure dissolve back into the surface electrolyte.20  
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 An interesting physical characteristic of silver corrosion films is their tendency to form 

and propagate in a non-uniform manner. Both controlled laboratory experiments and studies of 

uncontrolled corrosion growth have noted the formation whiskers or dendrites, particularly in 

cases of silver sulfide tarnish.24,25,26,27 Examples of whisker growth imaged by both optical and 

electron microscopy are given in Figure 2.8 (a) and (b).25,26 Cultural heritage studies have also 

documented the formation of silver sulfide whiskers, even on lacquered silver objects – a 

corrosion process which was due to a combination of non-uniform lacquer and exposure to sulfur 

products off-gassing from display materials.27 Such non-homogenous behavior could be the result 

of surface moisture collecting in clusters or pools, thus forming localized corrosion initiation or 

nucleation areas. 

Corrosion processes require both an anodic reaction by the metal going into solution, and 

a cathodic reaction by the surrounding electrolyte (surface moisture monolayers, in this case). 

The metal in question dissolves through liberation of electrons in the metallic bulk, which in turn 

simultaneously releases metal ions. This process takes the form of an oxidation, or anodic 

reaction: 

M → Mn+ + ne-                                             (Eq. 2.8) 

For this particular study, the anodic process of silver dissolution is given by 

Ag → Ag+ + e-                     (Eq. 2.9)  

The released electrons and ions migrate to the surface to react with the surrounding electrolyte, 

which undergoes a reduction, or cathodic reaction through electron consumption. Water is 

required for these reactions to occur, and thus the respective cathodic reactions are given in the 

following equation. In acidic solution, the cathodic processes are  

O2 +4 H+ +4e- → 2 H2O and                 (Eq. 2.10) 

2 H+ + 2e- → H2(g)                                          (Eq. 2.11) 
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In neutral solution (although less common for silver in atmosphere) 

2H2O + 2e- → H2(g) + 2OH- and                            (Eq. 2.12) 

O2 + 2H2O +4e- → 4OH-                                         (Eq. 2.13) 

Neutral conditions for silver corrosion are rare because carbon dioxide gas in the atmosphere will 

readily dissolve in the surface moisture monolayer, producing a weakly acidic solution in which 

corrosion will occur.20  

  Before investigating specific corrosion products, it is necessary to consult the Pourbaix 

diagram for silver, which provides theoretical thermodynamic information on the way in which a 

given metal reacts under defined aqueous conditions. An example of such a diagram for a system 

containing silver, sulfur, chlorine, carbon dioxide and water is provided in Figure 2.9.20,28 

Pourbaix diagrams are much like thermodynamic phase diagrams in the sense that they indicate 

regions of stability for metals, their ions, and their corrosion products, but as a function of the pH 

of the aqueous system and the potential (in volts). Lines represent a state of equilibrium between 

the species on either side of the line, and the most stable specie is marked within each region. The 

dashed lines designate the region within which water is stable. By observing Figure 2.9, it is clear 

that metallic silver is stable and generally corrosion resistant under a large range of conditions. 

The most common atmospheric corrosion products, Ag2S and AgCl, also have significant regions. 

Most notably, silver sulfide is stable in neutral and acidic pH solutions (2 – 6 pH) and at a few 

tenths of a volt (vs. the saturated calomel electrode, SCE), which are typical conditions for water 

exposed to air.29 This helps to understand why silver sulfide tarnish is so commonly found on 

daguerreotypes and other silver objects.  
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Formation of Silver Sulfide  

A number of sulfur-based gases exist in the atmosphere, including hydrogen sulfide 

(H2S), carbonyl sulfide (COS), and sulfur dioxide (SO2), but the direct tarnishing and formation 

of silver sulfide corrosion products is mainly related to reactions with H2S. COS gas also plays a 

role, but is hydrolyzed to H2S upon reacting with the moisture layer on the silver surface.30 In the 

electrolyte, H2S is reduced to HS- ions which either react directly with the silver ions that have 

gone into solution or can sorb onto the silver surface, thus forming Ag2S.20 This sulfidation 

process will only occur in the presence of both oxygen and water vapor.24 The formation of silver 

sulfate, Ag2SO4, has been found to occur upon exposure to sulfur dioxide gas, but only under 

conditions in which SO2 gas is two to three times greater than concentrations typically found in 

atmosphere.21,31 This process is therefore far less common than corrosion related to H2S, and the 

presence of SO2 has been found to have little effect on silver corrosion rate.23,31 A schematic 

depicting the reaction mechanism between silver and sulfur gases is provided in Figure 2.10.20 

The anodic reaction for silver-sulfur corrosion is given by 

2Ag + S2- → Ag2S + 2e-                              (Eq. 2.14) 

Historically, two different mechanisms for the corrosion of silver under H2S gas have been 

proposed. The first of which involves direct sulfidation: 

2Ag + H2S → Ag2S + H2(g)                             (Eq. 2.15) 

And the second of which occurs in the presence of precipitated oxygen: 

2Ag + H2S + ½ O2 → Ag2S + H2O                            (Eq. 2.16) 

Therefore the associated cathodic reactions are 

2 H+ + 2e- → H2(g) and                                          (Eq. 2.17) 

O2 + 4 H+ +4e- → 2 H2O                 (Eq. 2.18) 
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Numerous arguments have been proposed for and against both mechanisms, although the 

majority tend to argue in favor of Equation 2.16 due to lack of evidence suggesting H2 evolution 

as a product of sulfidation and because of experiments demonstrating lack of silver tarnishing in 

deaerated conditions.32,33,21  

 Silver sulfide formation can be affected by a multitude of factors besides humidity level 

and H2S concentration. Some factors include the presence of other metals or molecules on the 

silver surface, other types of gases in the surrounding atmosphere, and light exposure. One study 

noted an increase in tarnishing due to the addition of iron particles to a silver sample.23 As for 

atmospheric gas components, studies by Kim and by Volpe showed that the presence of NO2 

along with H2S increased the silver sulfide formation rate.19,32 Similarly, ozone appears to greatly 

alter the corrosion rate of silver, possibly by increasing the oxidation process of H2S.21 

 

Formation of Silver Oxide 

Unlike other commonly used metals such as copper and aluminum under ambient 

conditions, dry silver does not form a native oxide layer. Rather, experimental evidence has 

shown that a very thin or negligible monolayer of oxygen atoms adheres to the surface, over 

which silver corrosion processes occur.22 Under aqueous conditions, Ag2O is stable under highly 

basic pH and in the presence of strong oxidizers.20 Consult the Pourbaix diagram in Figure 2.11 

for visual interpretation. Despite this difficulty, some suggest that simultaneous exposure to both 

ozone and ultraviolet light causes photo-dissociation of ozone into atomic oxygen, which 

subsequently reacts with dry metallic silver to form Ag2O.34,35,36 The decomposition of ozone 

upon exposure to ultraviolet light with a wavelength λ < 310 nm is given by 

O3 → O + O2                   (Eq. 2.19) 
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If the wavelength is short enough (λ < 242 nm), molecular oxygen can also split to form atomic 

oxygen37: 

O2 → O + O                               (Eq. 2.20)  

Following dissociation, bare silver reacts with the atomic oxygen in the following manner to 

produce silver oxide: 

2 Ag + O → Ag2O                              (Eq. 2.21) 

In the presence of humidity, atomic oxygen will react with the thin layer of water on the silver 

surface to form a hydroxyl radical, OH, which then reacts with silver to form Ag2O and water.35 

The reaction proceeds in the following manner: 

O + H2O → 2 OH                              (Eq. 2.22) 

Ag + 2OH → Ag2O + H2O                             (Eq. 2.23) 

A critical amount of surface coverage by atomic oxygen is necessary to form Ag2O, otherwise it 

remains simply adsorbed on the surface.35 Three different forms of chemisorbed oxygen have 

been discussed in the literature: atomic oxygen weakly adsorbed on the surface (Oα), atomic 

oxygen dissolved in the subsurface layer (Oβ), and atomic oxygen strongly adsorbed on the 

surface (Oγ).
34,38,39 Extensive exposure to ozone further oxidized Ag2O to create AgO, or more 

specifically, AgIAgIIO2.
34,38,40 

 Silver oxide, in the form of Ag2O was chosen as a major corrosion product for this 

investigation because of the claim made by Barger and White that Ag2O is the predominant form 

of tarnish found along the interior edges of the brass passe-partout mat.3 It remains unclear at this 

point as to how the silver oxide is formed. It is possible that it forms as the result of trapped 

ozone within the daguerreotype case, or because of a highly basic atmosphere within the case 

(likely due to glass decomposition). Nevertheless, based on this recommendation, the 

electrochemical treatment of silver oxide (specifically in the form of Ag2O) was investigated. 
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Deterioration Induced by the Daguerreotype Case Environment 

 Previous studies have found that the daguerreotype case is in fact highly protective of the 

metallic plate.3 The glass plate and seal provide a barrier against corrosive atmospheric gases, 

significantly slowing diffusion of gases such as hydrogen sulfide into the airspace of the image. 

Simultaneously, the materials which make up the daguerreotype case, most notably the cover 

glass, can act as a source of corrosive attack for the silver plate. Nineteenth century 

daguerreotypists chose cover glass plates for their optical properties and low cost rather than their 

corrosion resistance. Such decisions are evidenced by the large variety of cover glass 

compositions in studies by Barger.3,41 Due to low air exchange rates between the case atmosphere 

and surrounding ambient conditions, moisture can become trapped between the cover glass and 

the daguerreotype plate. This moisture initiates the glass corrosion process, in which there is an 

exchange between the sodium ions from the glass network and hydrogen ions in the water 

droplets. This process increases the surface area of the glass which is in contact with moisture, 

resulting in leaching of alkali ions from the glass. As the result of leaching, a silica-rich layer is 

left on the surface. The concentration of hydroxyl ions in contact with the glass surface is 

increased during this initial corrosion process, creating an alkaline atmosphere. As the typical Si-

O glass network is highly susceptible to attack in basic environments, this alkaline surface 

dissolves the network bonds, re-precipitating glass components and depositing them in the form 

of opaque layers. By rubbing pH paper over the interior surfaces of numerous freshly uncased 

nineteenth century cover glasses, Barger and White determined that the typical deteriorated glass 

pH ranged from 10 – 14.3 Deterioration products found on the interior surfaces of the cover 

glasses take the form of amorphous sodium silicate droplets and crystals containing typical glass 

compounds and elements such as silica, sodium, potassium, calcium, phosphorus, and aluminum.3 

A typical deteriorated cover glass surface is shown in Figure 2.12, demonstrating examples of 

weeping glass droplets (amorphous sodium silicate) as well the cracked silica-rich layer. These 
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deterioration products can detach from the interior cover glass surface and deposit onto the 

daguerreotype image, causing visible corrosion spots. Also of note is that sharp glass shards 

which fall onto the metallic plate can puncture the thin top layer of silver, exposing the copper 

base. Once copper is exposed, it also undergoes corrosion, producing most typically green 

accretions on the image composed of copper carbonates, hydroxides, and hydrates.3 

 

Daguerreotype Cleaning  

 As early as the mid-nineteenth century, owners of daguerreotypes documented both 

corrosion of the images and attempts to remove the tarnish layers.42 These earliest experiments 

utilized a potassium cyanide solution, and involved washing the plate in water, followed by 

immersing it in the cyanide solution or pouring the solution over the daguerreotype, and a second 

water wash. The process generally lasted less than five minutes, and was a popular method of 

image restoration up until the 1950’s. The solution concentration varied among practitioners. It 

was believed that cyanide was a silver sulfide solvent and not a solvent for the mercury image 

particles.43 This process was not always successful during practice and occasionally resulted in 

loss of the image. One particular noteworthy loss was the first daguerreotype portrait taken, 

created by Dr. John Draper of his sister Dorothy Draper around 1840. The plate was cleaned in 

1933 using the cyanide method, but the image was destroyed during the process. During the mid-

1950’s a new daguerreotype cleaning method was introduced by Charles van Ravenswaay and 

Ruth K. Field. They stated that cyanide solutions, in particular potassium cyanide (a popular 

silver cleaning agent) etched the silver surface of daguerreotype plates, and destroyed the entire 

image if used for too long a time period. The result of etching increased the microscopic 

roughness of the mirror-like silver surface, thus decreasing its specular reflectance and giving it a 

more matte appearance. Secondly, the use of cyanide compounds is toxic. Following this 

statement, a new chemical dip method was proposed, consisting of thiourea and phosphoric acid 
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in solution. According to Ravenswaay, the cleaned daguerreotype was not etched during 

treatment, the silver corrosion products were removed, and the plate could remain in the solution 

for an indefinite length of time without damage.44 This technique was popular up until the late 

1970’s, and was even used on high profile collections such as the portraits of Abraham Lincoln 

and Mary Todd Lincoln at the Library of Congress.45 During the 1970’s the value of photography 

as a collectable art form greatly increased, and thus the concern for preservation and longevity of 

photographic objects became a more pressing concern for collectors, museums, and galleries. 

Additionally, some users of the thiourea cleaning solution began to report the formation of small 

brown or black spots on the daguerreotype surface, visually discernable from one day to several 

weeks after treatment. As the result of such concerns, an investigation was undertaken by 

Jacobson and Leyshon at General Electric Co. to observe these growths under scanning electron 

microscopy. They discovered that the “measles” (as they were called) were made of small flower-

like growths which trapped the thiourea cleaning solution if the plate was not thoroughly washed 

after treatment.46 An example of a daguerreian measle under SEM is given in Figure 2.13. Other 

microscopic alterations made by silver dip cleaners include image particle loss and deterioration. 

Such results emphasized the idea that while a restoration treatment may appear to cause no 

damage on the macroscopic level to the naked eye, microscopic deterioration can still occur. This 

realization caused a number of institutions to place a moratorium on daguerreotype cleaning until 

a safer process was developed. 

 Since the 1970’s a number of small projects have investigated new forms of 

daguerreotype treatment, focusing more closely on characterizing the effects on a microscopic 

level. The general attitude towards irreversible restoration practices has changed dramatically 

since the introduction of silver dips for daguerreotypes, and are not used as heavily as they once 

were. Nevertheless, cleaning techniques are still useful and desired under certain circumstances. 

Barger investigated both sputter cleaning and electrochemical cleaning in the 1980’s. The 
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sputtering process involves generation of a plasma and subsequently bombarding a tarnished 

daguerreotype with hydrogen or argons ions from the plasma. Post-sputtering results indicated the 

presence of a white film throughout the cleaned daguerreotype, and particularly in areas of heavy 

corrosion. Upon further investigation, it was determined that these films were the result of surface 

etching, thus microscopically increasing the plate roughness as well as the diffuse scattering of 

light.1–3 Barger’s electrochemical cleaning process involved immersing a daguerreotype in an 

ammonium hydroxide electrolyte, and connecting it to a battery and a silver wand counter 

electrode. The act of cleaning required the user to switch back and forth between applying a 

positive and a negative voltage from the battery to the daguerreotype. During this process, it was 

theorized that a very thin silver oxide layer formed between the corrosion-plate interface upon 

positive voltage application (anodic polarization) to the daguerreotype. Due to the solubility of 

silver oxide in ammonium hydroxide, this thin layer would lift off from the surface of the plate 

and undergo complete removal upon applying a negative (cathodic polarization) to the 

daguerreotype.2,3 Despite noted success on a number of daguerreotypes, Barger mentioned that 

some historical plates delaminated during cleaning, making the process unpredictable. Other 

users of the process noted a chemical reaction between the copper base plate and the ammonium 

hydroxide electrolyte. It is also likely that silver was deposited on the surface of the 

daguerreotype as the result of using a silver counter electrode. As will be discussed later, this 

project suggests a number of improvements to Barger’s method. 

 More recently, further cleaning investigations involving both plasma and laser exposure 

were published. Turovets, et al. utilized excimer lasers to remove a variety of corrosion products, 

based on previous conservation studies which used lasers to remove varnished and dirt from 

paintings and stone. It was found that the effect of the laser on a daguerreotype varied from plate 

to plate, producing unpredictable results often in the form of image melting. The use of an 

ultrafast laser which exposed corrosion products to a laser at femtosecond-long pulses and 
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fluences of 0.3 and 0.1 J/cm2 showed promising results.47 It was able to remove corrosion locally 

without melting the underlying silver layer, but is in need of further characterization to 

understand the effects on a microscopic level. 

  

Part D: Theory of Electrochemical Treatment by Cathodic Polarization 

 The process of electrochemical cleaning is, in basic theory, the reverse of corrosion, and 

is also the basis for cathodic protection of metals, one of the most widely used corrosion 

prevention methods in industry. In general, the metal to be cleaned undergoes cathodic 

polarization through application of a negative overpotential, or a voltage which is more negative 

than the corrosion potential. This drives an otherwise nonspontaneous reaction, sending electrons 

to the metal undergoing cleaning, which then initiates dissociation of the corrosion products. 

Prior to understanding the electrochemical cleaning process, it is important to define and discuss 

significant corrosion science concepts, such as polarization and corrosion potential. 

 During corrosion, the metal surface and electrolyte will reach a steady-state potential in 

which the anodic and cathodic reactions occur simultaneously. This is referred to as the corrosion 

potential, Ecorr. At this potential, the rate (current density, i) of anodic dissolution and cathodic 

dissolution are equal, thus 

icorr = ia = ic                   (Eq. 2.24) 

As an example, a potential vs. current density diagram of this process for a corroding zinc surface 

is given in Figure 2.14 to provide a visual representation of the phenomenon. Once corrosion is 

initiated, the cathodic (hydrogen reduction) and anodic (zinc oxidation) components of the system 

are forced to change potential until they reach a point of equilibrium, Ecorr. In this particular case, 

the more noble reaction (thus more resistant to oxidation) is that for hydrogen and the less noble 

reaction (less resistant to oxidation) is that for zinc. More noble reactions have more positive 
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electrode potentials (eH
2

/H
+) whereas less noble reactions have more negative electrode potentials 

(eZn/Zn
2+). The nobler component thus forces oxidation of the less noble component, during which 

the potentials are shifted until they intersect. The corrosion potential is therefore referred to as a 

mixed potential, because it is a combination of the electrode potentials from both reactions. This 

same corrosion reaction occurs between a silver daguerreotype surface and dissolved hydrogen 

sulfide, in which Equation 2.14 is the anodic component and either Equation 2.17 or 2.18 is the 

cathodic component. The process of increasing or decreasing potentials is referred to as 

polarization, and is driven as the result of an excess or deficiency of electrons at the 

metal/electrolyte interface. An excess of electrons at the interface results in a negative potential 

change, inducing cathodic polarization, while deficiency of electrons results in a positive 

potential change, inducing anodic polarization.48 This electron deficiency is the driving force for 

corrosion.  

 Polarization processes can occur naturally, like the sulfidation of silver in ambient 

conditions, or they can be induced through actively applying a potential or current. The induced 

polarization can either be anodic or cathodic, thus applying either a positive or negative current or 

potential to the metal in question, respectively. In the case of electrochemical cleaning, the 

corroded metal (in this case, a tarnished daguerreotype) undergoes cathodic polarization in which 

an excess of electrons builds at the metal-solution interface. These electrons force a negative shift 

in the electrode potential from Ecorr to a new applied cathodic potential, Eapp,c. The difference 

between the two potentials is 

εc = Eapp,c - Ecorr                   (Eq. 2.25)  

otherwise known as the overpotential. Similarly, the rate of the anodic reaction, ia, is suppressed 

while the rate of the cathodic reaction, ic, is increased. Thus ia and ic are no longer equal, as can 

be seen in Figure 2.15. The new current density is equal to the difference between the increase in 

cathodic current density and the decrease in anodic current density: 
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iapp,c = ic - ia                   (Eq. 2.26) 

In practice, a laboratory experiment will not be able to generate a curve like one which appears in 

Figure 2.15. Rather, the process of polarization (both anodic and cathodic) is represented in such 

a way as shown in Figure 2.16. For cathodic polarization, low overpotential values (εc) generate 

very small measurements of iapp,c because ic is only slightly greater than ia. This area, which 

generally occurs at overpotentials smaller than -100 mV, is referred to as the linear polarization 

region. As εc values increase beyond      -100 mV into the cathodic region, ic increases while ia 

decreases rapidly until the value of ia becomes insignificant. Thus, all reactions are cathodic 

without influence from anodic reactions. This area is referred to as the Tafel region. It should be 

noted that these regions exist for anodic polarization as well, but with the application of positive 

overpotentials. Ecorr in Figure 2.16 occurs at the lowest measured value for current density, 

indicating that the rate of reaction is very small and that the system is near a state of equilibrium. 

In practical experiments, the measured corrosion potential is known as the open circuit potential 

(OCP). 

 For practical purposes in this study, the act of polarization was utilized in two different 

ways: through potentiodynamic polarization and potentiostatic polarization. Potentiodynamic 

polarization involves applying a series of incrementally increasing or decreasing potentials to a 

given system and measuring the resulting current. Potentiostatic polarization involves applying a 

steady potential to the system and measuring the resulting current, which will approach zero after 

a given time, indicating that the system is approaching a new equilibrium. This potentiostatic 

process is that which is investigated as the electrochemical cleaning technique, and an example of 

a resulting graph (current density vs. time) is given in Figure 2.17. All electrochemical 

experiments were performed in a three-electrode cell containing a working electrode (the 

daguerreotype), a counter electrode (platinum foil), and a reference electrode (against which all 

voltages are measured). All three components were immersed in an electrolyte and attached to a 
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potentiostat which is programmed to apply the desired potentials and measure the resulting 

current. A schematic depicting the three-electrode cell is shown in Figure 2.18. Potentiodynamic 

polarization scans were performed prior to potentiostatic scans, and were used to (a) generate 

silver oxide films on contemporary daguerreotype coupons, and (b) determine the appropriate 

potential at which potentiostatic electrochemical cleaning must occur to remove both silver 

sulfide and silver oxide. It is necessary to determine the open circuit potential (OCP) before 

proceeding with potentiodynamic polarization, in order to understand where the anodic and 

cathodic regions of a particular system lie. During OCP measurement, there is no applied current 

or voltage and thus no net current flow. This measurement from the potentiostat provides the 

potential at which the anodic and cathodic equations of the electrochemical cell are in 

equilibrium, thus Ecorr.  By applying a series of overpotentials, potentiodynamic scans force the 

system out of equilibrium. The anode accumulates a positive charge through a deficiency of 

electrons on the surface and the cathode accumulates a negative charge from the excess of 

electrons on the surface. The positive and negative ions in the electrolyte are then attracted to the 

oppositely-charged electrode, reacting with its surface. Chemical reactions which take place 

during the scans, either (a) anodic corrosion of the silver daguerreotype surface to form silver 

oxide or (b) the cathodic reduction of silver sulfide in solution, will generate peaks on the 

polarization curve, indicating that a reaction is occurring on the surface of the working electrode. 

For the cathodic potentiodynamic scans, the peaks indicate that a corrosion product, either silver 

sulfide or silver oxide for this study, is being reduced. The cathodic potential at which these peaks 

occur are therefore the appropriate voltage for electrochemical cleaning. The act of 

electrochemical cleaning is then performed using the steady cathodic voltage determined through 

the cathodic polarization scans. During this process, the daguerreotype (working electrode) is 

negatively polarized, providing an excess of electrons to the surface. Positive ions from the 

electrolyte are attracted to the daguerreotype surface, initiating reduction of silver sulfide or silver 

oxide for a specified period of time. The data generated from potentiostatic polarization can be 
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used to determine the thickness of corrosion removed from the daguerreotype surface, explained 

below. 

 

Calculating Tarnish Thicknesses 

Using Faraday’s first and second laws of electrolysis, and making the assumption that the 

corrosion coverage and corrosion removal was uniform, the thickness of the tarnish layer 

removed during cleaning can be calculated from the acquired electrochemical cleaning data. 

Faraday’s first law states that the amount of mass reacted during electrochemical oxidation or 

reduction is proportional to the amount of charge transferred in Coulombs: 

m = ZQ                                (Eq. 2.27) 

where m is the mass reacted during oxidation or reduction, Q is the electrical charge, and Z is a 

constant of proportionality. Faraday’s second law states that the mass reacted is also proportional 

to its equivalent weight (otherwise known as gram equivalent). Equivalent weight is defined as 

the molar mass of a substance (in g/mol) divided by the number of electrons transferred, or 

valence. Thus, 

m = Z
a

n
                                 (Eq. 2.28) 

where a is the molar mass and n is the valence. Combing the two previous equations gives 

m = 
Q a

F n
                                (Eq. 2.29) 

in which the proportionality constant is replaced by the inverse of Faraday’s constant, F. This 

constant describes the amount of electric charge in one mole of electrons, and was originally 

calculated by multiplying Avogadro’s number (6.023 x 1023 mol-1) by the charge of an electron 

(1.602 x 10-19) to provide a magnitude of charge for one mole of electrons. Thus, F = 96,485 
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C/mol. Measureable quantities can be incorporated into this equation by recognizing that current 

is the rate of charge transfer:  

I = 
Q

t
                     (Eq. 2.30) 

where I is the measured current in Amperes, and time is the measured time of reaction in seconds. 

Similarly, the amount of mass reacted during oxidation or reduction can be translated into film 

thickness by dividing both sides of Equation 2.29 by both the density of the substance reacted (in 

g/cm3) and the surface area exposed (in cm2) during the cleaning process. Current can also be 

converted to density. This gives the final equation 

thickness = 
𝑖 t a

F n d A
                               (Eq. 2.31) 

in which A is the surface area and d is the density. The calculated thickness value will be in 

centimeters, and can then be converted to a more appropriate thickness dimension if necessary. 

As mentioned previously, a steady cathodic voltage was applied to remove both silver sulfide and 

silver oxide tarnishes. The resulting data curve provided a continually changing current density as 

a function of time. In order to calculate the total current density, the resulting i vs. t graph must be 

integrated. Rather, the area between the zero current density line and the resulting graph is 

determined.  

 

Beneficial Aspects to Cathodic Polarization Electrochemical Cleaning 

 As mentioned previously, electrochemical cleaning of daguerreotypes was initially 

investigated by Barger in the 1980’s, but with unpredictable results. In her process she used both 

anodic and cathodic polarization of the daguerreotype, switching back and forth between the two 

in order to break up corrosion layers. It is likely that anodically polarizing the daguerreotype 
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formed corrosion layers on the surface-electrolyte interface as well as the interface between the 

copper and silver plates, leading to image deterioration and delaminating. A process proposed by 

Wei, et al. in 2010 removed the step of anodic polarization, and focused only on cathodic 

polarization as a means to remove corrosion products.4 By focusing solely on cathodic 

polarization, the danger of daguerreotype corrosion during treatment is completely removed. This 

more recent technique was used as the precursor for this characterization study. Other 

improvements to Barger’s original technique were made. For example, the previous electrolyte of 

ammonium hydroxide was replaced for a more dilute solution of sodium nitrate. Wei also 

proposed the use of a platinum foil rather than a silver wand as the counter electrode material. 

When performing electrochemical cleaning it is important to use a counter electrode with a higher 

nobility than the working electrode to ensure that the counter electrode does not oxidize in 

solution. Barger’s use of a silver counter electrode may have caused the silver wand to oxidize 

and subsequently deposit on the surface of the daguerreotype. Platinum is more noble than silver 

and is commonly used as a counter electrode material. This guarantees that no unnecessary 

metallic particles deposit on the cathode. Lastly, Barger did not incorporate a reference electrode 

into her treatment protocol. Reference electrodes are necessary for determining whether an anodic 

or cathodic voltage is being applied to the daguerreotype during treatment, as it is the electrode 

against which all applied voltages are measured. By incorporating a mercury-mercurous sulfate 

reference electrode, Wei et al. were able to create a more controllable, predictable cleaning 

process. 

 

Part E: Theory of Characterization Tools 

Scanning Electron Microscopy 

 The image particles of daguerreotypes have dimensions on the order of nano- and 

micrometers and cannot be seen with the naked eye or under an optical microscope. For this 
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study, it was necessary to observe changes to these particles and changes to the silver base layer 

as a function of surface treatment. Therefore, scanning electron microscopy (SEM) was employed 

for such tasks. The high resolution afforded from SEM instruments stems from the use of 

electrons rather than light to visualize a sample. Electrons have a much shorter wavelength than 

visible light, making it possible to observe much smaller objects at higher resolution, increasing 

the possibilities of sample magnification. In general, a highly focused electron beam is directed at 

a specimen inside a chamber. The beam is raster scanned across a given area, and the interactions 

between the sample and the electrons produce a number of potential signals which are detected 

and converted into a computer image. Such interactions include the release of secondary 

electrons, backscattered electrons, characteristic x-rays, and other photons. SEM can be used to 

study surface topography, crystallography, and even composition.  

 The main components of a typical scanning electron microscope include the electron gun, 

lens system, the detectors, the specimen chamber, and the associated electronics. An example 

schematic of SEM parts is given in Figure 2.19. Electrons are produced from the electron gun 

(cathode source), which is usually composed of a tungsten filament. A current is applied to the 

filament which produces an electron cloud. These electrons are accelerated towards a positively 

charged anode (typically at accelerating voltages in the range of 1 – 40 keV), and are directed into 

a very small spot by the condenser lenses. Unlike typical optical lenses, lenses used in electron 

microscopes are composed of coiled wires to which a current is applied, the magnetic field of 

which focuses the flow of electrons. By varying the applied current, the focal length of the 

electron beam can be controlled. Finally, the “objective” lens focuses the beam onto the sample. 

For typical SEM imaging, the electron beam and sample must remain under high vacuum to 

prevent electrical discharge and so the beam travels unimpeded by air molecules.  

Upon contacting the sample, the electrons interact with the specimen atoms elastically 

and inelastically. Elastic scattering occurs when the beam electrons are deflected by specimen 
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atoms with no kinetic energy loss, providing the electrons with a new trajectory. Some of these 

deflected electrons escape the specimen and are known as backscattered electrons. They are 

collected by the appropriate detector and can provide visual information about the sample 

composition since the probability of elastic scattering increases strongly with atomic number, Z. 

Inelastic scattering occurs when the beam electrons transfer energy to the specimen atoms, 

causing loosely bound outer shell electrons of the sample atoms to eject and sometimes escape 

the surface. These secondary electrons, as they are called, are collected by a detector and produce 

more surface sensitive images than the backscattered electrons. This is due to the inherent low 

kinetic energy of secondary electrons, making it difficult for electrons deeper within the sample 

to escape before losing significant energy. Inelastic scattering can also produce characteristic x-

rays by exciting an inner shell electron of the specimen atoms. The atom relaxes to its ground 

state by the action of filling the inner shell electron vacancy with an outer shell electron. Kinetic 

energy is released during this relaxation process which is characteristic of the excited element. 

The photon produced by this relaxation process is detected and analyzed to produce a spectrum of 

elements present in a selected specimen area. This elemental analytical technique is referred to as 

energy dispersive spectroscopy (EDS).  

Daguerreotypes are both excellent and challenging objects to study using SEM/EDS. 

Their generally small size and flat surface ensures that they can be placed directly into the 

vacuum chamber without sampling. Similarly, due to their entirely metallic nature, 

daguerreotypes do not require any sort of preparation before imaging. They will not accumulate 

electrostatic charge upon exposure to the electron beam, and are dense enough to easily image 

using secondary electrons. It is therefore not necessary to apply an electrically conductive coating 

for analysis and the specimens can be placed under the high vacuum atmosphere required for 

conventional SEM. Due to the very small size of their image particles, it is difficult to produce 

high resolution images of daguerreotype features in a typical thermionic tungsten filament 
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electron microscope. A Field Emission Scanning Electron Microscope with a cold field emitter 

was therefore selected for this project to overcome such limitations. Thermionic electron sources 

use high temperatures to produce the electron beam and the tungsten filament is generally 

constructed into a v-shape. Such electron microscopes are very common and relatively 

inexpensive, but have the disadvantages of low brightness, limited lifetime, and large energy 

spread. Field emission sources overcome these disadvantages by using a wire fashioned into a 

very small, sharp point supported by a tungsten hairpin. Upon applying a potential, the electric 

field is concentrated at the tip, allowing the electrons to “tunnel” through it and escape the 

cathode. The very small size of the cold field emitter source is highly beneficial since it produces 

a narrower beam and much larger current density than typical thermionic sources (105 A/cm2 

compared to 3 A/cm2).49 These properties increase the spatial imaging resolution and the beam 

brightness, respectively. Figure 2.20 provides a visual comparison between the secondary 

electron image resolution of a thermionic source SEM and a field emission SEM using the same 

daguerreotype sample. The resolution and therefore detail clarity is far improved by the cold field 

emission source. Interesting to note is that the image produced by the thermionic source SEM was 

taken using an accelerating voltage of 15 kV, while the image produced by the cold field 

emission source was taken using an accelerating voltage of 5 kV (known as low voltage mode).  

In a study such as this, where surface details are highly significant, it is important to use a low 

accelerating voltage (while still maintaining good resolution) to reduce electron beam permeation 

into the sample. By reducing beam permeation, the secondary electrons collected by their 

respective detector derive from layers closer to the surface, providing more image details of the 

surface characteristic such as image particles in this case. Unfortunately, image resolution 

decreases with decreasing accelerating voltage, making it nearly impossible to perform high 

resolution low voltage analysis using electron microscopes with thermionic beam sources due to 

their inherent low current density. Therefore, to maximize resolution and surface sensitivity, a 

cold field emission source SEM was necessary for daguerreotype analysis. 
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The possibilities of using EDS were explored for this study, although there were some 

inherent difficulties in determining the presence of trace elements and elements on the 

daguerreotype surfaces.  This is due to the need for a high accelerating voltage (30 keV) to excite 

heavy elements such as silver and produce their Kα and Kβ peaks in the spectrum (located at 

approximately 22 keV and 25 keV, respectively). EDS is therefore not considered a surface 

technique because such high accelerating voltages permeate and react with specimen atoms far 

too deep within the bulk of the sample. Such a phenomenon will produce large silver peaks and 

disproportionately small peaks for all surface elements such as mercury, gold, and sulfur. The use 

of low voltage mode (5 keV accelerating voltage) in conjunction with a cold source Field 

Emission SEM allowed for high resolution imaging of daguerreotype surface features. Secondary 

electron imaging was deemed more appropriate than backscatter election imaging because 

secondary electrons gathered by their respective detector were produced closer to the sample 

surface than backscattered electrons. 

 

Atomic Force Microscopy  

Atomic Force Microscopy (AFM) was utilized in this study as a means to observe and 

quantify changes in roughness of the daguerreotype samples, both modern and historical, as a 

function of electrochemical cleaning. The high specular reflectance of daguerreotypes is one of 

their most cherished qualities, and it is necessary to understand how surface treatments affect 

such characteristics. As the roughness of a surface increases, the diffuse reflectance increases, 

resulting in a more matte appearance. The particular technique used for this study is known as 

tapping mode AFM, in which a very small, sharp tip on a cantilever oscillates up and down and 

intermittently contacts the sample surface on its down swing. By raster scanning the tip across a 

given area, a three dimensional image of the surface topography is created. From this data, overall 

roughness can then be calculated.  
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The capabilities of AFM are very broad in the sense that measurements can be performed 

on hard materials such as a ceramics, soft materials such as a polymers, and even on biological 

cells. Such experiments can be performed in atmospheric conditions, under vacuum, or in a liquid 

matrix. The ability to perform AFM measurements in ambient conditions and with very little or 

no sample preparation makes it an excellent tool for minimally destructive analysis. AFM 

resolution is extremely high, as it has been used to see the arrangement of individual atoms, 

making it more than suitable to study nanoscale daguerreotype image particles. AFM in many 

ways is a complementary technique to SEM and optical microscopy. As mentioned previously, 

SEM provides high resolution two dimensional images, but cannot generate height information 

for surface features. There are numerous types of instruments which can generate three 

dimensional height data for surfaces, such as profilometery or confocal microscopy. The former 

uses a tip mounted on a cantilever which scans the specimen much like AFM. Fine control of the 

probe-surface forces in atomic force microscopy allow for much smaller tips than those used in 

profilometry, making the x, y, and z resolution of AFM much better.50 The latter technique, 

confocal microscopy, works much like a basic optical microscope in the sense that it focuses on a 

surface using white light, but has the ability to mechanically move in the z direction, collecting 

images at varying distances from the sample. The focused areas of each individual image are 

stacked to create a three dimensional representation. Unlike profilometry and AFM, this 

technique is completely non-destructive since it does not require surface contact with a stylus, but 

does not have the high resolution of atomic force microscopy. For this particular project, AFM 

was the chosen technique since it was decided that high resolution imaging of daguerreotype 

particles was of greater importance than the consequence of potential (but incredibly small) 

surface damage caused by an AFM probe. While confocal microscopy and profilometry are worth 

investigating as daguerreotype characterization techniques for future projects, they were not used 

during this particular investigation. 
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The basic AFM components are the cantilever, scanner, laser, data processer, and 

photodiode. Figure 2.21 provides a schematic of a typical AFM setup. The cantilever is a beam 

with a silicon nitride tip (in the case of the Cypher AFM used for this study) located at the end. In 

general, a sharper tip provides higher AFM resolution. The scanner controls the movement of the 

tip in the x, y, and z directions, and is driven by piezo-electric materials which change dimensions 

when a voltage is applied to the given material. During scanning, a laser is deflected off of the 

reflective surface of the cantilever, this is used to detect motion of the tip across the sample 

surface. The laser is reflected into the photodiode (or photodetector) which can measure and 

calculate both the vertical and lateral deflection of the cantilever. A feedback circuit is connected 

to the deflection sensor, and is used to protect both the sample and tip by maintaining a constant 

cantilever oscillation amplitude during scanning. The amplitude that the feedback circuit 

maintains is known as the setpoint value. 

The forces between the cantilever tip and the sample surface are what drive AFM 

imaging. In general, these forces can be repulsive (such as coulombic) or attractive (such as van 

der Waals), and can be visually represented in a force-distance curve, as shown in Figure 2.22. 

The combination of these two common forces are represented by the red “force response curve”. 

As the tip approaches the sample surface, van der Waals forces cause attraction. This attraction 

increases as the distance between surface and tip decreases, but only up to a point. At very short 

distances, short-range repulsive coulombic forces dominate, causing the cantilever to bend. There 

are other forces which affect AFM analysis, such as capillary forces caused by thin layers of 

fluid, but coulombic and van der Waals forces are the most prominent.  

Tapping mode AFM was chosen over other types of imaging modes (such as contact 

mode) because it is better for reducing surface damage to delicate or soft samples, as it avoids 

dragging the sharp tip over the specimen. During tapping mode AFM, the cantilever oscillates at 

or just below its resonant frequency, and the amplitude of oscillation is maintained constant by a 
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feedback circuit (setpoint value). The tip very briefly contacts the sample surface on the down 

swing of its oscillation. As mentioned previously, the forces between the tip and surface change 

as the distance between the two changes, thus affecting the resonant frequency of the cantilever 

through the equation below: 

                              (Eq. 2.32) 

where ω0 is the resonant frequency of the tip far from the surface, k is the spring constant of the 

cantilever material, and 
d𝐹

d𝑧
  represents the derivative of the force normal to the surface.50 The 

oscillation amplitude of the cantilever is large enough so that the tip can overcome the adhesion 

forces between it and the sample surface when in contacts. As the tip intermittently contacts the 

surface, the oscillation amplitude of the cantilever decreases due to energy losses, the result of 

interactions between the tip and surface. This reduction in oscillation amplitude is used to 

measure surface topography. During imaging, the tip may pass over protruding features on the 

sample surface, decreasing the space in which the cantilever can oscillate.  Similarly, as the tip 

passes over indented features on the surface the horizontal space in which the cantilever oscillates 

increases. Upon encountering such features, the feedback circuit adjusts the z-height of the 

cantilever to maintain the original setpoint value. This amplitude change can be used to measure 

the distance between the tip and the surface, which is then used to produce a topographic image 

of the sample. During AFM analysis, a number of images can be produced by the system, 

including one which visually displays z-height, and one which displays amplitude. The amplitude 

image is actually a measurement of error: it represents the difference between the amplitude 

setpoint and the instantaneous amplitude measured at a given point. This feature helps to 

accentuate changes in the surface height.  
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The roughness of a surface can be measured and characterized a number of ways, but 

most commonly is characterized by average roughness, Ra, or root-mean-squared roughness, Rq. 

The roughness average, or Ra is very commonly used in literature, and is mathematically 

represented as: 

Ra = 
1

𝑛 
∑ |𝑦𝑖|𝑛

𝑖=1                                                   (Eq. 2.33) 

In general terms, Ra is the arithmetic mean of the absolute surface height values, y in this case, 

and n represents the number of data points per scan window. This value is very easily obtained 

and easily compared to other average roughness values, but does not make distinctions between 

the peaks and valleys of a surface. This can cause two surfaces with totally different roughness 

profiles to have the same Ra value, since it is only a calculation of the average profile. If it is 

necessary to distinguish between peaks and valleys in a sample, a more sophisticated roughness 

metric must be used. Another commonly used roughness calculation is the root mean square 

roughness, Rq, mathematically represented as: 

Rq = √
1

𝑛 
∑ |𝑦𝑖|𝑛

𝑖=1                   (Eq. 2.34) 

The result is similar to the roughness average, but differs in the sense that it takes the square root 

of the average absolute surface height values. Rq is more sensitive to peaks and valleys of a 

sample surface, and will always be somewhat larger than Ra values. A visual representation of 

both surface roughness values is given in Figure 2.23. Other significant roughness values include 

peak-to-peak height, Rt, skewness, Rsk, and kurtosis, Rku, the equations for which are all presented 

below: 

Rt = |
min 𝑦𝑖

1≤𝑖≤𝑛
| +  |

max 𝑦𝑖

1≤𝑖≤𝑛
|                             (Eq. 2.35) 
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Rsk = 
1

𝑛𝑅𝑞
4 ∑ 𝑦𝑖

4𝑛
𝑖=1                                               (Eq. 2.36) 

Rku =  
1

𝑛𝑅𝑞
4 ∑ 𝑦𝑖

4𝑛
𝑖=1                                                                     (Eq. 2.37) 

Skewness is a measure of the asymmetry of the distribution of heights. Positive skewness values 

indicate the presence of peak values much above the average, while negative skewness indicates 

the presence of pits or depressions far below the average. Kurtosis values give an indication of 

the “peakedness” of the distribution of heights. Positive kurtosis values indicates a small number 

of extreme peaks or valleys, whereas smaller or negative kurtosis values indicate the presence of 

many moderate height features. A Gaussian or normal distribution has a kurtosis value of 0.50 

Due to the high resolution of AFM images, another possible AFM analytical technique is 

particle analysis. Such data is beneficial for samples with nanoparticles distributed on a substrate, 

including daguerreotypes. Information that can be obtained from this process includes particle 

height, width, radius, area, and even volume. Analysis is performed by using a threshold mask in 

the AFM software to separate the particles from the background, a process called image 

segmentation. An example of a mask used in this study is shown in Figure 2.24. This form of 

analysis is used to observe general changes in the particle dimensions as the result of 

electrochemical cleaning. The image segmentation process is also used in this study as a means to 

separate roughness measurements for the daguerreotype silver base layer and roughness 

measurements of the image particles. 

 

Raman Spectroscopy 

 In order to fully characterize daguerreotype surfaces and the effects of electrochemical 

cleaning, chemical analysis of the modern coupons and nineteenth century plates is necessary. 
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Raman spectroscopy was one of the techniques employed to do so because it is commonly used in 

both corrosion and cultural heritage analysis, and can provide valuable information about 

chemical compounds and their lattice structure with minimal or no sample preparation. During 

Raman spectroscopy a pulsed laser beam is focused onto the sample surface. The photons from 

the laser beam interact with the sample molecules, causing inelastic scattering of the incident 

light and shifts in wavelength. This shift provides characteristic information about the molecular 

structure of the sample, the results of which are provided in the form of a spectrum of Raman 

intensity vs. wavenumber (cm-1). From this data it is possible to identify the corrosion products 

on nineteenth century daguerreotypes, characterize the corrosion products formed on modern 

daguerreotype coupons, and determine the presence of any residual chemical deposits after 

electrochemical treatment. 

 The process of Raman spectroscopy is made possible by the phenomenon of Raman 

scattering, or the Raman effect. When interacting with a molecule, light can undergo Rayleigh 

scattering or Raman scattering. Rayleigh scattering occurs when a photon and molecule interact, 

causing the electron cloud to transition to a “virtual state”. The molecule then returns to its 

original ground state, releasing a photon in the process and causing light scattering. This process 

is elastic because no energy is lost and the wavelength of light does not change. Raman scattering 

is far less probable than Rayleigh scattering and results in a large decrease in intensity of the 

incident light. The Raman phenomenon is inelastic in the sense that the incident photons lose 

energy (Stokes scattering) or gain energy (anti-Stokes scattering), respectively increasing or 

decreasing the wavelength of light. The final energy state of the molecule is a different rotational 

or vibrational state than the one in which it began (prior to photon interaction). This energy 

difference causes a shift away from the incident photon wavelength (the Rayleigh line), and this 

characteristic shift is what produces the observable spectrum. Stokes scattering is the result of a 

molecule transitioning from a ground state to the virtual state, and subsequently relaxing to the 
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first excited state of the molecular vibration rather than the ground state. Anti-Stokes scattering is 

due to a molecule transitioning from an excited state to the virtual state and relaxing to the ground 

state, thus gaining energy. A diagram visually describing both the Rayleigh scattering and Raman 

scattering processes is provided in Figure 2.25. Stokes Raman lines are more intense than anti-

Stokes Raman lines because the large majority of molecules are found at ground state in ambient 

temperatures.51  

 A Raman spectrum will only produce peaks for Raman active vibrational modes. When 

the sample molecules absorb energy from the incident photons, their characteristic molecular 

vibrations are excited, resulting in a number of vibrational modes described by the molecule’s 

internal degrees of freedom. For these modes to be Raman active, they must involve a change in 

the polarizability of the molecule, meaning that the distribution of charge of the molecule must be 

displaced as the result of interaction with the electric field from incident light. This differs from 

infrared spectroscopy in the sense that only molecular vibrations which cause a change in the 

molecule’s dipole moment will be IR active and produce a spectrum. Raman spectroscopy is best 

at analyzing symmetric vibrations of non-polar groups, while infrared spectroscopy is best at 

analyzing asymmetric vibrations of polar groups.51 Such reactions relate to different vibrational 

transitions, therefore making infrared spectroscopy and Raman spectroscopy complimentary 

analytical techniques. As a rule, centrosymmetric molecule (those that have a center of 

symmetry) vibrations which are Raman active cannot be IR active and vice versa. Some 

vibrations for such molecules may be both Raman and IR inactive.  

 The instruments used for Raman analysis in this study were typical micro Raman 

spectrometers, meaning that they are integrated with an optical microscope to obtain spectra of 

microscopic areas on the sample. The three major components of a Raman system include the 

laser source, the spectrometer, and the detection system. Lasers are suitable for Raman 

spectroscopy because they are both intense and monochromatic. Since the information generated 
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for Raman analysis is highly dependent on wavelength shifts of the source light, it is important 

that the laser frequency remains stable. Several laser wavelengths are available and are used for 

different applications, and range from the UV (< 200 nm) up to the near infrared (1064 nm).52 

The wavelength used is based on the sample material as well as the optical system, gratings, and 

detector used. For example, the resulting Raman scattering efficiency is much greater for lower 

wavelength lasers than higher wavelength lasers (assuming all other conditions remain the same), 

but certain samples (mainly organic molecules) studied under lower wavelength lasers can suffer 

from interfering fluorescence phenomenon, saturating the detector and making spectral 

interpretation difficult. It is important to note that Raman shifts are material dependent and the 

molecular fingerprint will therefore remain the same under all laser excitation sources. During the 

analytical process, the chosen laser is focused onto the sample through the microscope and is 

scattered. This scattered light is then collected through the microscope, filtered to remove 

Rayleigh scattering, and transferred into the spectrometer where it is broken into its spectral 

components. Within the spectrometer the scattered light is focused on to an entrance slit. After 

passing through the slit, the light diverges onto a concave mirror, where it is reflected and 

transferred to a grating. The grating is usually an array of finely spaced lines on a reflective 

surface, and splits the Raman scattered light into its constituent wavelengths. These wavelengths 

are then directed onto the surface of a silicon charge-coupled device (CCD), the detector.53,54 A 

diagram depicting the processing of light within a spectrometer is provided in Figure 2.26. Each 

pixel (or closely spaced group of pixels) detects each dispersed wavelength.  

The resulting data is computed and presented in the form of an intensity vs. wavenumber 

(cm-1) spectrum, and provides peaks which correspond to characteristic chemical bonding 

arrangements. Data analysis can be performed by comparing the sample spectrum to existing 

databases with spectra of known compounds. It can also be performed by individually analyzing 

and interpreting each peak. Raman spectroscopy and infrared (IR) spectroscopy are 
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complimentary techniques, and it is therefore useful to compare peaks of the same sample from 

both forms of spectroscopy.  

 Raman spectroscopy, much like energy dispersive spectroscopy, is not a highly surface 

sensitive technique, but was employed as a means of chemical identification for this study 

because of the advantages it has over other analytical techniques and the useful information it can 

provide. For one, Raman spectroscopy gives information about the chemical environment in the 

sense that it can differentiate between the same molecule in different crystalline lattices due to 

their unique vibrational energies. It can also differentiate between varying compounds of the 

same element, providing a “fingerprint” spectrum that can be compared to existing literature or 

databases. Such features are useful for this study to ensure that the proper corrosion products 

(Ag2S and Ag2O) were induced on the modern daguerreotype coupons, and to observe the 

presence of potential surface deposits after electrochemical treatment that may not be identifiable 

through SEM-EDS. Other advantages include that analysis requires minimal sample preparation, 

can be performed under ambient conditions, and is generally rapid. Such qualities are beneficial 

for studying daguerreotypes since the plates can be examined without sampling or alteration. 

Unfortunately, one of the biggest disadvantages of analyzing daguerreotypes with Raman analysis 

is the possibility of localized heating and burning due to laser exposure. The most commonly 

found daguerreotype deterioration product, silver sulfide tarnish, is known to be highly 

photosensitive and has been shown to photo-decompose under incident laser exposure during 

Raman measurements.55 Such deterioration can be difficult to overcome, but ways in which to 

mitigate photo-decomposition include reducing the length of time that the sample is exposed to 

the laser, reducing the laser power, and choosing a laser with a lower wavelength. 
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X-ray Photoelectron Spectroscopy 

In general, electron spectroscopy techniques (including Auger electron spectroscopy) 

provide analysis of the secondary electrons which are emitted as the result of excitations via 

photons, electrons, ions, or neutrons.56 XPS is not well suited for bulk analysis of materials due to 

the fact that photoelectrons have a small attenuation length, or distance into a material at which 

the probability for non-absorption of the particle is low. Consequently, such properties make XPS 

ideal for surface analysis, or rather, analysis of the top few nanometers of a sample. During XPS, 

a sample surface is bombarded with photons of a known energy which interact with core 

electrons of the atoms within the material. Ionization of the atoms occur, thus emitting a 

photoelectron (an electron which is emitted as the result of light irradiation). Some of these 

electrons move to the surface of the material and are scattered in various ways. These electrons 

which reach the material surface are emitted into vacuum if they overcome the work function 

threshold for the particular sample. The kinetic energy of this photoelectron is measured by the 

electron spectrometer, and is approximately the difference between the energy of the incident x-

ray and the characteristic binding energy of the atomic electron level. Since the energy of the x-

ray source is known, the measured kinetic energy determines the binding energy. When providing 

final information output, the x-axis of resulting XPS spectra are plotted as a function of binding 

energy, based off of the kinetic energy measurement. Since high measured kinetic energies result 

in low electron binding energies, the x-axis generally progresses from high binding energy on the 

left to low binding energy on the right. 

Electron spectroscopy analyzes the binding energy of electrons in the atomic shell of 

specific elements. XPS makes use of spectroscopic notation, or rather, a set of number and letters 

used to describe the movement and trajectories of electrons in an atom or ion. Examples of 

notation are given in Table 2.I. In general, notation is given as nlj. The letter n represents the 

principle quantum number (where the numbers 1, 2, 3, 4… are equivalent to the K, L, M, N… 
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shells), and describes the energy of the electron and the distance of the electron from the nucleus; 

the larger the number, the further away the electron is from the nucleus. The orbital angular 

momentum is represented by l, which describes the shape of the orbital. l is dependent on the 

principle quantum number, and cannot be larger than n-1. The l values 0, 1, 2, 3… are denoted by 

s, p, d, f in spectroscopic notation. The spin angular momentum is represented by s, which 

designates the direction of electron spin and signifies the ability of an atom to generate an electric 

field. “Spin up” is given by +1/2, and “spin down” is given by -1/2. Lastly, the total angular 

momentum is represented by j, and is determined by the absolute value of the sum of angular and 

spin momentum, thus j = |l + s|. The value of j is then used in spectroscopic notation. 

The spectra which are provided by XPS analysis are given by intensity (counts per 

second) as a function of binding energy (in eV, plotted with increasing energy from right to left). 

When interpreting XPS spectra, it is important to understand that all s peaks (in which angular 

momentum, l = 0) are singlets, while all p, d, and f peaks provide doublet structures with slightly 

different energies. These doublets derive from splits between energy levels. Such splits are due to 

weak magnetic interactions between the spin of an unpaired electron (which remains after sample 

excitation and photoelectron emission) and the magnetic field generated by orbital motion of the 

electron around the nucleus. The remaining, unpaired electron has ether a parallel or an anti-

parallel orientation to the orbital momentum, creating an energy difference between the split 

peaks. This phenomenon is referred to as spin-orbit coupling, and can be treated using various 

models which will not be discussed here.  

The major advantage of XPS is its ability to show alterations in spectral characteristics 

when changes to the atom bonding state occur. This phenomenon is mainly interpreted through 

analyzing the binding energies, peak width and shape, and valence band changes in a given 

spectrum. Such observable characteristics are the result of chemical shifts in the core electron 

binding energies. A “chemical shift” is the result of a change in the binding energy of the core 
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electron of an atom when it is subject to a different chemical environment. This shift compares 

the bonding of a pure element to the chemical bonding of the same element within a compound, 

and is the result of the change in effective charge of an atom. Core electron binding energies are 

determined by electrostatic interactions between the electron and the atom nucleus. These 

energies are reduced by the “shielding” phenomenon that core electrons exert on other electrons 

in the atom which are more distant from the nucleus. Due to the fact that electrons repel each 

other, those which are closest to the nucleus (core electrons) shield, or repel, more distant 

electrons from the pull of the positively-charged atom nucleus.  As an example, metallic atoms 

will generally show reduced binding energies compared to their metal oxides. This is due to the 

fact that when metallic atoms bond to atoms with higher electronegativities (such as oxygen), 

electrons are transferred away from the metal, thus reducing the amount of shielding that the core 

electron exhibits. This gives the atom an effective positive charge and increases the binding 

energy. These chemical shifts are interpreted in reference to standard spectra of compounds.  

Surface analysis requires a sample to be held under ultra-high vacuum due to the fact that 

oxygen monolayers from the atmosphere can adsorb onto a sample surface within seconds under 

high vacuum (range of 10-4 Pa). This form of contamination reduces the signal of the sample 

surface beneath this monolayer by typically 10 – 50%, and can alter the shape of spectrum peaks 

through chemical bonding. For pressures below 10-6 range, deemed ultra-high vacuum, single 

monolayer formation time increases to 20 minutes, enough time to acquire a spectrum. In order to 

obtain such samples free of surface impurities, small sample chambers are far more efficient to 

maintain than larger chambers, thus making it fairly difficult to analyze whole daguerreotypes. 

During pumping down of the equipment, the sample is first placed into an introduction chamber, 

which can be exposed to atmosphere and is subsequently pumped down using roughing pumps to 

pressures of 10-2 Pa. The sample is then transferred to the main chamber for analysis. For this 

study, only the modern daguerreotype coupons were small enough to fit inside the XPS chamber 
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and thus were the only surfaces analyzed. Previous work by Dr. William Wei allowed for XPS 

analysis of a small nineteenth century daguerreotype in a large chamber. This prior data is 

compared to the XPS information obtained from the contemporary samples.  

 

Part F: Technical Studies of Daguerreotypes 

Microstructural and Chemical Studies Using SEM/EDS 

 By far, the most common analytical technique used in technical daguerreotype studies is 

scanning electron microcopy (SEM), often paired with energy dispersive x-ray spectroscopy 

(EDS). The first documented use of electron microscopy on daguerreotypes was by Swan in 

1979.8 Her work was the first to measure the diameters of image particles and to observe that this 

microstructure had a wide range of sizes, from very small particles in high density areas to much 

larger in areas of low density. Similarly, her work was the first to describe the spatial distribution 

of elements such as mercury, gold, and silver on daguerreotype surfaces, as well as chemically 

characterize various sulfur and copper corrosion products found on historical plates. Following 

Swan, technical daguerreotype studies have focused on the microscopic visualization of existing 

image microstructures, the formation process of image microstructure, corrosion identification, 

the effects of cleaning, and the properties of protective surface coatings.  

 Much of the fascination behind daguerreotypes stems from understanding how the 

images form, on a physical and chemical level. Such comprehension requires experimentation to 

observe the kinetics behind the silver-mercury amalgam particles and the effects of different 

sensitization and development variables. A few studies have undertaken such an investigation, 

using electron microcopy to visualize modern custom-made daguerreotypes at different stages of 

image formation. Barger and White performed a number of experiments to observe changes in 

daguerreotype microstructure as a function of developing agent, photo-sensitizing chemicals, 
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gilding, and mercury exposure.3  By using daguerreotype step tablets, they observed the plates 

after each individual step of polishing, iodine exposure, bromine exposure, second iodine 

exposure, light exposure, hot mercury development, and fixing. The SEM images showed that 

small silver particles which are exposed to greater amounts of light (thus, highlights) form large 

platelets which break up into small mercury-silver amalgam particles during the development 

process. EDS spectra indicated that small highlight particles have very little mercury, while larger 

shadow particles have comparatively greater amounts of mercury.3 Similarly, Ravines et al. 

(2016) studied the microstructure of modern daguerreotype plates after each stage of processing. 

They determined through SEM imaging and focused ion beam (FIB) sectioning that 

photosensitive silver iodine forms on the daguerreotype surface in small nanosized clusters, rather 

than in a continuous layer. Secondly, they observed that amalgam image particle formation 

process has two general steps: 1) generation of small mercury-silver seed particles with two 

possible crystalline phases (close packed hexagonal zeta phase and body centered cubic gamma 

phase), and 2) continued amalgamation reactions, in which silver from the “meso/sub-surface” 

region transports and reacts with the seed particles.10 Further study is necessary to determine the 

exact mass transport mechanism of silver to the amalgam particles.  

 Besides understanding the elusive daguerreotype image formation process, SEM imaging 

and EDS have been commonly used to characterize and identify the various corrosion products 

found on daguerreotypes and the effects of past and present cleaning methods. Commonly found 

deterioration products, such as tarnish, “daguerreian measles”, deposits from the deteriorating 

cover glass, and insects have been both imaged and assessed using EDS elemental analysis.8,3,41,57 

Atypical surface deposits such as chlorine corrosion and biological filaments have also been 

visually documented.58,59,60 Of note are the ways in which EDS was employed as line scans by 

Centeno et al. to observe the specific locations of chlorine accretions on image particles, and as a 

mapping tool by Shugar et al. to specifically locate copper cyanide-based corrosion products.58,59 
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As for cleaning, Barger et al. in particular focused on SEM analysis of the historical cleaning 

methods using cyanide or thiourea solutions, but also on modern methods such as sputter and 

electrocleaning.1,2 Such imaging elucidated the surface etching caused by the cyanide and 

thiourea solutions, as well as the microscopic abrasion caused by sputter cleaning and the 

electropolishing resulting from electrocleaning. Similarly, Turovets et al. observed the potentially 

damaging effects to daguerreotypes by using an excimer laser for corrosion reduction, providing 

SEM images of melted plate surfaces.61 More recently, Wei et al. observed the breakdown of 

surface particles (although not necessarily image particles) on an historical daguerreotype that 

had been electrochemically cleaned using a stable cathodic voltage.4 Such experiments are further 

continued in this project. 

 

Roughness Studies 

While not as thoroughly investigated as the chemical or microstructural properties of 

daguerreotypes, the roughness and physical surface properties have received some recent 

attention from researchers.62,63,58 The majority of these investigations focused solely on the use of 

confocal microscopy rather than atomic force microscopy. While atomic force microscopy 

provides superior lateral and spatial resolution, there are a number of potential reasons as to why 

researchers chose confocal microscopy. For one, confocal microscopes are less expensive, which 

is always a concern for cultural heritage studies. Extremely high resolution may also have not 

been necessary for such studies. For example, part of the work performed by Ravines investigated 

the height and spatial properties of corrosion accretions which are visible by the human eye.62 

Such deposits may be too large for atomic force microscopy analysis. Confocal microscopy is 

also entirely nondestructive and requires no sample preparation – qualities which are highly 

significant when investigating historical objects. While atomic force microscopy does not usually 

require sample preparation, it can limit the sample size. Similarly, atomic force microscopy is not 
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known as a highly destructive analytical technique, but does involve contact between the sample 

and a tip, potentially causing surface damage on a very small scale. This study utilized the high 

resolution power of atomic force microscopy to study very small changes on samples made 

specifically for this investigation, but it is understandable why some researchers utilize other 

techniques, such as confocal microscopy. 

Studies by Ravines, et al. looked specifically at two historical daguerreotypes which 

belonged to collections from the George Eastman House and the personal collection of Grant 

Romer, performing three separate case investigations. The first characterized and quantified the 

physical properties of large (diameters on the order of 1,000 μm) corrosion rings using roughness 

profiles and three-dimensional imaging. The second studied the effects of treating surface tarnish 

on a nineteenth century plate by immersing half of the plate in ammonium hydroxide solution 

(pH 10 – 0.5) for 60 – 65 seconds followed by rinsing in water. It was estimated that the 

treatment process removed approximately 450 nm of corrosion in one particular area of thick mat 

tarnish.62 A third and final case study made quantitative waviness and roughness comparisons 

between areas of high image particle density and low image particles density on a contemporary 

daguerreotype step plate with no noticeable corrosion products.63  

A single study, performed by Centeno et al., investigated daguerreotype roughness 

properties using atomic force microscopy.58 AFM was used in this particular case because it 

focused on observing individual image particles and the ways in which gold from the gilding 

process accumulates on daguerreotype surfaces, an investigation which requires high resolution 

imaging. Using both contemporary daguerreotype step tablets and nineteenth century samples, 

Centeno observed that all image particles on gilded contemporary plates were approximately 300 

nm higher than image particles on non-gilded contemporary plates but both gilded and non-gilded 

particles had similar diameters. Such results, along with complementary imaging information 

from SEM micrographs suggest that gold preferentially accumulates on top of the particles. AFM 
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was also used to measure the distribution of image particle sizes for areas of moderate image 

density and areas of high image density, finding that high density areas contained a bimodal 

distribution of particle diameters whereas moderate image density areas contained larger particles 

with more uniform diameters.58 

 

Chemical Studies 

 Much like roughness studies, daguerreotype chemical analysis using techniques other 

than energy dispersive spectroscopy (EDS) has only been recently undertaken. This could be due 

to a number of reasons, such as the growth of both photograph conservation and conservation 

science as disciplines, advancements in analytical techniques to make them more suitable for 

cultural heritage studies, and recent exhibitions which called in to question the stability of 

daguerreotype plates on display.64 Of the possible techniques, Raman spectroscopy is most 

commonly used , likely due to the surface-enhanced Raman scattering (SERS) exhibited by 

daguerreotypes in past studies, a phenomenon which amplifies the signal of small surface 

deposits such as corrosion products. Other common techniques used to analyze daguerreotypes 

include Fourier transform infrared spectroscopy (FTIR) and x-ray fluorescence (XRF). 

 Raman spectroscopy was used in recent years to study silver chloride corrosion products 

on daguerreotypes. Interest in this particular form of deterioration stems from an investigation of 

a set of Southworth and Hawes daguerreotypes which were on exhibit at various locations 

between June, 2005 and April, 2006. During the exhibition cycle, some of the plates developed 

what was described as a “hazy white surface layer and/or discrete white spots”.64 In situ Raman 

analysis of the affected daguerreotypes detected Ag-Cl stretch bands at 242 cm-1, indicating the 

presence of silver chloride, a compound which is photosensitive in the ultraviolet-to-visible range 

of light. It was suggested that the corrosion products remained invisible to the human eye up until 
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exposure to exhibit lighting conditions, causing re-deposition of visible metallic silver onto the 

plate surface. Raman spectroscopy was particularly useful for this investigation because of the 

demonstrated SERS properties of daguerreotypes.64,65 In general, the SERS mechanism arises 

because interactions between an electromagnetic wave and a metallic surface are different than 

the interactions with the bulk material. If the surface is rough, the incident light from the laser can 

excite localized surface plasmons (electron oscillations which can exist at interfaces between 

metals and dielectrics), amplifying the electromagnetic field at the sample surface.66 The intensity 

enhancement of the incident and scattered fields increases the possibility for greatly amplified 

surface-specific Raman scattering. The SERS phenomenon can be induced numerous ways, but 

the most common method of doing so is to deposit the analyte onto a surface containing an array 

of noble metal nanoparticles, such as silver, thus augmenting the Raman signal of a minimal 

amount of sample. This concept translates well to daguerreotypes, which can naturally act as 

SERS substrates for surface deposits and deterioration products. Very small amounts of corrosion 

are then be analyzed in situ without difficulty. Raman spectroscopy was also used to study other 

compounds found on daguerreotypes, such as silver sulfide and copper cyanide (CuCN). Silver 

sulfide was present as a light brown tarnish layer and indicated by a peak at 243 cm-1 in a study by 

Boselli, et al.67 Similarly, a daguerreotype deterioration layer which fluoresced under ultraviolet 

light was identified by Shugar et al. as copper cyanide by the presence of an intense Raman peak 

at 2172 cm-1.8 

 Other techniques have found use in daguerreotype analysis as methods to identify the 

chemical components of deterioration products, to characterize the properties of historical and 

modern plates, study the presence of rare surface materials such as pigments and coatings, and to 

understand the effects of cleaning. As a complementary technique to Raman spectroscopy, FTIR 

is also commonly utilized as a method to understand the chemical bonding environment of 

daguerreotype components. Barger mentions that FTIR can be a highly useful tool for 
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daguerreotypes since silver has no infrared spectrum, thus the measured absorption spectrum is 

characteristic of the corrosion films.3 Despite such statements, FTIR corrosion investigations in 

the literature have only focused on the analysis and identification of cyanide-based accretions 

through the presence of a strong band at 2165 cm-1 (peak for the carbon nitrogen triple bond 

absorption).59,68,69 More commonly, infrared spectroscopy is used to identify the presence of 

organic surface coatings, adhesives used within the daguerreotype case, or binders and pigments 

used to paint the plate or case.70,71,67 The use of XRF also mainly focused on identifying elements 

found in pigments used to color historical daguerreotype images, glass covers, or passe-partouts, 

acting a means to complement FTIR analysis.70,71 Centeno, et al. employed XRF as an alternative 

to EDS to study the presence of chlorine on Southworth & Hawes plates, and was utilized when 

objects could not physically fit into the SEM chamber. Both techniques provide elemental 

identification, but both are not well suited for surface specific analysis and therefore could not 

detect small amounts of chlorine.64 One particular investigation of interest, performed by Da Silva 

et al., involved the use of only wavelength-dispersive x-ray fluorescence spectrometry (WDXRF) 

as a chemical means to observe changes on contemporary daguerreotype plates as a function of 

accelerated tarnishing and cleaning. This technique was chosen for its ability to resolve x-ray 

lines which typically overlap, such as gold, bromine, and mercury. The group observed that 

electrochemical cleaning (the method proposed by Barger) was more efficient at removing sulfur 

from a daguerreotype surface than thiourea cleaning, and that gold was removed from the plates 

during thiourea cleaning but not during electrocleaning.57  

 Techniques which are less commonly used, but have been slightly explored include x-ray 

diffraction (XRD), laser ablation mass spectrometry (LAMS), and laser-induced breakdown 

spectroscopy (LIBS). In general, such characterization means are not commonly used in 

conservation studies due to expense, complexity, and limited application. Nonetheless, it is 

interesting to test the capabilities and potential usefulness of a variety of analytical machinery. 
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Barger et al. provided the first example of XRD measurements, but only used it as a means to 

determine the chemical content and crystalline structure of various daguerreotype cover glasses.41 

More recently, Shugar et al. attempted to study daguerreotype surface corrosion using XRD, but 

was unsuccessful likely due to the fact that XRD is not a surface sensitive technique.59 LAMS and 

LIBS were both investigated for daguerreotype analysis once, and can act as complementary 

techniques. Both provided in situ measurements of daguerreotypes, generating information about 

the elements present on plate surfaces. LAMS was also able to determine the ions present, which 

helps to understand the chemical compounds, thus providing information which is particularly 

useful for identifying corrosion products.72 A useful feature of LIBS analysis includes depth 

profiling, which allows for estimation of silver layer thickness. Unfortunately, such a process 

requires creating small craters in the object, limiting its use as a non-destructive process.73 While 

such techniques can be useful for specific investigations, the expense, complexity, and potential 

for object damage does not warrant the use of LAMS and LIBS in routine conservation analysis. 
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Chapter 3: Inducing and Reducing Corrosion 

Before testing the electrochemical cleaning procedure on historical, nineteenth century 

daguerreotypes, it was necessary to observe the treatment effects on a number of modern samples 

with known particle densities. In order to characterize the effects of electrochemical cleaning, 

contemporary daguerreotype coupons were corroded in a controlled environment to form either 

silver sulfide or silver oxide. This section focuses on developing the methods to properly tarnish 

these modern specimens, forming the necessary corrosion products, and developing the 

electrochemical cleaning technique to reduce each type of corrosion.  

Over the course of their 180-year lifetime, nineteenth century daguerreotypes were 

exposed to unknown storage and treatment conditions, resulting in a multitude of surface 

deposits. Secondly, the experimental nature of photography during this time engendered a wide 

range of final chemical and material results in daguerreotypes. This project focuses specifically 

on silver sulfide and silver oxide corrosion products, and it is difficult to gauge the thoroughness 

and the effects of removing these surface deposits when a number of other variables (such as 

unknown treatments, etc.) can muddle the data. Therefore, the reasoning behind creating and 

characterizing modern daguerreotype plates is based on the practice of isolating and studying one 

known corrosion product, reducing the number of variables.  

To perform this study of a single known corrosion product, a contemporary 

daguerreotypist, Rob McElroy, was commissioned to produce a number of mercury-based 

daguerreotype plates with uniform image density across the exposed surface. The fabrication 

method given by the photographer is found in the Appendix. Light exposure produced samples 

with high mercury particle density, or more colloquially, an area of highlight. Half of the samples 

were gilded, and half remained non-gilded. The final plates were cut into coupons approximately 

3.1 x 2.4 x 0.1 cm in size. As mentioned previously, techniques to produce nineteenth century 

daguerreotypes varied from photographer to photographer. While these modern plates cannot 

represent the chemical and material structure of all historical daguerreotypes, they are consistent 
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in their production methodology from sample to sample. Comparisons can then be made between 

specimens and surface treatments. 

 

Part A: Materials and Instrumentation 

 All chemicals for the corrosion and electrochemical cleaning processes were purchased 

from Sigma Aldrich. These chemicals include: (a) sodium hydroxide (NaOH) pellets, puriss p.a. 

grade, ≥ 98.0% assay, CAS number 1310-73-2; (b) potassium (poly)sulfide, ≥ 42.0% K2S assay, 

CAS number 37199-66-9; and (c) sodium nitrate (NaNO3), Reagent Plus® grade, ≥ 99.0% assay, 

CAS number 7631-99-4. Materials used to perform electrochemical experiments include an 

Autolab PGSTAT101 potentiostat from Metrohm Agencies; the REF621 Hg/Hg2SO4 reference 

electrode (in saturated K2SO4 electrolyte) from Radiometer Analytical; and a 14 x 19 x 0.1 mm 

platinum foil counter electrode, spot welded to a copper wire enclosed in a sealed glass tube. All 

voltage measurements taken in this study will be in reference to the voltage of the reference 

electrode (presented as “vs. MSE” throughout the document). The known potential of the 

Hg/Hg2SO4 reference electrode is 0.64V more positive than the standard hydrogen potential 

(SHE), the latter of which is declared as zero volts at all temperatures. All voltages listed in this 

study are therefore +0.64V greater than that of the standard hydrogen electrode. Two separate 

cells were used to perform the electrochemical experiments. The first was necessary for studies in 

which the surface of the daguerreotype sample was to be isolated, such as determining the 

optimal potentials at which to create Ag2O and to reduce both Ag2S and Ag2O (potentiodynamic 

scans), and was an optically clear 100 mL polymer cell with an exposed sample surface area 1.65 

cm2. The second cell was simply composed of a 200 mL glass beaker which was used in 

experiments where surface isolation was not required, such as the final creation of silver oxide 

and the final electrochemical cleaning process (potentiostatic measurements). Photographs of 

both cells are given in Figure 3.1. 
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 Characterization equipment used in this study include scanning electron microscopy 

(SEM), Raman spectroscopy, x-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM), x-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). Two 

separate SEMs were used: a JEOL JSM-5910LV tungsten filament microscope operated at 20 

keV for both imaging and EDS, and a Hitachi S-4800 Type II Ultra-High Resolution Field 

Emission (FE) SEM operated at 5keV for imaging and 30 keV for EDS. Similarly, two separate 

Raman spectrometers were used: a PerkinElmer RamanStation 400F dispersive Raman 

spectrometer with a 350 mW near infrared 785 nm laser combined with a RamanMicro 300 

microscope compartment, and 100 mW 514 nm laser paired with an optical microscope. XPS 

analysis was performed using a JEOL-9200; AFM analysis was performed using an Asylum 

Research Cypher AFM operated under non-contact/tapping mode with a silicon probe; XRD 

analysis was performed using a Bruker D8 Discover with a General Area Detector Diffraction 

(GADDS) system; and FTIR analysis was performed using a ThermoFisher Scientific Nicolet iS 

10 Spectrometer with a mid-infrared range and paired with a diamond ATR crystal. 

 

Part B: Inducing Silver Sulfide (Ag2S) Corrosion 

 As silver sulfide forms readily under typical atmospheric conditions, the sulfided modern 

coupons were created under room temperature and ambient pressure conditions, without any 

voltage polarization from an external battery. The corrosion process was therefore performed in 

an enclosed, sulfur environment created within a sealed glass desiccator, shown in Figure 3.2. To 

create this environment, 0.2 g of potassium (poly)sulfide was dissolved in 100 mL deionized 

water and allowed to sit in a glass petri dish at the base of the desiccator. The contemporary 

coupons were placed on top of a ceramic grate located above the sulfide solution, and were 

propped up vertically so that they were oriented nearly perpendicular to the grate surface. After 

24 hours, the samples displayed visible signs of tarnishing and were removed from their 

environment. All final samples were stored in a desiccator under vacuum. 
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 To confirm that acanthite (α-Ag2S) was in fact created on the surfaces of the modern 

coupons, x-ray diffraction (XRD) was used to provide information about the tarnish crystal 

structure. Much like EDS, XRD is not a surface technique, making it difficult to study thin 

surface films. Nonetheless, analysis using an angle interval 2θ = 20 to 72◦ with a step size of 0.1◦ 

and step time of 1200 seconds produced a number of small peaks which matched that for 

acanthite, shown in Figure 3.3. The largest peaks, located at 38.3◦, 44.6◦, and 64.6◦ and identified 

by the blue vertical lines, are from the underlying silver substrate of the daguerreotype coupon. 

The remaining peaks match the XRD spectrum reference library values for acanthite, indicated by 

the vertical red lines. Further evidence of the presence of silver sulfide is given in the following 

chapter on modern sample characterization. 

 

Part C: Inducing Silver Oxide (Ag2O) Corrosion 

 As mentioned previously, silver does not form a natural oxide under typical atmospheric 

conditions. Yet Barger and White have reported that silver oxide is the main corrosion component 

of daguerreotype tarnish found along the placement of the passe-partout mat. Silver oxide was 

therefore investigated as a treatable corrosion product. Much like silver sulfide, silver oxide was 

induced as a tarnish layer on the contemporary daguerreotype coupons and subsequently 

electrochemically cleaned from the surface. In the literature, silver oxide is typically generated 

either by exposure to elevated levels of ozone or through electrochemical polarization in an 

alkaline electrolyte such as potassium hydroxide or sodium hydroxide. Due to the unavailability 

of an ozone chamber, electrochemical polarization in a 1M solution of sodium hydroxide (NaOH) 

was used for this study. According to the Pourbaix diagram for silver in water at 298 K, Figure 

2.11, there is a very small region in which Ag2O can form. Depending on both the pH of the 

solution and the potential applied, a different oxide, such as AgO, can form. Pourbaix diagrams 

are only indicative of pure metal corrosion and do not take non-ideal behavior of aqueous 

solution into consideration. It is therefore important to confirm the potentials at which different 
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oxides form through experimental potentiodynamic polarization scans of the modern 

daguerreotype coupons in NaOH solution. Using both theoretical diagrams and experimentally 

determined curves, the steady potential at which silver oxide corrosion is properly induced on 

daguerreotypes is determined in this section. 

 As Ag2O was the recommended daguerreotype corrosion product, it is important to 

understand the electrochemical boundaries within which Ag2O is made, thus avoiding the 

creation of AgO on the contemporary samples. In highly alkaline aqueous conditions, the 

formation of Ag2O is described by the following reaction: 

2 Ag + 2 OH- → Ag2O + H2O + 2e-                              (Eq. 3.1) 

Theoretically, the pH of a 1M NaOH solution is equal to 14 according to the following equations:  

pOH = -log([OH-])                                       (Eq. 3.2) 

pH = 14 – pOH                     (Eq. 3.3)  

where the OH- concentration is 1M. Thus pOH is equal to 0 and the pH is equal to 14.  

 Referencing the Pourbaix diagram, in order to force silver ions to go into solution at this 

pH and create a layer of Ag2O, a voltage between 0.3 and 0.6 V vs. SHE must be applied, which 

translates to potentials of -0.34 and -0.04 V vs. MSE, respectively. Numerous studies have 

investigated the behavior of silver in highly alkaline solutions through cyclic voltammetry 

experiments, in which a series of increasing incremental anodic voltages are applied to the 

working electrode up to a certain potential, followed immediately by a reversed process in which 

a series of incremental voltages are applied in the cathodic direction.35,74–86 The resulting data 

provides information on the potentials at which species form in the electrolyte (anodic ramp) and 

the potentials at which the same species reduce in the electrolyte (cathodic ramp). By plotting the 

applied potential (x-axis) as a function of the current density (y-axis), a resulting graph will show 

peaks where specific compounds are formed or reduced. An increase in either anodic or cathodic 

current indicates that a reaction is occurring on the working electrode surface. Silver oxide cyclic 

voltammetry experiments observe the formation of silver (I) oxide, Ag2O, at lower anodic 
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polarizations followed by the formation of silver (II) oxide, AgO, at greater anodic polarizations. 

An example voltammetry curve is provided in Figure 3.4, which shows the anodic creation of 

Ag2O in a 1M NaOH solution with a peak at 0.55 V vs. SHE (-0.09 vs. MSE) and subsequent 

creation of AgO with a peak at 0.79 V vs. SHE (0.15 V vs. MSE) using a scan rate of 5 mV/s.82 

For this project, NaOH is not used as the electrochemical cleaning electrolyte, and therefore the 

cathodic portion of cyclic voltammetry in sodium hydroxide is not of use.  

Silver oxide was investigated only through anodic potentiodynamic polarization in this 

study. Following examples within the literature, the behavior of silver in a 1M solution of NaOH 

was investigated by isolating the top surface of a contemporary gilded daguerreotype coupon, 

exposing a total surface area of 1.65 cm2, and placing it in contact with an electrolyte solution 

while connecting the cell to the platinum counter electrode, potentiostat, and the mercury-

mercurous sulfate reference electrode. The NaOH solution (measured pH: 13.8) was deaerated 

with nitrogen gas for 20 minutes and added to the cell. The daguerreotype plate was first 

cathodically polarized to -0.9 V vs. MSE for 300 s. Immediately following, polarization was 

initiated at a potential of -0.9 V vs. MSE and increased it to +0.4 V vs. MSE at a rate of 1 mV/s 

and step potential of 1 mV. The resulting anodic polarization diagram showing current density as 

a function of applied potential is given in Figure 3.5. Much like the example diagram in Figure 

3.4, there are two major anodic peaks which represent the formation of (a) Ag2O followed by (b) 

AgO at -0.14 V vs. MSE (+0.48 V vs. SHE) and +0.13 V vs. MSE (+0.77 V vs. SHE), 

respectively. The bump preceding the Ag2O peak is also commonly found in literature scans, and 

is due to the formation of an AgOH film on the silver surface and simultaneous dissolution of the 

anode.84,85 Following this overall scan, a potentiodynamic polarization scan was performed of just 

the Ag2O peak for both a gilded modern daguerreotype and non-gilded modern daguerreotype 

coupon to observe any differences. The same previously described preparation and experimental 

procedures were used for both contemporary coupons, except for the voltage range during the 

scan, which was changed to extend from -0.9 V vs. MSE to -0.03 V vs. MSE. The resulting 
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diagram is given in Figure 3.6. The Ag2O peaks for both samples remain at -0.14 V vs. MSE 

Based on these diagrams, the steady anodic voltage used to create a layer of Ag2O was chosen as 

-0.14 V vs. MSE. 

The process for creating Ag2O on the gilded and non-gilded modern replica coupons in 

this study involved deaerating a 1M solution of NaOH (measured pH: 13.8) for 20 minutes under 

nitrogen gas. The contemporary sample was partially submerged in the electrolyte by alligator 

clips, using a glass beaker as an electrochemical cell and exposing a total surface area of 8.27 cm2 

(gilded coupon) and 8.57 cm2 (non-gilded coupon). Subsequently, the daguerreotype plate was 

connected to the counter electrode, reference electrode, and potentiostat. A steady potential of      

-0.14 V vs. MSE was applied for a total of 120 seconds. The sample was then immediately 

removed from the cell, rinsed in deionized water and dried under nitrogen gas. This procedure 

was performed on both a gilded and non-gilded coupon. All samples were stored in a desiccator 

under vacuum. X-ray diffraction measurements were not able to resolve peaks for the thin oxide 

layer, but evidence of Ag2O formation is presented in the following chapter using other 

characterization techniques such as x-ray photoelectron spectroscopy. 

 

Part D: Optimization of Electrochemical Cathodic Reduction 

 Potentiodynamic polarization scans in the cathodic direction were also used as a means to 

determine the optimum potential at which silver sulfide and silver oxide are electrochemically 

reduced. Following prior sulfide reduction experiments on silver materials in the literature, a 

deaerated 0.1 M solution of NaNO3 was used as the electrolyte.4,87 Much like the prior silver 

oxide potentiodynamic scans, the modern daguerreotype coupons had their top surfaces isolated 

in the polymer electrochemical cell, exposing a total surface area of 1.65 cm2 per sample. Six 

different contemporary specimens were investigated during these experiments:  

Gilded, with silver sulfide corrosion 

Gilded, with silver oxide corrosion 
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Gilded, with no corrosion 

Non-gilded, with silver sulfide corrosion 

Non-gilded, with silver oxide corrosion 

Non-gilded, with no corrosion 

Each sample was studied separately. In preparation for the reduction experiments, the 0.1M 

NaNO3 electrolyte was deaerated by bubbling nitrogen gas through it for 20 minutes. The coupon 

surface was then placed in contact with the electrolyte solution and connected to the platinum 

counter electrode, potentiostat, and the mercury-mercurous sulfate reference electrode. Before 

initiating the polarization scan, the open circuit potential (OCP) of the system was measured for 

120 seconds. As mentioned in the previous chapter, finding the OCP value is necessary to 

determine the point of equilibrium between the corroded daguerreotype surface and its 

environment, and to ensure that subsequent polarization occurs in the cathodic direction rather 

than the anodic. Immediately following, polarization was initiated at the OCP value and 

cathodically increased to at most -2.0 V relative to the OCP at a rate of 0.5 mV/s and step 

potential of -1 mV. The resulting polarization diagrams for all coupons, showing current density 

as a function of applied potential, are given in Figures 3.7 through 3.9. After polarization was 

complete, the samples were removed from the cell, rinsed with deionized water, and dried under 

nitrogen gas. Figure 3.7 focuses solely on the reduction of silver sulfide on both the gilded and 

non-gilded contemporary coupon, beginning at the OCP value of -0.3 V vs. MSE and progressing 

to the left into more cathodic voltages. There is a sharp peak at -1.36 V vs. MSE for the gilded 

curve and at -1.33 V vs. MSE for the non-gilded curve, both indicating the reduction of silver 

sulfide. Prior investigations into the electrochemical removal of silver sulfide on silver-based 

cultural heritage objects have shown sulfide reduction peaks at similar cathodic voltages.87,88 The 

increase in cathodic current beyond -1.6 V vs. MSE is due to hydrogen evolution. Similarly, 

Figure 3.8 shows the reduction curve specifically for Ag2O on both the gilded and non-gilded 

contemporary coupon, beginning at the OCP value of -0.07 V vs. MSE and progressing to the left 
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into more cathodic voltages. In this case, the gilded surface has a reduction peak at -0.24 V vs. 

MSE and the non-gilded surface at -0.21 V vs. MSE. These peaks are the result of silver oxide 

(Ag2O) reduction. Interesting to note is that the oxide reduction peaks occur at potentials which 

are more anodic than the OCP value for the sulfided coupons (-0.3 V vs. MSE). Finally, Figure 

3.9 shows the cathodic potentiodynamic polarization curves for both gilded and non-gilded non-

corroded contemporary daguerreotype coupons, beginning at the OCP value of approximately      

-0.9 V vs. MSE and progressing to the left into more cathodic voltages. No reduction peaks are 

visible in these curves, and like the previous two diagrams, the increase in cathodic current after  

-1.6 V vs. MSE is due to hydrogen evolution. Again, the oxide reduction peaks in Figure 3.8 are 

located at more anodic potentials than the OCP value for the non-corroded samples. 

As daguerreotypes are known to have a variety of corrosion products present on a single 

plate, including both silver sulfide and silver oxide, the more cathodic voltage of the reduction 

peaks, approximately -1.3 V vs. MSE form the sulfide reduction, was chosen as the steady 

potential to apply during the electrochemical cleaning process. If the oxide reduction peak value 

(approximately -0.24 V vs. MSE) was chosen as the steady voltage to treat daguerreotype plates, 

this would run the risk of possibly applying an anodic potential to the object (depending on the 

OCP value of the daguerreotype-electrolyte system) and subsequently corroding it. 

 

Part E: Electrochemical Cleaning Process 

 In general, all corroded historical and contemporary daguerreotype samples characterized 

in this study were subjected to a steady cathodic voltage of -1.3 V vs. MSE for a total of 300 

seconds to simultaneously remove both silver sulfide and silver oxide (Ag2O) tarnish. This 

process involved deaerating a 0.1M NaNO3 electrolyte by bubbling nitrogen gas through it for 20 

minutes. Each daguerreotype sample was then partially submerged in the electrolyte by alligator 

clips and connected to the platinum counter electrode, mercury/mercurous sulfate reference 

electrode, and the potentiostat. The top surfaces of the daguerreotypes were not isolated for 
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cleaning, and thus the cleaning process occurred in a cell composed of a 200 mL glass beaker. 

The steady voltage of -1.3 V vs. MSE was applied for a total of 300 seconds. Following 

electrochemical treatment, the daguerreotype was removed from the electrolyte, rinsed with 

deionized water, and dried under nitrogen gas. All samples were stored in a desiccator kept under 

vacuum. Characterization of the samples prior to and after electrochemical treatment is provided 

in the following chapters. As a safety note, the silver sulfide reduction process will produce a 

small amount of hydrogen sulfide gas, which is toxic and can be identified by its “rotten egg” 

smell. It is therefore important to perform electrochemical cleaning in either a laboratory hood or 

well ventilated area. Additionally, it is important to consult local hazardous waste management 

facilities for information on proper electrolyte disposal.  
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Chapter 4: Analysis of Modern Daguerreotype Coupons 

The surface of each modern coupon was characterized as-received (sans corrosion 

treatment and sans electrochemical treatment) by SEM, AFM, Raman spectroscopy, FTIR, and 

XPS. Two samples (one gilded and one non-gilded) were oxidized to produce silver oxide (Ag2O) 

using the method outlined in Chapter 3, Part C; two were sulfided to produce silver sulfide using 

the method outlined in Chapter 3, Part B; and two were not corroded. All tarnished surfaces were 

characterized again. Every coupon was then partially submerged in a sodium nitrate electrolyte 

and electrochemically cleaned at a steady cathodic voltage of -1.3 V vs. MSE for 300 seconds 

using the treatment process outline in Chapter 3, Part E. The resulting surface was characterized a 

final time.   The categories of modern samples studied within this project therefore include: 

Gilded, with silver sulfide corrosion 

Gilded, with silver oxide corrosion 

Gilded, with no corrosion 

Non-gilded, with silver sulfide corrosion 

Non-gilded, with silver oxide corrosion 

Non-gilded, with no corrosion 

It should be noted that the same characterization techniques were used on nineteenth century 

daguerreotypes in this study. Observations were made of both the modern and historical surfaces, 

comparing and contrasting their qualities and their reactions to the electrochemical treatment 

method. 

 

Part A: Corrosion Layer Thickness Calculation 

 Using the converted equation for Faraday’s Law (Equation 2.31) and assuming uniform 

tarnish coverage as well as uniform tarnish removal, the thickness of the corrosion layer removed 

on each modern coupon was calculated. The common values used for each calculation are listed 

below: 
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Ag2S molar mass: 247.8 g/mol 

Ag2O molar mass: 231.7 g/mol 

Ag2S density: 7.23 g/cm3 

Ag2O density: 7.14 g/cm3 

Ag2S equivalents: 2 

Ag2O equivalents: 2 

Faraday constant: 96,485 C/mol 

Reduction time: 300 s 

The calculated values for surface area exposed, total current density, and tarnish thickness of the 

sulfide and oxidized coupons are given in Table 4.I. As the measured current was cathodic and 

therefore negative during electrochemical cleaning, the absolute value for total current density 

was used to calculate thickness values. Both oxide samples have thicker tarnish layers. It should 

be noted that the thickness calculations are estimations, particularly because the tarnish layers are 

not entirely uniform. The reduction curves for all modern coupons are given in Figure 4.1a and 

4.1b.  

 

Part B: Analysis of the Gilded, Sulfided Modern Coupon 

 The modern, sulfided samples in this discussion were exposed to the enclosed sulfur 

environment for a total of 24 hours, producing a thin but visible layer of silver sulfide. The 

specimen was photographed before corrosion, after corrosion, and after electrochemical cleaning, 

all shown in Figure 4.2. The sulfiding process created a very thin but noticeable layer in image 

(b), particularly along the edges of the coupon. The treatment process visibly reduces the sulfide 

layer, as seen by the difference between the cleaned and uncleaned sections in image (c). After 

treatment, the edges of the cleaned coupon still remain slightly darker, but the majority of sulfide 

corrosion was removed during a cathodic polarization time of 5 minutes. Similarly, the cleaned 

surface retained its specular reflectance properties. It should be noted that while the dimensions 
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of this sample (3.1 x 1.0 x 0.11 cm) differ from the remainder of the modern coupons, this will 

not affect any of the characterization results or electrochemical calculations, as all cleaning 

equations and diagrams utilize current density.  

 

Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 

 Using electron microscopy, a number of areas were imaged before corrosion, after 

corrosion, and after cleaning. One particular location was pinpointed after each surface treatment 

in order to observe the behavior of the same particles as the result of cleaning. This area is on the 

right side of the coupon near the base, within an area of heavier corrosion. Figure 4.3 provides a 

comparison between the three images. In general, the sulfide tarnish layer lightly obscures 

features on the silver base layer, appearing to slightly roughen the surface. An EDS spectrum was 

taken of an area on the tarnished surface of the gilded, modern sample, shown in Figure 4.4. A 

small sulfur peak is present at 2.3 keV, indicating the presence of a sulfur-based surface layer. 

After electrochemical treatment, the silver base layer appears smooth and clear again and the 

image particles remain unaltered. In Figure 4.3(c), very small deposits appear within the 

inclusions on the surface, but these deposits are also visible in the tarnished surface, indicating 

that they are not directly the result of the electrochemical cleaning process. These post-clean 

deposits do not appear in other areas of the same cleaned sample, an SEM micrograph example of 

which is given in Figure 4.5. There are residual corrosion products in this figure, but they remain 

on the silver layer rather than within the inclusions. EDS was performed to determine the 

elemental composition of such post-cleaning deposits using an accelerating voltage of 30 keV, the 

spectrum for one is provided in Figure 4.6. As mentioned in Chapter 2, Part E, EDS is not a 

surface technique. This phenomenon is easily noticeable in the spectra, as the peaks for the bulk 

silver layer are far larger than peaks for any other elements present. This complication therefore 

makes it difficult to identify the elemental composition of the remaining deposits. Other, more 

surface sensitive techniques were used to study chemical composition to compensate for the 
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limitations inherent in EDS analysis and are discussed later. Nonetheless, the EDS spectra show 

typical daguerreotype elements including silver and mercury, as well as surface contaminants 

resulting from the polishing process (aluminum, oxygen, iron, carbon). Another limitation of EDS 

elemental analysis is peak overlap. In the case of sulfided daguerreotypes, the M peaks for 

mercury and gold (2.195 keV and 2.120 keV respectively) overlap with the Kα peak for sulfur 

(2.307 keV), making spectral interpretation difficult. Due to these complications, the spectrum for 

the post-clean deposits does not provide any evidence that they are the result of the 

electrochemical cleaning process. Based simply on SEM imaging, it is theorized that because the 

images in Figure 4.3 were taken in an area of thicker corrosion, the deposits are silver sulfide 

residues which were not entirely removed during cleaning. Such residues are not observed in 

other post-cleaned SEM micrographs of the same sample. 

 

Atomic Force Microscopy  

Unlike electron microscopy imaging, atomic force microscopy did not allow for analysis 

of the same exact locations on the modern coupons after each surface treatment. Rather, three 

random areas were selected on the gilded, sulfided sample before induced corrosion, after 

induced corrosion, and after electrochemical cleaning. For each location, a 20 x 20 μm 

measurement was taken, followed by a 5 x 5 μm measurement. Figure 4.7 shows examples of 5 x 

5 μm areas on the coupon surface after each treatment. Images (a), (c), and (e) provide 

information about the height (z-coordinates), or topography of the surface. These images 

correspond to the associated color bars and give the most useful spatial information of the 

specimen, but have the unfortunate quality of not looking much like the sample surface, the 

reason for which was previously explained in Chapter 2, Part E. Therefore, the amplitude retrace 

of the same area is provided in images (b), (d), and (f) to better observe the daguerreotype 

features. The data from the amplitude retraces are not useful for topographical analysis because it 

only provides information on how the AFM tip was deflected as it encountered the surface. Recall 
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that in tapping mode AFM, the oscillation amplitude of the cantilever is maintained constant 

(setpoint value), but as the tip encounters surface features, the oscillation amplitude of the 

cantilever changes – becoming smaller for protruding features and larger for indented features. 

The amplitude image provides a visual representation of the difference between the measured 

amplitude at a given point and the setpoint value, giving a clearer image representation of the 

specimen.  

Using the data collected from the individual areas measured on the sample surface, the 

average roughness (Ra), root mean square roughness (Rq), peak-to-peak height (Rt), skewness 

(Rsk), and kurtosis (Rku) were calculated after each treatment, using Eq. 2.33 – Eq. 2.37, 

respectively. Such information is presented in Table 4.II for the overall daguerreotype surface 

(which includes both the silver base and image particles), as well as for just the isolated silver 

base. In general, the physical surface attributes measured by the AFM change very little as the 

result of both tarnishing and electrochemical cleaning. Both Ra and Rq values calculated before 

tarnishing, after tarnishing, and after electrochemical cleaning stay within the standard deviations 

of each other, indicating that the surface roughness does not change as the result of the performed 

surface treatments. Similarly, the calculated peak-to-peak values statistically do not change as the 

result of tarnishing or cleaning. Such a measurement has much larger standard deviations for the 

overall surfaces because the diameters and heights of the daguerreotype image particles vary 

widely. The average roughness values and root mean square roughness values for the overall 

sample surfaces are noticeably greater than those for the isolated silver surface. This is expected 

because the overall surfaces include protrusions from the image particles (thus increasing the 

roughness), and the silver base was highly polished by the contemporary daguerreotypist during 

processing, contributing to the very small roughness numbers of the isolated base layer. The Ra 

and Rq values measured for this investigation are similar to those measured in previous studies on 

high image density areas of nineteenth century and contemporary daguerreotypes, the data from 

which are presented in Tables 4.III(a) - (c).62,63,10 These studies used confocal microscopy rather 
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than atomic force microscopy, showing that such roughness parameters are comparable even 

when using different analytical techniques. Roughness values from Table 4.III(a) and (c) were 

taken of modern untarnished daguerreotypes with high image particle density, whereas data from 

(b) is from a high particle density area of a nineteenth century daguerreotype. The latter studies 

roughness differences on the historical surface as the result of cleaning in an ammonium 

hydroxide solution.62 Unlike this investigation, the data from the literature presents Ra and Rq 

values calculated from single line profiles. Sa and Sq in Table 4.III(a), rather, represent the 

roughness of an area 637 x 477 μm2.63,10   

In Table 4.II, skewness and kurtosis have noticeably large standard deviations in 

comparison to their calculated average values. Much like the peak-to-peak data, this is due to the 

large distribution of image particle sizes and heights throughout each sample. Figures 4.8(a) and 

(b) show this range and distribution of particle height and Circle Equivalent (CE) diameter of one 

particular 20 x 20 μm area on the gilded modern daguerreotype coupon, pre-sulfur tarnish. While 

the daguerreotypist was able to standardize the plate exposure and development process, he could 

not a guarantee a homogeneous particle size distribution. Secondly, the areas measured for AFM 

analysis (20 x 20 μm and 5 x 5 μm) are very small, and only 3 of each given area were measured 

per sample. If more and larger areas were measured, then the Rsk and Rku values would likely be 

less sporadic and their standard deviations smaller. Nonetheless, the kurtosis and skewness values 

remain generally the same as a function of treatment for both the overall surface and isolated 

silver layer, and are noticeably larger for the overall surface due to the presence of more extreme 

height differences. The latter is not true for the silver base layer, possibly due to the presence of 

scratches or very small indents on the pre-tarnished sample surface, which has a negative average 

Rsk value. Such surface features can make a large impact when measuring a highly polished, 

smooth surface such as the silver daguerreotype base. An example of such a scratch on the bare, 

untreated surface of the gilded, modern daguerreotype coupon can be seen running diagonally 

from the bottom left to upper right corner of Figure 4.9.  
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As demonstrated in Figures 4.8(a) and (b), AFM also provides useful data on the 

daguerreotype image particles. For each 20 x 20 μm area measured on each sample, the average 

maximum particle heights (Zmax) and CE diameters were calculated. The resulting information for 

the sulfided, gilded coupon is given in Table 4.IV, comparing data for the pre-tarnished, 

tarnished, and cleaned surfaces. Particle analysis performed by Barger demonstrated that in areas 

of high particle density, gilded and non-gilded daguerreotype image particles have typical heights 

between 0.1 and 0.3 μm and typical diameters between 0.1 – 1 μm.3 Based on the histograms in 

Figure 4.8(a) and (b) as well as on the data in Table 4.IV, the particle dimensions of this 

particular (pre-tarnished) modern coupon are generally similar, with heights ranging from 

approximately 0.05 – 0.35 µm and CE diameters ranging from approximately 0.05 – 0.8 µm. The 

data in Table 4.IV suggests that the average maximum particle height decreases slightly as the 

result of tarnishing and that the average diameter remains relatively the same throughout all 

surface treatments. When the coupons tarnish, the silver sulfide corrosion products appear to 

preferentially accumulate on the silver base layer (see Figure 4.3(b)), decreasing the measurable 

distance between the flat substrate and the top of the image particles, hence also decreasing Zmax 

values. Such a trend is also clear in the Zmax histograms of Figure 4.8, in which the amount of 

“shorter” particles increases noticeably after tarnishing. The measured average particle heights do 

not increase again after electrochemical cleaning, and the reason remains unclear – perhaps it is 

due to residual silver sulfide layers on the surface. On the other hand, neither the numerical data 

nor the CE diameter histograms for the gilded, sulfided coupon indicate significant alterations in 

the particle diameters as a function of tarnishing or cleaning. In summary, besides maximum 

particle height, the surface roughness features and image particle sizes of the sulfided, gilded 

modern daguerreotype sample were not altered by the electrochemical cleaning process.  
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Raman Spectroscopy 

 It is necessary to perform chemical analysis other than EDS to gain a comprehensive 

understanding of the tarnish layers and the effects of electrochemical cleaning. As seen 

previously, EDS only provides information on the elemental constituents of each sample. Raman 

spectroscopy and Fourier transform infrared spectroscopy (discussed in the following section) 

both describe the chemical bonding environment, supplying complementary data for each other 

and for elemental techniques such as EDS. Some researchers have indicated the presence of a 

SERS effect when analyzing surface deposits on daguerreotypes, but it does not appear that such 

an effect heavily influenced the Raman spectra in this study.64 This is likely because the lasers 

used were not tuned to the peak of the plasmon resonance for the daguerreotype sample surfaces. 

Using a laser wavelength of 785 nm, magnification of 50x, power of 5.9 mW, and 10 exposures 

of 30 seconds, the Raman spectra of the gilded modern coupon were gathered before sulfidation, 

after sulfidation, and after electrochemical cleaning. The resulting spectra are presented in Figure 

4.10, shifted along the y-axis for easier observation. 

 The most noticeable difference between the three spectra is the presence of large peaks in 

the tarnished spectrum at 187 and 460 cm-1 which are not present or not as prominent in the bare 

(pre-tarnished) and electrochemically cleaned spectra. These two peaks are attributed to the 

presence of silver sulfide on the sample surface. More specifically, the peak at 187 cm-1 and a 

small shoulder at approximately 240 cm-1 are the result of the Ag2S stretching mode, the only 

Raman active mode due to the triatomic and non-linear molecular structure of silver sulfide.55 

These peaks do appear in the untarnished spectrum as well, potentially indicating that there was a 

thin layer of atmospherically-induced silver sulfide on the sample prior to experimentally-induced 

sulfidation. As mentioned previously, silver sulfide is highly photosensitive and easily 

decomposes upon exposure to the Raman laser. The laser power was filtered as much as possible 

and attempts were made to shorten the laser exposure time, but such alterations significantly 

reduced the spectra resolution, making peak interpretation difficult. Therefore, the tarnished 
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spectrum contains a noticeable silver sulfide photodecomposition peak at 466 cm-1. All Ag2S-

related peaks are significantly reduced in the electrochemically cleaned spectrum, indicating that 

the tarnish layer was mostly removed during treatment. Additionally, there are no new peaks 

present in the cleaned spectrum that were not already present in the untarnished spectrum, 

suggesting that there were no measurable deposits on the sample surface as the result of 

treatment. Other peaks present in all three spectra are the result of silver lattice vibrations         

(74 cm-1); alumina deposits (δ-, θ-Al2O3) from the wet polishing step at 224 cm-1; rouge deposits 

(Fe2O3) from the dry buffing step at 411 and 615 cm-1; and lampblack (amorphous carbon) 

deposits from the dry buffing step at approximately 1315 and 1604 cm-1.10,34 Refer to the 

Appendix for the appropriate contemporary daguerreotype fabrication process. 

 

Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) was investigated as a potential source of 

chemical analysis, particularly because it provides complementary information to Raman 

spectroscopy. FTIR is typically used for the study organic materials, but has applications for 

inorganic materials as well. In cultural heritage science, it is commonly used as a means to 

identify adhesives, protective coatings, and binders. For this particular project, FTIR did not 

provide much useful information, and is therefore only discussed for this particular sample. The 

comparative spectra for the non-corroded surface, corroded surface, and electrochemically 

cleaned surface of the gilded, sulfided modern coupon is presented in Figure 4.11. An ATR 

crystal was used, therefore no samples were taken of the coupon surface. There are noticeable 

peak differences between the tarnished spectrum and the non-tarnished spectrum, while both the 

non-tarnished and electrochemically cleaned spectra have identical peaks. The new peaks which 

arise in the tarnished spectrum are not the result of the corrosion products themselves, but rather 

likely from adsorbed carbonates, oxides, or organic deposits. Defining peaks for the corrosion 

products investigated in this study, those being Ag2O and Ag2S, are located in the far infrared 
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(below 400 cm-1, not typically measured by conventional FTIR spectrometers) or have broad 

peaks in the “fingerprint” region of mid-IR, which are thus overshadowed by other existing peaks 

in the modern daguerreotype spectra.89,90 It is therefore difficult to characterize both the presence 

and subsequent removal of the induced tarnish layers through FTIR. The remaining samples are 

therefore not analyzed using infrared spectroscopy. 

 

X-ray Photoelectron Spectroscopy 

Due to the high surface sensitivity of x-ray photoelectron spectroscopy (XPS), the 

technique is commonly used on thin corrosion films, such as daguerreotype tarnish. It can 

therefore provide information on the present corrosion films and potential surface deposits that 

may occur as the result of electrochemical cleaning which may have been overshadowed in non-

surface sensitive techniques such as EDS and Raman spectroscopy. For this study, the sample 

surfaces were analyzed as received, thus no surface treatments (such as ion sputtering) were 

performed within the vacuum chamber. Due to practical constraints in the analytical process, the 

bare surfaces had been exposed to atmospheric conditions for approximately 24 hours prior to 

XPS analysis and thus surface contamination (such as adsorbed oxygen and carbon species) was 

expected. All analysis presented is based on both prior literature and the National Institute of 

Standards (NIST) XPS database.91 Figure 4.12 provides the wide survey spectra for the gilded, 

sulfided sample as a non-corroded surface, corroded surface, and electrochemically cleaned 

surface. The Ag 3d5/2 and Ag 3d3/2 peaks were chosen for high resolution scans because the small 

binding energy shifts which occur between the various surface treatments can provide 

information on the specific silver compounds formed during the corrosion process. Additionally, 

shifts in the O 1s (for the oxidized samples), S 2s, and S 2p peaks (for the sulfided samples) were 

individually observed but not at high resolution.  

All identified peaks on the non-corroded surface are typical of untarnished daguerreotype 

materials, meaning that they include silver, mercury, and iodine, and gold as major peaks. The 
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oxygen, carbon, and silicon peaks are likely the result of surface contamination from atmospheric 

exposure. The measured locations for the silver, sulfur, and oxygen peaks as a function of surface 

treatment for both the sulfided and oxidized modern sample are provided in Table 4.V. The O 1s, 

S 2s, and S 2p peaks from the samples in this study are taken from their respective wide scans, 

while the Ag 3d3/2 and Ag 3d5/2 peaks are taken from the high resolution spectra. Values for the 

silver peaks in non-corroded sample match literature values for elemental silver, which range 

from 373.4 to 374.3 eV for the Ag 3d3/2 peak and from 368.1 to 368.3 eV for the Ag 3d5/2 

peak.19,91 XPS binding energies could not be found in the literature specifically for the γ-Ag3Hg4 

or ξ-Ag11H9 amalgams which are proposed as the mercury compounds present in daguerreotype 

image particles, but the Hg 4f peaks in the gilded modern spectrum do not correlate with known 

binding energies for elemental mercury. Typical elemental mercury has an Hg 4f7/2 binding 

energy around 100 eV, and a 4f5/2 value of 104 eV, while the peaks for the gilded daguerreotype 

reside at 101.1 eV and 105.1 eV, respectively.92–94 This indicates that the mercury present within 

the image particle amalgam has been oxidized in some way.95 According to the modern 

daguerreotype sample manufacturer, each plate was exposed to iodine fumes twice during 

processing, creating silver iodide (AgI) as a result. It is possible that residual silver iodide 

remains on the sample surfaces, as is inferred through the presence of iodine peaks at 619.0 eV (I 

3d5/2) and 631.0 eV (I 3d3/2) in Figure 4.12. These values correlate with the literature present for 

AgI as opposed to I2, the latter of which has slightly higher XPS peak values.91 Metallic gold has 

a 4f7/2 peak at 84.0 eV and a 4f5/2 peak at 88 eV, matching the peak positions in the given spectra, 

indicating that metallic gold is present on gilded daguerreotype in a non-oxidized form.96 Silver-

gold alloys exhibit Au 4f7/2 peaks with lower binding energies (just above 83.0 eV) than metallic 

gold.97  

The individual peaks for silver and sulfur are shown in Figure 4.13 (a) and (b). Again, the 

silver peaks are high resolution scans whereas the sulfur peaks were simply generated from the 

original wide scan in Figure 4.12. The locations of both the sulfur peaks and the silver peaks 
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provide further evidence that Ag2S rather than a silver sulfate (Ag2SO4) was generated during 

induced corrosion. Silver sulfate has been shown to exhibit a larger positive binding energy shift 

relative to the Ag 3d5/2 peak for metallic silver, with a value of 367.9 eV, while silver sulfide does 

not significantly alter the Ag 3d5/2 binding energy, showing typical values between 368.0 and 

368.2 eV.91,98 Similarly, S 2p sulfur peaks around 162 eV are associated with sulfides, while 

peaks at 169 eV are associated with sulfates – indicating that silver sulfide is in fact present as a 

corrosion product.96 

In both Figure 4.12 and 4.13, the electrochemically cleaned sample spectrum exhibits 

noticeable sulfur peaks, indicating that the corrosion layer was not fully removed during the five 

minute treatment process. Furthermore, the cleaned spectrum does not have the original iodine or 

gold peaks present, and has noticeably reduced mercury peaks. The corroded spectrum also 

exhibits these changes, which potentially indicates that iodine, mercury, and gold are shielded 

beneath the residual sulfide layer remaining on the cleaned sample and are no longer detectable 

due to their depth relative to the surface. While evidence for the presence of gold after 

electrochemical cleaning cannot be found in the XPS spectra, it can be found in the post-cleaned 

EDS spectra. Figure 4.14 shows an EDS spectrum of the sulfided, electrochemically cleaned 

modern sample, focused specifically on a location which does not contain an image particle, thus 

eliminating any overlapping peaks from mercury. The two small peaks at 2.15 keV and 2.20 keV 

match the theoretical locations for the two Au Mα lines, indicating that gold is still present on the 

cleaned daguerreotype surface. Lastly, the electrochemically cleaned surface does not exhibit any 

new peaks in the spectrum. In particular, there is no evidence of silver nitrate or other nitrate 

compounds, which could be identified by a very small shift in the Ag 3d5/2 peak to approximately 

368.4 eV and a shift in the O 1s peak to 532.0 eV (for AgNO3), or by the presence of a N 1s peak 

at approximately 406 eV. 

The electrochemical cleaning process for this particular sample proved to be an adequate 

treatment method in terms of tarnish removal and lack of interference with the original 
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daguerreotype structure. While a treatment time of five minutes did not completely remove all of 

the induced silver sulfide tarnish, it was able to remove most without reducing the high specular 

reflectance properties of the original surface. SEM and AFM analysis was able to show that the 

image particles, silver base layer, and general surface roughness were not altered by cleaning. 

There were noticeable nano-sized accretions on the surface after cleaning, but characterization 

through Raman spectroscopy and XPS indicated that no chemical changes to the sample occurred 

as the result of electrochemical treatment. It can therefore be concluded that the accretions are 

due to residual silver sulfide which was not removed during cleaning. 

 

Part C: Analysis of the Gilded, Oxidized Modern Coupon 

Unlike the sulfided samples, the modern, oxidized samples in this discussion were not 

created in a corrosive atmosphere due to the difficulty in creating silver oxide under natural 

atmospheric conditions (see Chapter 2, Part C). Rather, the thin Ag2O oxide layer was created in 

an aqueous solution of 1 M NaOH by applying a potential of -0.14 V vs. MSE for 120 seconds. 

The specimen was photographed before corrosion, after corrosion, and after electrochemical 

cleaning, all shown in Figure 4.15. The oxide film created was not uniform but rather remains 

darker around the exposed edges and lighter in the center, seen in image (b). While the cleaning 

process appears to have removed much of the oxide tarnish, unlike the sulfide coupon in Figure 

4.2(c), the cleaned oxide coupon did not retain its original specular reflectance properties. Rather, 

the resulting daguerreotype surface has a light, opaque appearance in the treated area, likely due 

to surface etching and roughening during the corrosion process.  

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 Similar to the gilded, sulfided modern coupon, the surface of the gilded, oxidized sample 

was imaged in three separate locations before corrosion, after corrosion, and after electrochemical 

cleaning. Unlike the sulfided sample, imaging a specific spot to study changes of the same image 
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particles was not possible due to the thickness and obscuring nature of the tarnish layer. 

Nevertheless, a general analysis of the cleaning effects was still possible. Figure 4.16 provides 

comparative examples of the specimen after each surface treatment. The corroded surface, (b), 

shows the presence of a thin tarnish layer, composed of tetrahedron-like particles, which does not 

fully cover the coupon surface. It appears that the act of electrochemical corrosion alters the 

image particles in a different way than the silver base layer, which is evident in both Figure 

4.16(b) and 4.17(a). The image particles have been etched to the point where small cavities have 

formed, and the exterior surface of the particles are roughened – an issue which does not appear 

to effect the silver base layer. Much like silver, mercury will form an oxide, HgO, upon exposure 

to the highly basic conditions and simultaneous anodic polarization to -0.14 V vs. MSE.99,100 It is 

unclear if this is representative of the actual historical daguerreotype oxidation process, since 

such a phenomenon has not been documented under a high resolution field emission SEM prior to 

this experiment. The act of electrochemical cleaning breaks down the existing oxide layer into 

smaller particles, but does not appear to fully remove it. The image particles, which can be 

difficult to find beneath the small particles of disintegrated oxide, still appear etched. One of the 

image particles in Figure 4.17(b) is circled in red for easier observation. EDS analysis in Figure 

4.18(a) – (c) shows a slight increase in the oxygen peak at 0.5 keV for the corroded sample (b), 

and subsequent relative decrease in the peak height in the cleaned sample (c), potentially 

indicating the presence of and subsequent reduction of the oxide layer. Mercury still shows a 

strong peak in Figure 4.18(c), analyzed on an image particle of the cleaned sample. The presence 

of the dominant Hg Mα peaks at 2.20 and 2.28 keV as well as the higher energy Hg Lα and Hg 

Lβ peaks at 10.00 and 11.83 keV (the latter shown in the inset of spectrum (c))  indicates that the 

image particles have not been completely destroyed by the corrosion and cleaning process. In 

summary, five minutes of electrochemical treatment did not fully remove the induced oxide layer, 

but did appear to break it down. The corrosion process in itself etched the image particles, thus 

making it difficult to determine if electrochemical cleaning further altered the particles. 
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Atomic Force Microscopy 

 Figure 4.19 shows examples of 5 x 5 μm areas on the coupon surface after each surface 

treatment. Images (a), (c), and (e) provide information about the height (z-coordinates), or 

topography of the surface, while (b), (d), and (f) provide amplitude imaging. Much like the SEM 

micrographs, AFM imaging indicates the presence of a thin oxide layer after induced tarnishing 

and a subsequent breakdown of the oxide particles as the result of electrochemical cleaning. Due 

to the color bar and relative changes in lightness as a function of height, image particle beneath 

the tarnish are far easier to observe under atomic force microscopy.  

 Roughness data presented in Table 4.VI shows that this non-tarnished coupon has similar 

Ra and Rq values as the non-tarnished coupon in Table 4.II. Upon oxidation, such values become 

significantly greater for both the overall surface (including the substrate and particles) as well as 

just the silver base layer. In contrast, the act of electrochemical cleaning does not reduce the 

surface roughness, explaining why the cleaned coupon surface in Figure 4.15(c) no longer 

maintains its original high level of specular reflectance. Peak-to-peak Rt values vary widely for 

this sample, likely due to the non-uniformity of the corrosion layer. Much like for the sulfided 

coupon, these peak-to-peak values also have very large standard deviations. Similar to the 

roughness measurements, average skewness and average kurtosis of the pre-tarnished surfaces are 

similar to such values for the pre-tarnished surfaces of other gilded coupons. Skewness is again 

negative for the pre-tarnished silver base layer, again likely due to the presence of scratches on 

the surface. Interestingly, both Rsk and Rku values decrease appreciably for the overall 

measurements as a function of oxidation, but then remain generally the same after 

electrochemical treatment. Although the roughness itself increases after tarnishing, it is likely that 

the process of adding an oxide layer decreases the skewness, or “peakedness” of the surface by 

accumulating on the silver base layer in the form of fairly uniform particles, thus reducing the 

range between particle peaks and the substrate. Similarly, a smaller kurtosis value indicates the 

presence of a greater number of moderately high features, thus suggesting that the oxide layer 
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averages out the height ranges of the overall surface. For the silver base, skewness and kurtosis 

increase slightly after oxidation but decreases again after electrochemical cleaning. Such data 

seems plausible by observing Figures 4.16(b) and (c) again. Oxidation produced a non-uniform 

layer of particles on the silver surface, increasing the peakedness of the originally smooth surface. 

The act of electrochemical cleaning appeared to break down and distribute these particles across 

the silver base layer, creating a rough yet more uniform corrosion film with a number of 

moderately high features. Unfortunately, due to the difficulty in separating particles from the 

oxidized or cleaned silver base layer using the AFM software, particles analysis could not be 

performed on this sample. In summary, the oxidation process greatly increases the surface 

roughness of the gilded, oxidized coupon while evening out the peak height distributions. The 

electrochemical cleaning process does not reduce (or increase) roughness, explaining why the 

cleaned coupon surface does not regain its original level of specular reflectance. 

 

Raman Spectroscopy 

 Much like silver sulfide, pure Ag2O has been known to photo-decompose upon exposure 

to laser light, making spectra interpretation difficult.55 More specifically, some groups have found 

that Ag2O is converted to AgO by the laser beam.79,101,102 Secondly, the literature provides 

contradictory information on the locations of peaks for bulk Ag2O species, bulk AgO species, and 

for chemisorbed oxygen. As a single example, Waterhouse et al. provide evidence that a single 

Raman peak for Ag2O occurs at 490 cm-1, while Pettinger also provide evidence for a single peak 

associated with Ag2O but at 525 cm-1.101,103 Finally, silver oxide species carbonate easily when 

exposed to atmospheric carbon dioxide, interfering with peak analysis.103 Accurate detection of 

Ag2O is therefore difficult via Raman spectroscopy. Despite such limitations with this technique, 

it is mostly important to note in the compared spectra for the gilded silver oxide sample (Figure 

4.20) that no new peaks are identifiable on the electrochemically cleaned spectrum that were not 

already present on either the untarnished (bare) or oxidized spectrum. The most notable 
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difference in the electrochemically cleaned spectrum is a loss in the sharp alumina peak at 

approximately 226 cm-1, and the rouge peak at 410 cm-1, indicating that components of the 

original untarnished surface are no longer detectable by the spectrometer due to the presence of 

the remaining oxide layer.  

 Peaks present on the untarnished surface match those of the gilded, sulfided coupon for 

silver lattice vibrations, inclusions from the polishing materials, and possible naturally-formed 

surface tarnish. The majority of the literature favors identification of a thin Ag2O layer by Raman 

analysis through the presence of a single, broad peak just above 490 cm-1.38,89,103,104 The broad 

peak on the oxidized surface with a maximum height around approximately 506 cm-1 could be 

interpreted as the Ag2O single Raman active mode. It is possible that the corrosion layer was 

degraded by the laser during analysis and is in the process of being converted to AgO, although 

there are no defined AgO peaks present (such as 426, 469, and 488 cm-1), indicating that full 

conversion did not occur.105  Other peaks present in the tarnished spectrum, at 614 and 958 cm-1, 

do not correlate with other potential oxides that have could have formed during anodic 

polarization in NaOH, such as gold hydroxide (Au(OH)3), mercury oxide (HgO), or the various 

forms of copper oxide/hydrxide (Cu2O, CuO, Cu(OH2) ).
106,107,79 It is therefore inferred that the 

peaks are the result of either adsorbed oxygen on the sample surface or carbonate species which 

developed as the result of silver oxide exposure to atmospheric carbon dioxide. For example, 

adsorbed oxygen peaks have been assigned to 960 cm-1 which correlate to the ν(O-O) vibration of 

molecularly chemisorbed superoxo (O2
-) species or the stretching vibration of Ag=O on silver 

electrodes exposed to oxygen gas.38,108,109 Similarly, peaks at approximately 620 cm-1 have 

previously been assigned to both subsurface atomic oxygen (Oβ) and Ag[O-O]2- adsorbed in the 

subsurface site, established by the existing surface bulk oxides.34,110,109 These peaks, along with 

the peak likely associated with Ag2O decrease significantly, but not entirely, after electrochemical 

cleaning, again indicating that a surface oxide layer is not fully removed during treatment. 
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X-Ray Photoelectron Spectroscopy 

 The measured Ag 3d and O 1s peak values for the non-corroded, oxidized, and 

electrochemically cleaned surfaces are given in Table 4.V. Additionally, the wide survey 

spectrum of all elements, a magnified image of the O 1s peaks, and a high resolution spectrum of 

the Ag 3d peaks are shown in 4.21 and 4.22. The iodine, mercury, and gold peak binding energies 

for this coupon are the same as those reported for the coupon which underwent sulfidation, and 

do not change as a function of surface treatment. As can be seen in Figure 4.22 (a) and (b), the 

most noticeable differences between the non-corroded surface and the oxidized surface is the shift 

in binding energies for both the Ag 3d peaks and the O 1 s peaks. One of the goals for this 

particular study was to determine the type of silver oxide created on the modern daguerreotypes 

using anodic electrochemical polarization. The polarization voltages of both Ag2O and AgO, 

determined in previous potentiodynamic studies (Chapter 3, Part C), are fairly close together. 

Additionally, the region of stability for both Ag2O and AgO are adjacent to each other, separated 

only by a few mV. It is therefore important to ensure that Ag2O, and not AgO, was created during 

polarization. Unlike sulfur-based silver co+96mpounds, the binding energy shifts of silver oxides 

are negative compared to the binding energy of the metal. For the compounds Ag2O and AgO, the 

known literature shifts for the Ag 3d5/2 peak have been reported at 367.8 and 367.4 eV, 

respectively.98,111,112 The spectrum in Figure 4.22 (a) exhibits an Ag 3d5/2 binding energy of 368.0 

eV, indicating that it is associated with the formation of Ag2O. Similarly, the O 1s peak in Figure 

4.22 (b) shifts to a lower binding energy after oxidation. The original non-corroded O 1s peak at 

532.0 eV matches those in the literature for silver exposed to typical atmospheric conditions at 25 

◦C.112 Upon oxidation, the peak shifts to a binding energy of 530.0 eV and remains in this location 

after electrochemical cleaning. The literature values for O 1s peak locations in Ag2O and AgO are 

529.4 and 528.6 eV, respectively, indicating that Ag2O was created on the oxidized sample 

surface.82 The behavior exhibited by the silver peaks is anomalous compared to most metal 

oxides, which generally exhibit positive binding energy shift compared to the binding energy of 
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the metal due to the effective positive charge of the metal ion. This behavior is due to what are 

known as initial-state effects. The photoemission process can be divided into initial-state effects 

(absorption and ionization), final-state effects (the response of the atom and creation of the 

photoelectron), and extrinsic losses (electron transport to the surface and escape). Both initial- 

and final-state factors affect the measured binding energy.98 

 Much like the sulfided, gilded sample, the corrosion layer was not entirely removed 

during electrochemical cleaning, supported by the fact that the locations of the Ag 3d and O 1s 

peaks remain at the binding energies indicative of an Ag2O surface layer. Similarly, there is a 

noticeable reduction in the Au 4f peak heights after oxidation, but not as significantly as the 

sulfided sample. These peaks remain present after electrochemical cleaning, indicating that 

cathodic treatment does not remove gold from the daguerreotype surface. Lastly, there is no 

evidence of the presence of nitrate peaks around 400 eV or of shifts in the silver or oxygen peaks 

to indicate nitrate bonding. 

 

 Physical changes as the result of electrochemical cleaning, characterized through SEM 

and AFM, were difficult to gauge due to the fact that the oxide layer was not completely removed 

during the five minute treatment process, thus obscuring surface features. No noticeable chemical 

changes occurred to the sample as a function of electrochemical cleaning, as characterized 

through EDS, Raman spectroscopy, and XPS. Gold, mercury, and silver were still present on the 

sample surface after treatment, and there was no chemical indication of surface deposits from the 

electrolyte. As a tarnishing process, electrochemical anodic polarization was able to produce the 

appropriate silver oxide (Ag2O) corrosion product, but may not be the most suitable method for 

replicating actual daguerreotype deterioration. To appropriately reproduce such conditions and 

such corrosion products, the mechanism by which daguerreotypes produce silver oxide must first 

be investigated. Unlike the process of atmospheric tarnishing, as was done for the sulfided 

sample, the electrochemical oxidation procedure significantly attacked and etched the 
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contemporary daguerreotype surface, producing results that may not be indicative of realistic, 

long-term aging. Nevertheless, the process of electrochemical cleaning at -1.3 V vs. MSE was 

able to break down the silver oxide layer into smaller particles as well as reduce the appearance 

of a surface tarnish, but was not able to recover the original high specular reflectance properties 

of the untarnished sample. Much like silver sulfide, Raman spectroscopy did not prove to be the 

most useful analytical technique due to photodecomposition of the tarnish layer upon exposure to 

the laser. XPS, on the other hand, was able to identify binding energy shifts that were indicative 

of the presence of Ag2O.  

 

Part D: Analysis of the Gilded, Non-corroded Modern Coupon 

The use of non-corroded modern coupons is meant as a means to observe the effects of 

electrochemical treatment without interference from induced corrosion. If something is altered on 

the surface after cleaning, it is purely the result of the treatment method (assuming that storage 

conditions play little to no role in the observed changes). The gilded specimen was photographed 

before and after electrochemical cleaning, all shown in Figure 4.23. In general, the coupon 

appears very much the same after electrochemical treatment. The high specular reflectance of the 

surface is maintained, as well as the general silvery color. There is a very slight difference in 

lightness between the cleaned (bottom) and uncleaned (top) areas in image (b) – the former 

appearing slightly lighter than the latter. It is possible that a very thin tarnish layer formed on the 

coupons surface as the result of atmospheric exposure, potentially causing slight tarnishing (or 

darkening) of the uncleaned coupon. Alternately, the lightening effect could be due to the 

presence of a tide line from the top layer of the electrolyte.  

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

The surface of the gilded, non-corroded sample was imaged in three separate locations 

before electrochemical treatment and after electrochemical cleaning. One particular location was 
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pinpointed to observe the behavior of the same particles as the result of cleaning. This area is on 

the left side of the coupon near the vertical center. Figure 4.24 provides a comparison between the 

two images. Everything appears the same in both images, including the larger particles, smaller 

particles, dark inclusions and the silver base layer. The silver base layer appears as if it may be 

slightly smoother in appearance in image (b), possibly the result of electropolishing. Despite such 

normalcy in this example, some particles in other areas of the gilded, non-corroded daguerreotype 

exhibit unusual behavior, shown in Figures 4.25(a) – (c). The large particle on the right side and 

the two particles at the base of images (a) and (b) have been broken up into agglomerations of 

smaller particles as the result of electrochemical cleaning. A highly magnified view at 20,000x is 

given in image (c) of the particle on the right, post-cleaning. Interesting to note is that these three 

particles have a very different appearance than any of the other daguerreotype image particles 

observed on these modern coupons. In general, daguerreotype image particles on these modern 

coupons are either hexagonal or long and rectangular with rounded edges. As a comparison, 

Barger and White, Swan et al., and Ravines et al. note that typical highlight image particles are 

either round and spherical3,8, hexagonal3,10, or cubic10 in nature. In contrast, the particles which 

transformed into agglomerates after electrochemical treatment originally had very angular 

features and are composed of square and triangular shapes. Such angular particles were not 

observed in either of the other gilded coupons used for this particular investigation, nor in the 

literature. EDS analysis was performed after electrochemical cleaning on both the agglomerate 

particle in Figure 4.25(c) and a typical image particle on this sample which did not break down 

after treatment. The resulting spectra are given in Figure 4.26, and show that the agglomerate 

particle is heavily composed of gold with no evidence of mercury present. This is evidenced in 

spectrum (a) by the Au Mα peak at 2.17 keV and the clear higher energy gold peaks, Au Lα and 

Au Lβ, at 9.71 and 11.48 keV, respectively. In comparison, spectrum (b) provides information on 

a typical nearby image particle, which has very prominent mercury peaks at 2.23 keV (Hg Mα), 

9.98 keV (Hg Lα), and 11.85 keV (Hg Lβ) with no evidence of gold. It is possible that the gilding 
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process for this particular plate resulted in abnormally large gold deposits, although examples of 

such deposits on other modern or historical daguerreotypes has not been found in the literature. 

This remains yet another example as to the great variety of differences which can be found on 

daguerreotypes, even when the plates are made by the same artist using a “standardized” method.  

Another potential explanation for the presence and subsequent breakdown of these anomalous 

particles is that they are what Barger and White refer to as platelets: large surface deposits which 

are found in highlight regions and have not fully developed into discrete image particles.3 These 

deposits form during the mercury development stage of daguerreotype fabrication, and appear as 

flattened platelets with small, hexagonal particles on top, an example of which is shown in Figure 

4.27. Using modern daguerreotype step tablets, Barger theorized that these formations are the 

result of incomplete mercury development and, and observed that longer development times 

reduced or even removed their presence.3 Based on the EDS spectrum in Figure 4.26(a), the 

overwhelming presence of gold rather than mercury suggests that such particles may not Barger’s 

observed platelets, but it should be noted that the M peaks for mercury and gold do overlap, 

making precise interpretation difficult. Besides the anomalous particles with high gold content, 

the electrochemical cleaning process does not cause any visual changes to the untarnished, gilded 

modern daguerreotype coupon. The reason for the presence of the gold agglomerations is 

unknown, and has not been recorded on either of the two previous gilded coupons. It is therefore 

not considered as part of the typical daguerreotype makeup. 

 

Atomic Force Microscopy 

 Again, three random areas were selected on the gilded, non-tarnished sample before 

electrochemical cleaning and after electrochemical cleaning. For each location, a 20 x 20 μm 

measurement was taken, followed by a 5 x 5 μm measurement. Figure 4.28 shows examples of 5 

x 5 μm areas on the coupon surface after each surface treatment. Images (a) and (c) provide 

information about the height, while (b) and (d) visually represent the amplitude retrace. The color 



107 
 

bars correspond to the height retrace values. Much like the SEM images, the AFM diagrams do 

not show any significant changes to the daguerreotype surface minus what appears to be a slight 

smoothing of the silver base layer as the result of electrochemical cleaning, possibly due to 

electropolishing. Roughness data in Table 4.VII indicates that average Ra and Rq values, as well 

skewness and kurtosis for both the overall surface and the isolated silver base remain the same as 

a function of surface treatment. Such calculations are also very similar to the pre-tarnished 

measurements for the other gilded coupons examined in this study. Peak-to-peak measurements, 

Rt, vary greatly, much like in the previous coupon studies. Such variations could be due to the 

large range of height values for image particles, but based on SEM imaging as well as data from 

AFM measurements, it seems unlikely that electrochemical cleaning alone would have such a 

large impact on Rt. 

 Particle analysis data in Table 4.VIII also indicates little or no change between the pre-

cleaned and post-cleaned surface. There may have been a slight decrease in the average 

maximum particle height after electrochemical cleaning, but the standard deviations for such 

measurements are quite large, thus making it difficult to say so with certainty. On the other hand, 

observation of the histograms in Figure 4.29 indicates that there is a noticeable increase in the 

amount of very small (< 0.1 μm diameter, < 50 nm height) particles after electrochemical 

cleaning. Such a shift in the histograms may be due to the decomposition of the anomalous, gold-

based particles observed under SEM. The cleaning process appears to break the deposits down 

into smaller, more discrete (yet clumped) pieces which were then likely interpreted by the AFM 

software to be individual particles. Again, despite the effects of the disintegrated, anomalous 

deposits, AFM analysis suggests that very little changes occur to the non-corroded, gilded 

daguerreotype coupon as the result of electrochemical treatment.   
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Raman Spectroscopy 

 For this particular sample, a different spectrometer was used for no reason other than 

instrument availability. This spectrometer made use of a 514 nm laser source as opposed to the 

785 nm excitation source used for the prior sulfided and oxidized samples. As mentioned 

previously, peak locations do not vary as a function of laser source. There are two noticeable 

background artifacts present in the spectra produced by this instrument, which are shown in 

Figure 4.31. They include a broad peak with a maximum at 1009 cm-1 and a sharp peak at 1121 

cm-1. The spectra provided in Figure 4.30 of the untreated and electrochemically cleaned, gilded 

surface were collected using an objective of 100x, power of 50 mW, and 10 collections with a 

time of 10s. Most noticeably, the peaks of the electrochemically cleaned surface appear more 

pronounced than those for the uncleaned sample. This could be due to the removal of a native 

surface tarnish during treatment, or due to very slight differences in the surface structure of the 

two measured locations. Despite the differences in peak heights, the peak locations between the 

two spectra remain the same, and are the result of measuring the imbedded polishing materials. 

Peaks between 143 and 163 cm-1 are the result of silver lattice vibrations.55 Similar to the 

previous samples, the peak at 227 cm-1 is due to alumina (Al2O3), peaks at 291, 412, and 616 cm-1 

are due to rouge (Fe2O3), and the broad peaks around 1315 and 1604 cm-1 are from lampblack 

(amorphous carbon).10 The peak located at 490 cm-1 could be due to the presence of AgI on the 

surface. Prior SERS analysis of iodine which was adsorbed onto silver surfaces noted the 

formation of covalently bonded AgI. Raman analysis of these surfaces indicated the presence of a 

strong vibrational peak at 490 cm-1.113 This peak is also found on the non-corroded surface of the 

non-gilded modern daguerreotype coupons, seen in Figure 4.39, and is therefore not likely a 

result of electrochemical cleaning. Most notably, there is no evidence of silver nitrate deposits on 

the electrochemically cleaned surface, as these peaks are typically found around 700 and 717 cm-1 

for N-O in plane bending, 790 cm-1 for N-O out of plane bending, and 1030 cm-1 for N-O 

symmetrical stretching.55  There are no changes in the electrochemically cleaned Raman spectrum 
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that would help to elucidate the reason behind the deterioration and breakdown of the anomalous, 

odd-shaped particles. 

 

 For the most part, it appears that the electrochemical cleaning process has no effect on the 

physical or chemical characteristics of an untarnished daguerreotype surface. Despite the large, 

anomalous particles which clearly breakdown as a function of the cleaning process, the image 

particles and silver base layer maintain their original shapes, sizes, and positions. It is possible 

that the anomalous particles are gold deposits due to their large gold signal under EDS analysis, 

but it remains unclear how common such deposits are on typical daguerreotypes. Examples of 

these types of particles have not been found in the literature or on other samples used in this study 

(contemporary or historical). Investigating the source of such particles will require further 

analysis and discussion among those in the field of photograph conservation. 

 

 

Part E: Analysis of the Non-gilded, Sulfided Modern Coupon 

 Like the modern gilded coupon, the non-gilded, sulfided sample was exposed to the 

enclosed sulfur environment for a total of 24 hours, producing a thin tarnish layer. The specimen 

was photographed before corrosion, after corrosion, and after electrochemical cleaning, all shown 

in Figure 4.32. Similar to the gilded, sulfided coupon, this sample developed a very thin but 

noticeable tarnish layer after exposure to corrosive gases. The treatment process removed the 

majority of the tarnish, but a gold hue still remains on the cleaned surface, particularly around the 

coupon edges, likely residual silver sulfide that was not removed during the 5 minute cleaning 

process. Similar to the gilded sample, this modern daguerreotype surface retained its high 

specular reflectance after treatment.  
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Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 A number of areas were imaged before corrosion, after corrosion, and after cleaning. One 

particular location was pinpointed after each surface treatment in order to observe the behavior of 

the same particles as the result of cleaning. This area is on the right side of the coupon near the 

base. Figure 4.33 provides a comparison between the three images. Much like the gilded, sulfided 

coupon, the surface of this corroded sample in image (b) appears lightly covered with the smaller 

image particles hidden by the tarnish layer. The act of electrochemical cleaning does not appear 

to remove all of the silver sulfide, as can be seen in image (c). Larger image particles appear 

unaffected, but the silver base layer, while clearer than in (b), is rougher in appearance than the 

original non-corroded surface seen in (a). Secondly, the smaller image particles remain covered 

and barely visible in image (c). This is more evident at higher magnification in Figure 4.34, in 

which several of the smaller particles (including those which are on top of the large particle on 

the right) remain partially obscured, even after electrochemical treatment. Another interesting 

note is the presence of the bright bloom or deposit on the treated surface near the top of Figure 

4.34(c). This is likely due to the formation of a tube-like sulfur growth at this point, which is 

small but circled in red in image (b). Such growths were imaged in other parts of the same 

corroded coupon, an example of which is provided in Figure 4.36. Such growths are commonly 

found in silver sulfide corrosion, and have even been documented on tarnished cultural heritage 

objects.27 The EDS spectrum of the post-cleaned bloom in Figure 4.35(b) has small sulfur peaks, 

indicating the presence of a residual corrosion product. EDS of one of the sulfide tube growths 

pre-cleaning shows a large sulfur peak, given in Figure 4.35(a). The light-colored deposit in 

Figure 4.33(c) is likely residue from the tubular sulfur growths found on this coupon.  

 

Atomic Force Microscopy 

 Three random areas (20 x 20 μm followed by 5 x 5 μm) were selected on the gilded, non-

tarnished sample before tarnishing, after tarnishing, and after electrochemical cleaning. Figure 
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4.37 shows examples of 5 x 5 μm areas on the coupon surface after each surface treatment, in 

which (a), (c), and (e) represent the height, while (b), (d), and (f) represent the amplitude retrace. 

The color bars correspond to the height retrace values. In general, the non-gilded surfaces appear 

to have less image particles, and in particular less amounts of smaller particles than the gilded 

samples. Upon tarnishing, a thin, rough layer coats the surface, depositing what appears to be 

small, circular accretions – likely the tubular growths seen in the SEM images. Unlike the gilded, 

sulfided sample, this coupon does not revert to its original smooth surface after electrochemical 

cleaning. Rather, it retains a tarnish film which can be seen in Figure 4.37(f). Despite the visibly 

noticeable corrosion layer, neither the roughness measurements, Ra and Rq, nor the skewness and 

kurtosis values significantly change as the result of tarnishing or electrochemical cleaning. Such 

data, in Table 4.IX, agrees with the roughness calculations for the gilded, sulfided coupon. Much 

like the data for all previous coupons, the peak-to-peak measurements show erratic changes and 

large standard deviations. The small decrease in Rt after tarnishing could be a result of the 

corrosion layer forming most prominently on the silver base layer, thus decreasing the measurable 

distance between the substrate and tops of image particles.  

 Maximum particle height and CE diameter values (in Table 4.X) also show little change 

as a function of the surface treatments. Most notably, the average height decreases slightly after 

tarnishing, but also increases slightly after electrochemical cleaning – again a result of the tarnish 

layer preferentially forming on the silver base. Similarly, the average particle diameter decreases 

after tarnishing. As noted in SEM analysis, small sulfide tubes developed on the sample surface, 

and were likely included as part of the particle analysis, thus lowering the calculated average 

diameter. Both the average heights and the average diameters of the non-gilded particles are 

greater in value than those for the gilded particles. Referring back to the AFM images in Figure 

4.37, the lack of smaller sized image particles is apparent. While the mid-sized particles are no 

larger than those on the gilded surface, this lack of smaller spheres therefore facilitates larger 

average Zmax and CE diameter values. In cases such as these, it is useful to consult the particle size 
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distribution histograms, in Figure 4.38. Histograms (a) and (b) indicate that there are in fact far 

less of the smaller-sized (< 50 nm height, < 0.1 μm diameter) particles present on the pre-

tarnished non-gilded coupon than on gilded coupons. Upon tarnishing, this number of small 

particles increased due to the formation of sulfide tubes (measured as particles), as can be seen in 

histograms (c) and (d). By reducing the sulfide tubes during electrochemical cleaning, the amount 

of measured small particles was also reduced, but not to original values due to residual sulfide 

particulates on the surface, as seen in Figure 4.33(c). In summary, like the sulfided, gilded 

coupon, this coupon showed no significant surface alterations as the result of electrochemical 

cleaning. Tarnish removal was not as effective for the non-gilded surface, however, as the 

corrosion layer appeared thicker and even produced sulfide tubes. 

 

Raman Spectroscopy 

 Figure 4.39 shows the compared Raman spectra for the non-tarnished, sulfided, and 

electrochemically cleaned surfaces of the non-gilded modern coupon. The peaks for this sample 

are more pronounced than those for the gilded sample, possibly because there is no layer of gold 

to shield analysis of the underlying compounds. Despite this, the spectral peaks for the non-gilded 

sample are the same as those found in the gilded sample. Such peaks in the non-corroded surface 

include those for silver lattice vibrations, alumina, rouge (iron oxide), and lampblack (amorphous 

carbon). It should be noted that the very small peak at 346 cm-1 is the result of noise. Similarly, 

silver sulfide peaks at 189 and 243 (shoulder) cm-1, as well as the decomposition peak at 470 cm-1 

on the corroded surface match those of the gilded, sulfided sample. The decomposition peak is 

reduced in the spectrum of the electrochemically cleaned surface, but the Ag-S stretching peaks at 

189 and 243 cm-1 remain, indicating that the tarnish layer was not fully removed during treatment. 

Interesting to note is that the gilded, non-corroded surface in Figure 4.10 contains a small Ag-S 

stretch peak at 189 cm-1 indicative of a native tarnish layer while the non-gilded, non-corroded 

surface does not. 
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X-Ray Photoelectron Spectroscopy 

Figure 4.40 provides the wide survey spectra for the non-gilded, sulfided sample as a 

non-corroded surface, corroded surface, and electrochemically cleaned surface. Like the gilded 

sample, the Ag 3d5/2 and Ag 3d3/2 peaks were chosen for high resolution scans , while shifts in the 

O 1s (for the oxidized samples), S 2s, and S 2p peaks (for the sulfide samples) were individually 

observed but not at high resolution. Typical daguerreotype elements are also present in this 

sample, without a noticeable lack of gold peaks, as expected. Much like with previous samples, 

the oxygen and carbon peaks are the result of adsorbed oxides and carbonates from atmospheric 

exposure prior to analysis. Numerical peak values for Ag 3d, O 1s, S 2p and S 2s are given in 

Table 4.XI. Similarly, the high resolution and the magnified images of Ag 3d and sulfur peaks, 

respectively, are given in Figure 4.41. Like the gilded sample, the process of sulfidation did not 

significantly shift the Ag 3d5/2 and Ag 3d3/2 binding energies, indicating that silver sulfide, rather 

than silver sulfate was formed during the corrosion process. Recall that silver sulfate exhibits 

positive binding energy shifts of the Ag 3d5/2 peak to 367.9 eV, while silver sulfide does not 

shows typical values between 368.0 and 368.2 eV.91,98 Similarly, S 2p sulfur peaks around 162 eV 

are associated with sulfides, while peaks at 169 eV are associated with sulfates – indicating that 

silver sulfide is again the corrosion product.96 

The S 2p and S 2s sulfur peaks in Figure 4.41(b) are still present in the electrochemically 

cleaned spectrum, indicating that the corrosion layer was not fully removed during the five 

minute treatment process. Similar to the gilded samples, there is a significant reduction in the 

mercury and iodine peaks, possibly because such materials reside beneath the appropriate 

measurable surface depth for XPS detection. As was seen in the SEM micrographs the image 

particles were not altered as a result of electrochemical cleaning, therefore suggesting that 

mercury is still present in the treated surface. Finally, there is no evidence of nitrate deposits on 

the electrochemically cleaned spectrum, as evidenced by the lack of a nitrogen peak at 406 eV. 
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 Like the gilded, sulfided sample, the non-gilded coupon underwent electrochemical 

treatment without altering the image particle sizes or locations, as was documented through SEM 

and EDS analysis. The cleaning process did not completely remove the induced sulfide layer, as it 

continued to cover the smaller surface particles and produced residues in locations where sulfide 

tubes formed. Characterization through Raman spectroscopy and XPS indicated that no chemical 

changes to the sample occurred as the result of electrochemical treatment, and also that sulfide 

residue remained on the surface after cleaning.  

 

Part F: Analysis of the Non-gilded, Oxidized Modern Coupon 

The oxidized, non-gilded coupons was created in the same manner as the gilded, oxidized 

coupon – through electrochemical polarization in a 1 M solution of NaOH. The specimen was 

photographed before corrosion, after corrosion, and after electrochemical cleaning, all shown in 

Figure 4.42. The corrosion process created a non-uniform oxide layer of the lower half of the 

coupon. Like the gilded, oxidized coupon, the electrochemically cleaned surface of this sample 

has a white, opaque appearance and therefore did not revert to its original high specular 

reflectance properties.  

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 Similar to the gilded, oxidized modern coupon, the surface of the non-gilded, oxidized 

sample was imaged in three separate locations before corrosion, after corrosion, and after 

electrochemical cleaning, but an exact location was not pinpointed after every treatment due to 

the thickness of the tarnish layer. Figure 4.43 provides comparative examples of the specimen 

after each surface treatment. The oxide layer for the non-gilded sample appears thicker than that 

for the gilded sample, as it covers the entire surface. Image particles on the corroded example, 

(b), are covered in small deposits as well, and do not have the corroded, etched appearance that 

the image particles in the gilded, oxidized samples have. Similar to the gilded, oxidized coupon, 
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electrochemical treatment breaks down the oxide crystals into smaller particulates, but does not 

significantly remove the corrosion products. The image particles in the cleaned photograph (c) 

also remain coated with particulate matter. Although the SEM micrographs do not show a 

significant removal of oxide corrosion as the result of electrochemical cleaning, the EDS spectra 

in Figure 4.44 suggest that silver oxide decreased in quantity. There is a noticeable increase in the 

oxygen peak after induced oxidation (spectrum (b)), and subsequent decrease on both an image 

particle and on a non-image area after electrochemical treatment (spectrum (c) and (d), 

respectively).  

 

Atomic Force Microscopy 

 Like the gilded, oxidized coupon, AFM analysis was performed in three random locations 

before corrosion, after corrosion, and after electrochemical cleaning. The height and amplitude 

retraces for examples of the 5 x 5 μm measured areas are shown in Figure 4.45. Much like in the 

SEM images, the total oxide coverage (compared to the sporadic, non-uniform oxide coverage on 

the gilded sample) is apparent. It is also evident that the oxide particles are broken down into 

smaller surface deposits as the result of electrochemical cleaning. The Ra and Rq values for the 

overall surface slightly increase after tarnishing, but these averaged measurements also have large 

standard deviations. More notable are the significant roughness increases of the silver base layer 

after corrosion. Like the gilded, oxidized coupon, roughness decreases very slightly after 

electrochemical cleaning, but certainly not enough to indicate that the tarnish layer was removed. 

This again explains the loss of the daguerreotype’s original high specular reflectance properties. 

Skewness remains generally the same after oxidation but both overall and silver base 

measurements move slightly closer to zero after cleaning. Overall surface values are slightly 

positive indicating the presence of peaks above the average, while silver base values are slightly 

negative, possibly indicative of small surface scratches. A slight decrease after cleaning 

represents a slight evening-out of extreme peaks of the surface, much like the gilded, oxidized 
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sample. Kurtosis values are very high with a large standard deviation, which is due to the 

presence of a very tall feature found on the surface of one sample – possibly a piece of dust or 

anomalous corrosion deposit. 

 

Raman Spectroscopy 

 Similar to the gilded, oxidized sample, the Raman spectra for both the corroded surface 

and the electrochemically cleaned surface of the non-gilded sample significantly shields the 

presence of the alumina and rouge peaks, as can be seen in Figure 4.46. The possible peaks in the 

cleaned spectrum are so broad, to the point that the only really distinguishable peaks are those 

from the silver lattice vibrations. Unlike the gilded sample, there are no peaks within the corroded 

spectrum which helps to identify the presence of Ag2O. Rather, there is a broad mound which has 

a maximum height around 400 cm-1, far from the indicative Raman active mode peak for Ag2O 

around 490 cm-1. Again, it is possible that the corrosion layer was degraded by the laser during 

analysis and is in the process of being converted to AgO, although there are also no defined AgO 

peaks present at 426, 469, and 488 cm-1.105  There is a single, very small peak distinguishable on 

the cleaned surface at 1060 cm-1 which was previously reported in the literature as an adsorbed 

carbonate species found on silver oxide films exposed to atmospheric carbon dioxide.89 Broad 

peaks in Raman spectroscopy generally represent the presence of an amorphous material. Perhaps 

the laser exposure degraded the crystalline corrosion product to the point where it lost its 

crystalline structure and could no longer produce measureable Raman-active vibrations for 

measurement.  

 

X-Ray Photoelectron Spectroscopy 

 The measured Ag 3d and O 1s peak values for the non-corroded, oxidized, and 

electrochemically cleaned surfaces are given in Table 4.V. Additionally, the wide survey 

spectrum of all elements, a magnified image of the O 1s peaks, and a high resolution spectrum of 
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the Ag 3d peaks are shown in 4.47 and 4.48. The iodine, mercury, and gold peak binding energies 

for this coupon are the same as those reported for the non-gilded coupon which underwent 

sulfidation as well as the gilded coupon which underwent oxidation, and do not change as a 

function of surface treatment. Similar to the gilded, oxidized coupon, the most noticeable 

differences between the non-corroded surface and the oxidized surface is the shift in binding 

energies for both the Ag 3d peaks and the O 1 s peaks, as can be seen in Figure 4.48. The 

oxidized spectrum in Figure 4.48(a) exhibits an Ag 3d5/2 binding energy of 367.9 eV, indicating 

that it is associated with the formation of Ag2O. Similarly, the O 1s peak in Figure 4.22(b) shifts 

to a lower binding energy after oxidation. The peak shifts to a binding energy of 530.1 eV and 

remains in this location after electrochemical cleaning. Again, the literature values for O 1s peak 

locations in Ag2O and AgO are 529.4 and 528.6 eV, respectively, indicating that Ag2O was 

created on the oxidized sample surface.82 Interestingly, the Ag 3d5/2 peak for the 

electrochemically cleaned surface reverts to its original pre-oxidation binding energy of 368.3 eV. 

It is possible that the high resolution XPS scan was performed in a spot which experienced more 

thorough oxide reduction during electrochemical treatment. Despite this, SEM, AFM, and the 

majority of the XPS data (such as the reduction of iodine and mercury peaks in the cleaned 

spectrum) suggests that an oxide layer remains on the sample surface after electrochemical 

cleaning. Lastly, there is no evidence for new peaks, such as nitrogen, on the electrochemically 

cleaned surface.  

 

 Similar to the gilded, oxidized coupon, the surface and image particles of this coupon 

were highly etched during the oxidation process. The electrochemical oxidation process is yet 

again likely not the most representative form of producing silver oxide (Ag2O) on 

daguerreotypes. Imaging through SEM and AFM showed that the oxide layer was not fully 

removed during electrochemical cleaning, but was broken up and scattered, resulting in the 

reduction of the original surface’s highly reflective properties. Raman spectroscopy in this 
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instance did not prove to be highly useful, as laser exposure likely degraded the oxide layer. XPS, 

on the other hand, was able to indicate that Ag2O was created during oxidation, and that no new 

peaks resulting from nitrates (or other compounds) were produced on the sample surface during 

electrochemical cleaning. 

 

Part G: Analysis of the Non-gilded, Non-corroded Modern Coupon 

The non-gilded, non-corroded specimen was photographed before and after 

electrochemical cleaning, all shown in Figure 4.49. Unfortunately, the highly delicate surface of 

this coupon was obscured by light scratches due to handling, but post-cleaning analysis was 

performed in unscratched areas when possible. Due to such obstructions, the tide line which 

separates cleaned and uncleaned areas in image (b) is difficult to pinpoint, but nevertheless still 

visible. The coupon maintained its high specular reflectance after electrochemical treatment and 

upheld its light silver hue. There appears to be a very slight difference between the lightness of 

the cleaned and uncleaned surfaces, but like the gilded sample, it is possible that a very thin 

tarnish layer formed on the surface of this coupon as the result of atmospheric exposure – 

potentially contributing to a darker hue in the uncleaned area.  

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

The surface of the non-gilded, non-corroded sample was imaged in three separate 

locations before electrochemical treatment and after electrochemical cleaning. One particular 

location was pinpointed to observe the behavior of the same particles as the result of cleaning. 

This area is on the left side of the coupon near the vertical center. Figure 4.50 provides a 

comparison between the two images. The large and medium-sized particles remain the same after 

electrochemical treatment, but there are some very small particles located either on top of a larger 

particle or directly on the silver base layer which have either changed slightly in shape or are no 

longer visible. The silver base layer itself appears slightly smoother after electrochemical 
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treatment, perhaps the result of electropolishing. EDS analysis of the particles and base layer in 

Figure 4.51 show no differences or anomalies in elements as the result of treatment.  

 

Atomic Force Microscopy 

 AFM analysis was performed in three random locations before cleaning and after 

cleaning. The height and amplitude retraces for examples of the 5 x 5 μm measured areas are 

shown in Figure 4.52. Calculated roughness data is presented in Table 4.XIII and particle 

information in Table 4.XIV. Both roughness data (including average roughness parameters, 

skewness, kurtosis, and peak-to-peak measurements) and particle analysis data for the non-

corroded coupon remains generally unaltered by the electrochemical cleaning process. Similarly, 

most of the calculations are very similar to the related roughness and particle data for the pre-

tarnished and pre-cleaned surfaces of all prior samples. The only noticeable difference is that the 

measured kurtosis for this particular coupon is smaller than those for other coupons, due to a 

more dominant presence of larger and mid-sized particles and less smaller-sized particles. Much 

like the other two non-gilded pre-tarnished coupons, such a distribution in particle sizes is evident 

in the maximum height and CE diameter histograms, in Figure 4.53. The histogram shapes show 

a greater relative amount of mid-sized particles. This information is not altered by the 

electrochemical cleaning process, minus a slight increase in the amount of shorter (~ 50 nm max 

height) particles. In summary, the physical properties of the non-tarnished, non-gilded coupon are 

not significantly affected by the electrochemical cleaning process.  

 

Raman Spectroscopy 

 Like the gilded, non-corroded sample, a different spectrometer was used with a 514 nm 

laser. The two noticeable background artifacts remain present in these spectra, again including a 

broad peak with a maximum at 1009 cm-1 and a sharp peak at 1121 cm-1. Similar to this sample’s 

gilded counterpart, the peaks of the electrochemically cleaned surface appear more pronounced 
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than those for the uncleaned sample, shown in Figure 4.54. This could be due to the removal of a 

native surface tarnish during treatment, or due to very slight differences in the surface structure of 

the two measured locations. Despite the differences in peak heights, the peak locations between 

the two spectra generally remain the same, and are the result of measuring the imbedded 

polishing materials. Peaks between 140 and 169 cm-1 are the result of silver lattice vibrations.55 

Similar to the previous samples, the peak at 230 cm-1 is due to alumina (Al2O3), peaks at 299, 

418, and 619 cm-1 are due to rouge (Fe2O3), and the broad peaks around 1315 and 1604 cm-1 are 

from lampblack (amorphous carbon).10 Unlike the gilded, non-corroded specimen, there is no 

peak in the electrochemically cleaned surface located at 490 cm-1. There are no changes in the 

electrochemically cleaned Raman spectrum that would help to elucidate the reason behind the 

very small changes in the small particles observed in SEM micrographs of Figure 4.50. Lastly, 

there is no indication of nitrate species on the electrochemically cleaned surface. 

 

 Unlike previous samples, the non-gilded, non-corroded modern coupon indicated some 

changes to very small, irregularly shaped nano-sized particles on the sample surface. It is possible 

that these particles were nucleation sites for a native sulfide film that was beginning to form, 

which was then removed during electrochemical cleaning. This theory is backed by the formation 

of a large sulfur growth seen in Figure 4.33 of the non-gilded, sulfided coupon. The one 

irregularly-shaped particle in the micrograph of Figure 4.33(c) is the exact site of the sulfur tube 

formation in image (b), indicating that a native sulfide layer had potentially already begun in this 

location prior to induced sulfidation. Larger particles of the non-corroded sample experienced no 

such changes in shape or size, and there were no chemical indications that the surface changed as 

the result of electrochemical treatment.  
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Chapter 5: Analysis of Historical Daguerreotypes 

 One of the major objectives of this study is to observe how the cathodic polarization 

electrochemical cleaning process affects historical, nineteenth century daguerreotypes. As was 

discussed in Chapter 2, the materials and methods used to create daguerreotypes in the nineteenth 

century differ from photographer to photographer. Similarly, each daguerreotype has undergone 

its own, unique deterioration process which is dependent on its former storage conditions, prior 

treatments, and handling. Such unknown variables can make daguerreotypes difficult to 

characterize. Nonetheless, it is necessary to create case studies on actual objects which are more 

translatable to the conservation laboratory. This project focuses on the characterization of three 

separate nineteenth century daguerreotypes, which by no means offer a totally encompassing 

study representative of all daguerreotypes, but rather provide a glimpse into the realistic 

implications of electrochemical treatment.  

 All three historical daguerreotypes were purchased from online auctions. One of the 

plates was housed in a leather case beneath a sheet of glass (daguerreotype B), and two 

(daguerreotypes A and C) were uncased but still covered by glass and a brass mat, held together 

by a brass preserver (see Figure 2.2). It is unknown if these are the original casing materials or if 

the casing seals were broken in the past, although at least one of the objects, daguerreotype B, 

exhibits visible signs of prior treatment in the form of heavy surface scratches. All three 

daguerreotypes were removed from their housing prior to any analysis. Daguerreotype A 

measured 6 x 3 cm (ninth plate), while daguerreotypes B and C originally measured 8 x 7 cm 

(sixth plate). The latter two plates were too large for both the AFM and Raman sample holders, 

and thus were machined down to 6 x 3 cm for easier analysis. All three daguerreotypes were 

determined through EDS to be gilded, thus non-gilded historical daguerreotypes were 

unfortunately not represented in these case studies. Due to the immense popularity of gilding after 

its invention in 1840 (two years after the daguerreotype process was announced to the public), 

non-gilded daguerreotypes are very rare. Upon obtaining a non-gilded daguerreotype in the 
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future, it would be beneficial to perform a similar pre- and post-electrochemical cleaning 

characterization study. 

Similar to the modern daguerreotype coupons, the historical daguerreotypes were 

characterized prior to electrochemical treatment using SEM, EDS, AFM, and Raman 

spectroscopy in areas of high particle density (highlight), low particle density (shadow), edge 

tarnish (along perimeter of the plate), and mat tarnish (along the corrosion mimicking the brass 

plate shape). The XPS vacuum chamber used in this project was too small to fit even the ninth 

plate-sized daguerreotypes, but prior XPS analysis performed by Dr. William Wei on an 

uncleaned historical plate is presented in this work. After pre-treatment characterization, each 

plate was partially submerged in a sodium nitrate electrolyte and cathodically polarized to -1.3 V 

vs. MSE for 300 seconds, using the treatment process outline in Chapter 3, Part E. The resulting 

cleaned surfaces were characterized a final time in areas of highlight, shadow, edge tarnish, and 

mat tarnish. It should be noted that by simply observing the tarnish patters on historical 

daguerreotypes, it is obvious that corrosion does not occur uniformly throughout the plate 

surface. Therefore, tarnish layer thicknesses were not calculated for these samples.  

 

Part A: Analysis of Historical Daguerreotype A 

 Historical daguerreotype A was the first sample obtained via online auctions, and 

underwent two phases of treatment: it was initially half-cleaned on the right side using the 

treatment procedure outlined in Chapter 3, Part E. Several months following the first treatment, 

the other half (left side) of the daguerreotype was cleaned resulting in a fully cleaned plate. 

Figure 5.1 shows the object at each phase: (a) before the first cleaning, (b) after the initial half-

cleaning, and (c) after the second half-cleaning. There is a noticeable line in image (c) indicating 

where the daguerreotype was first cleaned. As there were several months between the two 

treatments, it is possible that a very thin sulfide layer began to re-form on the right side of the 

plate, creating a visible difference between the two halves. It should be noted that historical 
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daguerreotypes B and C were only electrochemically cleaned once. The cleaned surfaces of 

historical daguerreotype A are noticeably lighter than the tarnished surfaces, although areas with 

very heavy tarnish were not fully restored as evidenced by the presence of a dark ring in the 

location of the mat corrosion and dark residual corrosion along the plate edge. Additionally, the 

areas which originally had high specular reflectance (typically shadow areas such as the hair and 

jacket) maintained their reflectance properties after electrochemical treatment. Areas with heavy 

tarnish exhibited diffuse reflectance and appeared matte, likely due to etching from the actual 

corrosion process and a subsequent increase in surface roughness. 

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy  

Unlike the sulfided modern daguerreotype coupons, exact locations and exact image 

particles were not imaged before and after cleaning. Rather, similar areas on either side of the 

half-cleaned surface were imaged, the locations of which are shown by the red circles in Figure 

5.2. Areas (a) and (b) are of highlights, (c) and (d) of edge tarnish, and (e) and (f) of shadows. 

The mat tarnish was difficult to locate on this particular specimen using the FESEM, and 

therefore was not imaged. Observing the SEM micrographs, all three locations in the non-cleaned 

half appear to have a noticeable surface layer covering both the silver base and the image 

particles. It is likely that the edge tarnish areas observed do not have any image particles, and also 

have a much more prominent corrosion layer. The image particles in the highlight and shadow 

sections have a slightly mottled appearance, indicating that they have also been slightly tarnished 

as they do not have the same sharp features that are seen in the non-corroded image particles of 

the modern coupons. For all the post-cleaned images in Figure 5.2, it appears that the tarnish 

layer was not fully removed, as the image particles still have a slightly roughened surface. 

Additionally, the silver base layers in all three post-cleaned micrographs appear slightly (in the 

case of highlight and shadow areas) and significantly (in the case of the edge tarnish) more etched 

than the pre-cleaned surfaces. Since there is a visible a corrosion layer throughout the entire plate, 
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it is likely that this etching process is an attack on the tarnish rather than an attack on the silver 

base itself. Secondly, the silver base layers of the non-corroded modern daguerreotype coupons 

did not undergo etching in this manner, indicating that the cleaning process does not affect 

metallic silver. On the macro level, this reaction between the sodium nitrate electrolyte and the 

daguerreotype corrosion products did not visibly alter the reflectance properties of the plate. 

EDS spectra were collected using the tungsten filament SEM of a mat tarnish area and a highlight 

area on historical daguerreotype A before and after the first electrochemical cleaning. Figure 5.3 

(a) and (b) provide the spectra from 0 – 3.5 keV of an approximately 12 x 13 μm area scan, both 

of which were collected in the same location. Similarly, spectra (c) and (d) provide an overall 

scan of the same 12 x 13 μm area in highlight location with a relatively small amount of tarnish, 

to the right of the subjects head. Most notably, all four spectra indicate that the plate was gilded, 

showing a strong gold peak at 2.1 keV. The presence of gold in both post-cleaned spectra also 

implies that the gilding layer was not removed during electrochemical treatment. There is also a 

noticeable sulfur peak at 2.3 keV in the pre-cleaned mat tarnish surface, spectrum (a), which is 

then significantly reduced as the result of treatment. Recall that Barger and White originally 

proposed silver oxide in the form of Ag2O as the major corrosion product of mat tarnish areas.3 

While the EDS spectra of the mat tarnish in Figure 5.3 suggest the presence of silver sulfide, 

there is also a noticeable decrease in the oxygen peak at 0.5 keV between figures (a) and (b) as 

the result of treatment. This particular daguerreotype was purchased without its original 

protective case, but did include a brass mat, preserver, and glass plate. It is likely that the original 

seal of this object was broken during its 170 year lifetime, allowing hydrogen sulfide gases to 

infiltrate the interior of the case, potentially creating a mixture of silver sulfide and silver oxide 

corrosion products. It is also possible that the small oxygen peaks in spectra (a) and (b) are due to 

adsorbed oxygen species on the sample surface. Due to inherent limitations in EDS analysis, it is 

impossible to determine the chemical bonding environment of oxygen species with this as the 

only form of chemical analysis. 
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Atomic Force Microscopy 

 AFM roughness measurements were taken in areas of heavy tarnish (mat corrosion, edge 

corrosion) and areas of light tarnish (highlight, shadow) before and after electrochemical 

cleaning. Similar to the modern daguerreotype coupons, exact locations could not be re-examined 

after treatment. Therefore, four different measurements were taken for both heavy and light 

tarnish on the uncleaned left hand side and on the cleaned left hand side. For each location, a 20 x 

20 μm measurement was taken, followed by a 5 x 5 μm measurement. Figure 5.4 shows examples 

of the height retrace and amplitude retrace images created of the pre-cleaned and post-cleaned 

surfaces. Images (a) through (d) represent highlights with light tarnish, while (e) through (h) 

represent mat tarnish. The color bars are associated with height retrace diagrams, located on the 

left. Table 5.I provides the calculated average roughness (Ra), root mean square roughness (Rq), 

peak-to-peak height (Rt), skewness (Rsk), and kurtosis (Rku) for these areas as a function of 

surface cleaning. Where possible, a mask was created to isolate the silver base from the image 

particles to measure its roughness separately. Much like the modern daguerreotype coupons, the 

average roughness and root mean square roughness values for both the overall surface and the 

silver base layer change very little after electrochemical cleaning, but are noticeably larger than 

those for the modern coupons. This could be due to thicker corrosion layers in the areas of heavy 

tarnish on historical daguerreotype A than on the coupons. Secondly, the low-tarnish highlight 

areas shown in Figure 5.4 have a slightly higher particle density than the contemporary samples, 

increasing the roughness of the overall surface. By removing the particles of the low-tarnish areas 

through a mask in the AFM software, it is possible to see that the roughness values for the silver 

base layers of the modern coupons and historical daguerreotype A are very similar. Despite these 

differences, the electrochemical treatment procedure does not significantly affect the surface 

roughness.  

 In general, the skewness and kurtosis values for the overall surface of the low tarnish 

areas are higher than for the heavy tarnish areas, due to the presence image particles creating a 



126 
 

surface with many peaks above the average. Much like in the oxidized modern coupons, the 

presence of a tarnish likely reduces the “peakedness” of the surface. Upon cleaning, most of the 

kurtosis and skewness values decrease, but stay within their respective standard deviations, 

indicating that very little surface changes have occurred as the result of treatment. The standard 

deviations for all the calculated AFM values are generally larger for the historical daguerreotype 

than for the modern coupons. As mentioned previously, the surfaces of historical daguerreotypes 

are unpredictable and non-uniform, lending to greater deviations. Similar to the measured 

roughness and peakedness values, the measured average particle sizes for historical 

daguerreotype A are larger than for the contemporary coupons. When not obscured by the 

corrosion layer, the image particle heights (Zmax) and circle equivalent diameters were measured 

The values for such are given in Table 5.II along with the values for the two other nineteenth 

century daguerreotypes. Examples of the particle height and diameter histograms are given in 

Figure 5.5. By observing the SEM micrographs of both historical daguerreotype A and of the 

contemporary coupons, the differences between the image particles of the two samples are 

apparent. Particles on the modern surfaces have a variety of sizes and shapes, which is why their 

histograms appear to have two maximums, exhibiting a large number of very small particles 

alongside a limited number of larger particles. Conversely, historical daguerreotype A has a 

number of mid-sized particle diameters, which do not significantly change as the result of 

cleaning as indicated by the histograms and particle data. 

 

Raman Spectroscopy 

 As with the prior characterization techniques, Raman spectroscopy for the nineteenth 

century daguerreotypes was performed in areas of highlight, shadow, edge tarnish, and mat 

tarnish before and after electrochemical cleaning. The compared results are presented in Figures 

5.6 (a) and (b). Due to equipment limitations, the pre-cleaned spectra for this particular plate were 

obtained using the 785 nm laser at 50x, 5.9 mW, and 10 collections with a time of 5 s, while the 
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post-cleaned spectra were obtained using the 514 excitation source at 100x, 50 mW, and 10 

collections with a time of 10s. The latter measurements display a background peak at 1121 cm-1. 

The pre-cleaned shadow spectrum has a broad peak centered around 217 cm-1. Compared to 

other, clearer spectra of daguerreotypes in this study (both contemporary and historical), it can be 

inferred that this broad peak is composed of two peaks around 190 and 230 cm-1, indicating the 

presence of Ag-S stretching peaks.55 A faint peak at approximately 405 cm-1 is present, 

representative of rouge polishing products embedded in the plate.10 The cleaned shadow spectrum 

has very faint peaks at 157 and 223 cm-1 which are indicative of the silver lattice vibration and 

alumina polishing compounds, respectively. The pre-cleaned highlight area also contains 

evidence of the presence of silver sulfide, through Ag-S stretching peaks at 186 and 241(sh) cm-1 

as well as a faint photodecomposition peak at 456 cm-1. After treatment, these peaks are reduced 

and replaced by a more prominent silver lattice vibration at 150 cm-1, embedded alumina at 222 

cm-1, and a small peak representative of adsorbed carbonate species at 1056 cm-1.  

 Both the mat tarnish and edge tarnish display very similar spectra, which also have peaks 

identical to the pre-cleaned highlight spectrum. The presence of Ag-S stretching peak at 186 and 

shoulder at 240 cm-1 alongside the small photodecomposition peak at 260 cm-1 indicate that both 

corrosion products are composed of silver sulfide. There is no indication of an Ag2O peak around 

490 cm-1 in the mat corrosion pre-cleaned spectrum. If silver oxide is present, it is in small, 

undetectable quantities. The cleaned spectra both lack the sharp Ag-S stretching peak at 186 cm-1 

as well as the silver sulfide photodecompositon peak, indicating that the corrosion products were 

significantly reduced on the daguerreotype surface.  

 

X-ray Photoelectron Spectroscopy 

 XPS characterization was not performed on this daguerreotype, nor on any of the other 

two historical daguerreotypes in this study due to restriction in chamber size. Nevertheless, a 

single XPS spectrum is presented in Figure 5.7, obtained from a non-cleaned nineteenth century 
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daguerreotype. This data was collected by Dr. William Wei using a spectrometer with a chamber 

large enough to fit a single ninth plate historical daguerreotype without sampling. The purpose of 

presenting this single spectrum is to observe the similarities and differences between the 

contemporary replica coupons and actual daguerreotypes. Much like the modern coupons, this 

historical plate contains visible peaks representative of silver, gold, iodine, and mercury. 

Interestingly, both the S 2p and S 2s peaks in Figure 5.7 have two peaks rather than the single 

peak found on the sulfided replica plates. The primary S 2p peak is located at a binding energy of 

162 eV, consistent with the energy for silver sulfide, while the smaller peak is located at 169 eV – 

a binding energy associated with sulfates. Therefore, this particular daguerreotype contains a 

mixture of sulfur corrosion compounds. Additionally, a chlorine peak is present in the magnified 

XPS spectrum, suggesting that silver chloride is present as yet another corrosion product on the 

plate. 

 

 Upon comparing historical daguerreotype A to the contemporary coupons, several 

similarities and differences were noted. The most striking difference was apparent in both the 

shapes and sizes of the image particles. The modern replicas had a wide variety of both shapes 

and sizes on their surfaces, while the high particle density areas of historical plate A had a 

number of similarly shaped and similarly-sized particles. The nineteenth century object did not 

appear to contain any traces of silver oxide. Rather, both the edge and mat tarnish contained 

distinct traces of silver sulfide under analysis by both EDS and Raman spectroscopy. The results 

of cleaning indicate that very little changes in the physical attributes of the image, while the 

corrosion products are significantly reduced, although not entirely. Additionally, the gilding layer 

remained present after treatment. 
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Part B: Analysis of Historical Daguerreotype B 

 Unlike historical daguerreotype A, historical plate B underwent only a single 

electrochemical treatment. The left half of the machined image was submerged in the electrolyte 

and cleaned for 300 seconds at a steady voltage of -1.3 V vs. MSE. The original plate (a), 

machined plate before cleaning (b), and machined plate after cleaning (c) are shown in Figure 5.8. 

The most distinct change is the significant reduction in mat tarnish, thus revealing the left 

shoulder and elbow of the sitting subject. Marks on the plate, visible in the post-cleaned image, 

were used as a means to easily locate specific areas in the FESEM before and after treatment. 

Much like historical daguerreotype A, the areas of high specular reflectance on this plate were not 

visibly affected by the cleaning process and remained highly reflective. Tarnished areas left a 

brown residue, indicating that the corrosion products were not entirely removed. These locations 

had more diffuse reflectance as the result, appearing slightly matte. 

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 Specific identical locations were imaged before and after electrochemical treatment of 

historical daguerreotype B, all of which were located on the left half of the plate. The areas 

imaged are indicated by red circles and the letters for their associated micrographs in Figure 5.9. 

Pre-cleaned images remain in the left column while post-cleaned images remain in the right 

column. Images (a) and (b) observe a highlight area on the plate, showing a number of round, 

larger particles mixed in with scattered, smaller particles with irregular shapes. In general, the 

larger sized particles exhibit no changes upon cleaning, but many of the smaller particles appear 

to have reduced or changed in size or removed completely, an example of which is indicated by 

the red circles. The underlying silver base layer is not altered or roughened, like in the previous 

daguerreotype case study. Much like the deposits in Figure 4.33 of the non-gilded, sulfided 

modern coupon, or in Figure 4.50 of the non-gilded, non-corroded coupon, the affected deposits 

in this sample are very small (on the order of 100 – 200 nm in diameter) and have irregular 
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shapes. Such characteristics, as well as the observation that the larger particles are unchanged by 

treatment imply that these smaller particles are the result of corrosion. Such deposits on the pre-

cleaned surface were difficult to analyze using EDS, shown in Figure 5.10, as there is a large gold 

peak present with a shoulder that could either be the result of a sulfur Kα peak at 2.31 keV or a 

mercury Mα peak at 2.29 keV. There is no distinct higher energy mercury Lα peak at 10.0 keV 

suggesting that the shoulder could be due to the presence of sulfur, although such higher energy 

peaks are notoriously very small. On another note, the EDS spectrum proves that this plate is also 

gilded, like historical daguerreotype A. 

 Images (c) through (f) are of an area of edge tarnish, in a location that likely has no or 

very few image particles. Much like in the heavily tarnished areas of historical daguerreotype A, 

this plate exhibits surface etching as a result of electrochemical cleaning. Magnified views of just 

the silver base pre-cleaned and post-cleaned are in (e) and (f), showing a distinct roughening. 

Like other areas of significant tarnish, this is likely due to an attack on the silver sulfide layer 

rather than on the underlying silver base. The high reflective properties of this area cannot be 

restored due to significant etching as the result of the corrosion process. A single large particle 

surrounded by erratically dispersed smaller particles are visible in the pre-cleaned surface, but 

have been completely removed in the post-cleaned image. It is possible that the larger particle 

was a single, loosely-bound shadow particle, but its shape does not match that of typical shadow 

agglomerates, examples of which are shown in Figures 2.4(a) and (c). Conversely, the image 

structure of daguerreotypes are notoriously delicate and can be easily removed with a simple 

swipe of a finger (as is visibly noticeable in the photographs of the modern daguerreotype 

coupons). EDS of this large deposit on historical daguerreotype B was not performed, and so it is 

unknown if the object was in fact an image particle or some form of deposit from the plate’s 

environment. 

 Images (g) and (h) were captured in the same midtone area with no visible tarnish, but the 

original image particles from the pre-cleaned surface were difficult to locate a second time after 
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treatment was performed. The micrographs were taken in a heavily scratched area of the plate, the 

results of which can be seen in the elongation of some image particles, such as on the left side of 

(g). The surfaces of the pre- and post-cleaned plate are very similar in the sense that the silver 

base layer was not noticeably altered, and image particles do not appear etched in any way. 

 

Atomic Force Microscopy 

 Examples of both the amplitude and height retrace of heavily tarnished areas (such as mat 

tarnish) and low tarnish areas are shown in in Figure 5.11 as a function of the electrochemical 

cleaning process. Images (a) through (d) represent a midtone with low tarnish, while (e) through 

(h) represent mat tarnish. The color bars are associated with height retrace diagrams, located on 

the left. Table 5.III provides the calculated AFM roughness and peakedness values. Two different 

measurements were taken for both heavy and light tarnish on the uncleaned left hand side and on 

the cleaned left hand side. For each location, a 20 x 20 μm measurement was taken, followed by a 

5 x 5 μm measurement. Compared to the roughness measurements for historical daguerreotype A, 

the Ra and Rq values for daguerreotype B are noticeably lower, and more representative of both 

the modern coupons and the literature. Unlike prior samples, the silver base of the heavily 

tarnished areas on historical daguerreotype B increases after electrochemical cleaning. As was 

seen in the SEM micrographs of the edge tarnish, there was noticeable etching of the corroded 

silver base, thus increasing the surface roughness. The low tarnish areas do not significantly 

change in roughness as a function of surface treatment, both for the overall surface and the 

isolated silver base.  

 Again, like the roughness calculations, both the skewness and the kurtosis measurements 

for this nineteenth century daguerreotype are closer in value to the contemporary replicas. Also, 

similar to historical daguerreotype A, this plate exhibits greater peakedness for the areas of low 

tarnish. In general, the kurtosis and skewness values do not significantly change as the result of 

cleaning and are smaller for the isolated silver base than for the overall surface, as expected. 
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Where possible, particle size measurements were performed, the data for which are in Table 5.II, 

and example histograms for which are displayed in Figure 5.12. The image particles for this 

daguerreotype are distinctly smaller than for plate A, and are closer in maximum height and CE 

diameter to the modern coupons. This is apparent in both the averaged data as well as the 

histograms, the latter of which have similar distributions to the contemporary samples with a 

large number of very small particles alongside lesser amounts of large particles. These 

distributions also do not significantly change between the pre-cleaned and post-cleaned 

histograms. 

 

Raman Spectroscopy 

All measurements for this historical sample were obtained using the 785 nm laser at 50x, 

5.9 mW, and 10 collections with a time of 5 s. The compared results for the pre-cleaned and post-

cleaned areas if highlight, shadow, mat tarnish, and edge tarnish are presented in Figures 5.13 (a) 

and (b), again displaying a broad background band at 1009 cm-1 and a sharp peak at 1121 cm-1. 

None of the treated or untreated spectra of the highlight and shadow locations in diagram (a) 

display evidence of silver sulfide or silver oxide tarnish. Rather, major peaks for all four spectra 

are present around 158 cm-1 for silver lattice vibrations and 226 cm-1 for alumina polishing 

compounds. The cleaned silver spectrum exhibits a large number of prominent peaks at higher 

wavenumbers extending from 980 to 1600 cm-1. Peaks in such locations have been previously 

observed on nineteenth century daguerreotype plates, and are mostly associated with vibrations 

from organic compounds on the surface.51,64 For example, the lowest wavenumber peak at 1005 

cm-1 can be associated with C-H in plane deformation, while the final peak at 1574 cm-1 is related 

to the C-C aromatic ring stretch.64 It is very likely that an organic deposit on the daguerreotype 

surface was analyzed along with the inorganic plate materials. The chemical results of this study 

are concerned with the formation of inorganic nitrate compounds on the sample surface as a result 

of cleaning, and such compounds can display Raman active peaks between 980 and 1600 cm-1. In 
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particular, moderate broad bands between 1410 and 1350 cm-1, associated with the out-of-phase 

NO3
- ion.51 While there are two distinct peaks at 1364 and 1406 cm-1, they appear sharp and well-

defined rather than broad. Additionally, there are no associated N-O in-plane bending, out of 

plane bending, or symmetrical stretching peaks at 700, 717, 790, or 1030 cm-1 typically found 

with silver nitrates.55 Finally, as a means to double check for the presence of nitrates, the FTIR 

spectrum in Figure 5.14 shows no differences between the cleaned and uncleaned shadow 

spectrum. As mentioned in Chapter 4, inorganic nitrates have strong IR peaks around 1400 cm-1.51 

While there are noticeable small peaks at 1400 cm-1, these peaks are present on all surface, before 

and after electrochemical treatment, and are therefore not the result of the cleaning procedure. 

The pre-cleaned and post-cleaned spectra in Figure 5.13(b) all have a large peak around 240 cm-1, 

indicating the presence of silver sulfide on all surfaces. After cleaning, these peaks were not 

reduced to show the silver lattice vibration or polishing compound bands, providing evidence that 

the corrosion was not entirely removed during the 300 second treatment time. The pre-cleaned 

edge tarnish spectrum has a photodecomposition peak at 470 cm-1, while the pre-cleaned mat 

tarnish spectrum has a very small peak at 503 cm-1, very similar to the Raman spectrum of the 

gilded, oxidized modern coupon. This could be a potential indication of Ag2O as the main 

component of the mat corrosion.  

 

Unlike historical daguerreotype A, this nineteenth century plate exhibited features far 

more similar to the modern replica coupons such as surface roughness and particle size. On the 

other hand, this case study plate showed similar reactions to the electrochemical cleaning process 

as daguerreotype A: the heavily tarnished areas (edge and mat) visibly roughened after treatment. 

Again, this is due to reactions between the electrolyte and the silver corrosion products rather 

than the silver base itself. Some areas of this object exhibited particle loss as the result of 

cleaning. It was not fully proven whether these particles were part of the image or if they were the 

result of deterioration, but some evidence through SEM imaging and EDS hint that the lost 
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particles were not originally part of the image. Despite these losses, the visual qualities of the 

plate were improved in tarnished areas, revealing more of the image subject through reducing the 

mat corrosion. Similarly, areas of high specular reflectance maintained their reflective properties. 

 

Part C: Analysis of Historical Daguerreotype C 

 Similar to historical daguerreotype B, historical plate C underwent only a single 

electrochemical treatment. The left half of the machined image was submerged in the electrolyte 

and cleaned for 300 seconds at a steady voltage of -1.3 V vs. MSE. The original plate (a), 

machined plate before cleaning (b), and machined plate after cleaning (c) are shown in Figure 

5.15. This plate has the typical edge and mat tarnish outlines as well as a very distinct opaque 

layer over the image subject. Such white, opaque deterioration products have been reported in 

recent literature.58,64 Raman spectroscopy determined that the “haze”, as it is being referred to in 

the photograph conservation community, in prior studies was composed of silver chloride. The 

electrochemical cleaning process in this case study removed some of the mat tarnish on the 

surface, but an outline is still very visible in image (c). Secondly, it reduced the opaque haze very 

slightly, but did lighten the overall appearance of the plate. The white band at the base of image 

(c) is actually a reflection of the table on which the daguerreotype stands, not a product of 

cleaning. Despite its inability to remove the haze layer, the treatment did maintain the high 

specular reflectance of the daguerreotype in areas which originally exhibited such properties. 

 

Scanning Electron Microscopy and Energy Dispersive Spectroscopy 

 Similar to historical daguerreotype B, specific identical locations were imaged before and 

after electrochemical treatment of this object, all of which were located on the left half of the 

plate. The areas imaged are indicated by red circles and the letters for their associated 

micrographs in Figure 5.16. Pre-cleaned images remain in the left column while post-cleaned 

images remain in the right column. Images (a) and (b) were taken in an area of edge tarnish (the 
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square in (b) is due to charging from earlier SEM imaging). Much like the previous nineteenth 

century plates, the highly tarnished locations contain image particles which have a mottled 

appearance, indicating that they have been corroded along with the silver base. Again, the 

cleaning process has caused the base layer to roughen slightly due to the electrochemical 

reduction of the surface tarnish. The image particles remain the same before and after treatment. 

Locations (c) through (f) are in a midtone/shadow area, where (c) and (d) are magnified images of 

the surface. Similar to some of the imaged surfaces in daguerreotype B, the larger particles 

remain the same after cleaning, while smaller, irregularly shaped particles are slightly altered or 

removed. The magnified example shows size change of the small, elongated particles on the left 

as well as the presence of a new particle. Additionally, the underlying silver base layer does not 

appear to change as a function of the treatment procedure. EDS analysis was performed of both 

the newly deposited particle in image (c) of Figure 5.16, and the elongated particle, labeled in 

Figure 5.17. As a comparison, a spot on the bare silver base was also measured. The spectrum of 

the round deposit on the right side of the image is given in Figure 5.17(a) and shows a distinct 

sulfur peak. There are also no mercury peaks present at higher keV values, ruling out the presence 

of mercury. Recall that this analysis was performed on the electrochemically cleaned surface, so 

the deposit is likely the result of a dislodged, scattered piece of sulfide corrosion from a nearby 

location and was not removed during treatment or washing. Figure 5.17(c) shows the EDS 

spectrum of the silver base, which does not exhibit a sulfur peak, proving that the sulfur found in 

the spectrum of the round deposit is not simply the result of residual surface tarnish in this 

particular location. EDS of the elongated particle is given in Figure 5.17(b), and a very similar 

spectrum as the silver base. Like with the round particle, this deposit does not exhibit the 

presence of mercury peaks at 10.00 and 11.83 keV, thus indicating that it is not an image particle.  

 Images 5.16(g) and (h) were taken in an area of mat tarnish. These micrographs were 

taken in the same general area, but again the exact location was difficult to find. The most 

apparent difference between the pre- and post-cleaned images are the distinct roughness and 
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etching of the base layer, as has been seen in all other examples of heavily tarnished areas on 

historical daguerreotypes. To investigate the source of the white haze, SEM imaging along with 

EDS were performed on the post-cleaned surface in an area of highlight which also exhibits the 

opaque layer. Figure 5.16(i) show the presence of image particles alongside numerous elongated, 

curled particles, the latter of which must be the source of the haze. Unfortunately, the EDS 

spectrum of one of these elongated particles did not provide any striking data on its chemical 

composition, shown in Figure 5.17(d). The peaks present match those of a typical silver base 

layer, such as the one in spectrum (c). As mentioned previously EDS is not a surface technique, 

and particularly not at an accelerating voltage of 30 keV. It is possible that the elements present in 

this “haze” particle are being overshadowed by elements present deeper within the sample. 

 

Atomic Force Microscopy 

For the pre-cleaned and post-cleaned surfaces, examples of both the amplitude and height 

retrace of heavily tarnished areas and low tarnish areas are shown in in Figure 5.18. Images (a) 

through (d) represent a highlight with low tarnish, while (e) through (h) represent mat tarnish. 

The color bars are associated with height retrace diagrams, located on the left. Table 5.IV 

provides the calculated AFM roughness and peakedness values. Two different measurements 

were taken for both heavy and light tarnish on the uncleaned left hand side and on the cleaned left 

hand side. For each location, a 20 x 20 μm measurement was taken, followed by a 5 x 5 μm 

measurement. Like historical daguerreotype B, the roughness and peakedness values for this plate 

are similar to such measurements for the contemporary replica coupons. Roughness, skewness, 

and kurtosis values either remain the same or slightly decrease after electrochemical treatment. 

Interestingly, overall roughness and peakedness measurements for the heavily tarnished areas are 

slightly greater than those for the low-tarnish areas, the opposite of what was found for the 

previous two daguerreotype case studies. The SEM micrographs showed both image particles and 
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irregular small particles in areas of heavy tarnish on this sample, potentially contributing to the 

elevated values.  

Where possible, particle analysis was performed on historical daguerreotype C, the 

average results of which are in Table 5.II, along with example histograms in Figure 5.19. Average 

particle sizes are much smaller for this plate than the previous two daguerreotypes as well as for 

the modern daguerreotypes. It is likely that the particles which constitute the haze layer were 

included in the analytical mask separating the particles from the silver base. These deposits are 

slightly smaller than those which make up the highlight image structure, and significantly smaller 

than the shadow particles, significantly decreasing the average. Similarly, the histograms in 

Figure 5.20 have a large amount of particles with very small maximum heights and CE diameters, 

likely due to contributions from the haze deposits. 

 

Raman Spectroscopy 

 Raman analysis was performed in areas of highlight and shadow on historical 

daguerreotype C which do not typical exhibit heavy tarnish. Due to the nature and placement of 

the haze layer over the image subject, these measurements were also simultaneously taken of the 

opaque haze. All measurements for this historical sample were obtained using the 785 nm laser at 

50x, 5.9 mW, and 10 collections with a time of 5 s. The compared results for the pre-cleaned and 

post-cleaned areas if highlight, shadow, mat tarnish, and edge tarnish are presented in Figures 

5.21 (a) and (b), again displaying a broad background band at 1009 cm-1 and a sharp peak at 1121 

cm-1. Pre-cleaned spectra of the highlight and shadow areas exhibit peaks at approximately 240 

and 970 cm-1. As has been mentioned previously, silver sulfide has a strong peak at 243 cm-1. 

Silver chloride, on the other hand, also has a strong peak at 242 cm-1, and has been observed 

specifically in areas of white, haze-like deterioration on historical daguerreotypes.58,64 All other 

Raman spectra in this study which have strong peaks at 240 cm-1 also have the associated silver 

sulfide decomposition peak around 460 cm-1, but these two pre-cleaned spectra do not, suggesting 
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that the opaque layer on daguerreotype C is also silver chloride. The cleaned spectra shadow area 

shows distinct peaks at 222 and approximately 150 cm-1, while the cleaned highlight has a small, 

broad peak with a center at 220 cm-1, indicating that the deterioration product was removed or at 

least partially removed. Based on the photographs taken of the plate before and after treatment, in 

Figure 5.15, the haze layer was certainly not entirely removed, but was reduced slightly, to the 

point where the subject’s facial and hair features are a bit clearer. In their investigations of silver 

chloride deterioration products on daguerreotypes, Centeno et al. were also not able to detect 

traces of chlorine through EDS or through x-ray fluorescence.58,64 

 Compared to the spectrum for the pre-cleaned highlight area, the pre- and post-cleaned 

edge tarnish spectra, shown in Figure 5.21(b), both have a large peak at 238 cm-1 as well as an 

associated decomposition peak at 470 cm-1, suggesting that the edge corrosion products are 

composed of silver sulfide, and that it was not completely removed during treatment. Conversely, 

the spectrum for the edge tarnish does not have a noticeable photodecomposition peak or a peak 

indicating the presence of Ag2O, but does display a broad peak running from 163 to 236 cm-1. A 

higher laser power or longer integration times could potentially increase the resolution of this 

broad peak, distinguishing separate peaks. This broad band is therefore inferred to be a 

combination of vibrations from the alumina polishing compounds embedded in the plate, silver 

sulfide or silver oxide in the mat tarnish layer, and silver chloride from the surface haze. 

 

 Historical daguerreotype C provides an example of the unpredictable nature of nineteenth 

century daguerreotypes. Until recent years, silver chloride “haze” was not considered a significant 

deterioration product and had not been chemically characterized until the investigation by 

Centeno et al. The electrochemical cleaning process was able to reduce the edge and mat tarnish, 

as well as an overall yellow tone to the plate, but did not significantly remove the opaque layer. If 

this deterioration product is in fact composed of silver chloride, it can be stated that the proposed 

electrochemical cleaning process does not significantly restore daguerreotypes affected by silver 
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chloride corrosion. Image structural properties of this plate were similar to those of daguerreotype 

B as well as the contemporary coupons. Etching was observed on the silver base layer in areas of 

heavy tarnish but not observed in areas without heavy tarnish. Much like the previous case 

studies, the specular reflectance properties of the image were not visibly affected by the treatment 

process. 
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Chapter 6: Conclusions and Proposed Future Research 

 The aim of this project was to provide a better understanding of ways in which 

potentiostatic cathodic electrochemical cleaning affects daguerreotypes. Specifically, silver 

sulfide and silver oxide corrosion products were investigated and the steady potentials at which 

they are reduced in a 0.1 M NaNO3 solution were determined. Using daguerreotype coupons 

created by a contemporary daguerreotypist, silver sulfide and silver oxide were individually 

induced on the modern replicas and subsequently electrochemically reduced. The coupons were 

characterized using microscopy and spectroscopy techniques at each stage: before corrosion, after 

corrosion, and after cleaning to study changes in the image particle microstructure, roughness, 

and chemical composition of the sample surface. These same characterization techniques were 

then applied to nineteenth century daguerreotypes, observing their surfaces before and after 

electrochemical treatment. Despite some anomalous behavior on certain samples, the 

electrochemical cleaning process used in this study does not negatively appear to affect 

daguerreotypes in the sense that it does not alter image particles or the silver base, does not 

change the aesthetic properties of the plate (such as high reflectance), and does not deposit any 

new chemicals on the surface. More specific observations, as well as suggestions for future work 

are discussed below. 

           Through the use of theoretical diagrams and technical literature, silver oxide (Ag2O) and 

silver sulfide (Ag2S) were successfully produced on the contemporary daguerreotype coupon 

surfaces. Additionally, their reduction potentials in a 1 M solution of NaNO3 were determined 

through potentiodynamic polarization scans. Both silver sulfide and silver oxide were 

investigated in this study based on the suggestions made by Barger and White that both are 

significant daguerreotype corrosion products, although it remains unclear at this point how silver 

oxide forms on historical plates. It is a more difficult corrosion product to create because it does 

not naturally form on silver under typical atmospheric conditions, and was therefore induced 

electrochemically for the purposes of this project. It is possible that the silver oxide produced in 
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this study is not representative of silver oxide found on historical daguerreotypes, as the process 

significantly etched both the silver base layer and the image particles. Further research should be 

performed to determine if and how silver oxide forms on daguerreotypes. Despite this, it was 

possible to electrochemically reduce both corrosion products. Based on the cathodic 

potentiodynamic polarizations scans, the steady voltage applied to daguerreotypes for treatment 

was chosen as -1.3 V vs. the mercury/mercurous sulfate electrode (MSE). This is also the 

potential at which silver sulfide potentiodynamic scans displayed reduction peaks. Such a voltage 

was chosen because it is more cathodic than that for silver oxide. Secondly, the silver oxide 

reduction peak occurred at voltages which are more anodic than the OCP value for both sulfided 

and non-corroded daguerreotype coupons in the electrolyte. Applying a steady voltage equal to 

the reduction potential for silver oxide could have resulted in corrosion of the daguerreotype 

plates. 

 Compared to earlier forms of electrochemical cleaning, the cathodic polarization process 

employed in this study has a number of benefits. The use of a sodium nitrate electrolyte did not 

appear to deteriorate the immersed plates and did not leave residual chemical deposits on the 

daguerreotype surfaces. Additionally, the use of a platinum counter electrode rather than silver or 

aluminum (as were used in Barger’s studies) reduced issues such as silver or aluminum 

deposition from the counter electrode onto the working electrode. While platinum electrodes are 

more expensive than silver or aluminum, they can be reused a multitude of times for 

electrochemical cleaning. Incorporating a reference electrode into the system ensures that the 

daguerreotype is properly polarized that that it does not undergo accidental corrosion in the 

electrolyte. Finally, by applying a steady cathodic voltage to the daguerreotype, rather than 

oscillating between anodic and cathodic polarizations, the plate will not be oxidized during 

treatment, thus reducing potential damage to the object. 

Both silver sulfide and silver oxide on the contemporary coupons as well as the typical 

mat and edge tarnish on historical daguerreotypes were noticeably reduced during five minutes of 
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electrochemical reduction, although not completely removed. As electrochemical cleaning 

proceeds, the current density significantly decreases towards zero (see Figure 4.1), indicating that 

the system is approaching an equilibrium state but also indicating that the reaction rate has 

considerably decreased. At such slow reactions rates, it is likely that full tarnish removal would 

take a long time. Nevertheless, the visual characteristics of both contemporary and historical 

plates did improve, but microscopic imaging and chemical spectroscopy provided evidence of 

residual corrosion products.  

The non-corroded modern replica coupons did not exhibit any changes as the result of 

electrochemical treatment except for the breakdown of oddly-shaped anomalous particles. More 

specifically, the silver base layer did not exhibit any changes in roughness or any surface 

deposits, while the image particles maintained their original shapes and locations. Particles on the 

gilded, non-corroded samples which were noticeably affected by electrochemical cleaning (see 

Figure 4.25) had a relatively high gold concentration, as determined through EDS, and did not 

exhibit the same physical features as typical image particles. It is therefore concluded that these 

are either anomalous gold deposits or platelet particles which have not yet fully developed. Very 

small, irregularly shaped particles on the non-gilded, non-corroded sample were also removed 

during electrochemical treatment. These deposits have very similar features to earlier examples of 

sulfide nucleation points, and it is very possible that a natural silver sulfide layer began to form 

on the contemporary daguerreotypes over the course of this project. Larger particles which 

displayed physical features more like those of typical daguerreotype image particles were not 

altered by electrochemical treatment. Similar results were observed on the historical 

daguerreotypes in which very small, irregular particles were removed during treatment while 

larger particles remained in place. EDS analysis of these smaller particles was not able to detect 

any traces of mercury, and it is therefore assumed that they are not typical amalgam image 

particles. Secondly, the removal of these irregularly-shaped deposits did not alter the visual or 

reflective properties of the daguerreotype image.   
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The proposed electrochemical cleaning process (outlined in Chapter 3, Part E) was more 

effective in reducing silver sulfide than silver oxide, as there was a significant amount of 

remaining corrosion residue on the oxidized samples after treatment. Based on analysis of 

historical daguerreotype C, a deterioration layer that was identified as potentially silver chloride 

was not affected by the electrochemical cleaning process. The reduction of silver oxide was likely 

slower than silver sulfide because the proposed treatment potential of -1.3 V vs. MSE is the point 

at which the cathodic current density for silver sulfide reduction is greatest (or at least close to 

greatest), while the current density for silver oxide at this point is low, thus indicating that the 

reaction rate is low. As thin tarnish layers, both silver sulfide and silver oxide were difficult to 

chemically analyze. Techniques such as EDS and XRD have difficulty performing surface 

characterization, as the x-rays used in these methods typically have deep interaction volumes, 

resulting in large peaks from the underlying substrate (silver in this case) and very small peaks 

from the surface compounds. Secondly, both corrosion products notoriously degrade upon laser 

exposure in Raman spectroscopy, and do not have infrared active vibration modes found in the 

mid-IR region, making FTIR difficult. X-ray photoelectron spectroscopy proved to be the most 

useful analytical technique for this particular study, but is unfortunately is the most expensive and 

most time consuming technique. It also has the greatest sample size limitations due to the small 

vacuum chamber in which analysis is performed, an issue for cultural heritage objects which 

cannot be sampled.  

 

Future Works and Research 

As for future research, a better understanding of silver oxide on daguerreotypes is 

perhaps one of the more pertinent issues. As mentioned earlier, silver oxide can form as the result 

of interactions with high ozone levels, or within highly alkaline environment. It is possible that a 

highly basic atmosphere is created in the space between the plate and the protective cover glass 

due to deterioration of the interior surface of the glass. Studying existing historical plates in 
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enclosed cases and replicating such environments would provide new and useful information 

regarding daguerreotype corrosion. Thin film or surface techniques which provide information on 

bonding environment, such as XPS and grazing incidence x-ray diffraction would be more ideal 

for such a study than Raman spectroscopy or FTIR. Furthermore, general analysis of historical 

daguerreotypes using XPS, if possible, would provide excellent information on daguerreotype 

image structure and corrosion products that cannot be obtained from Raman spectroscopy, EDS, 

or FTIR. This study only investigated high resolution scans of the Ag 3d peaks, which 

unfortunately are not particularly responsive to changes in their bonding environment. Performing 

high resolution scans of the oxygen, sulfur, chlorine, mercury, and gold peaks would likely 

elucidate some uncertainties about daguerreotype material or corrosion properties. 

Other potential future investigations include analyzing naturally-aged daguerreotypes 

which were previously subjected to the electrochemical treatment process outlined in this study. 

Many of the issues inherent in earlier daguerreotype cleaning processes, such as thiourea-based 

chemical solutions, were not evident until cleaned plates were allowed to age. These plates 

eventually developed visible spots which were the direct result of treatment. Characterizing the 

plates in this study using SEM/EDS, Raman spectroscopy, AFM, and XPS would help to 

understand the long-term effects of electrochemical cleaning. Additionally, as silver chloride 

corrosion products were only very slightly affected by electrochemical treatment at -1.3 V vs. 

MSE, investigations into the removal of silver chloride by electrochemical means would be of 

use.  

 While the electrochemical cleaning process outlined and characterized in this study 

greatly reduces the risks associated with prior daguerreotype restoration techniques, it is still 

completely irreversible in nature. It is therefore recommended for conservators to heavily 

consider the results described in this report as well as the material, historical, aesthetic, and 

curatorial context of each individual daguerreotype before engaging in any form of 

electrochemical restoration. It should also be noted that tarnish removal in any form exposes a 
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newly reactive surface, re-initiating the atmospheric sulfidation process. If daguerreotypes are 

stored in low temperature and low humidity facilities with limited light exposure and air filtration 

after cleaning, then the process of tarnishing will be extremely slow. Realistically, such facilities 

not easily obtainable by many daguerreotype owners or even institutions, and the eventuality of 

re-sulfidation should be considered. It is possible that a coating could be applied to the 

daguerreotype after treatment to prevent or slow the corrosion process, but this practice is highly 

uncommon in photograph conservation. Such a coating would need to be reversible and optically 

clear; must not interfere with the aesthetic qualities of the image or react with the daguerreotype 

materials; and when reversed, must not affect the image structure or plate in any way. Despite 

such possibilities, perhaps the most important thing a daguerreotype owner can do to ensure the 

safety and longevity of a collection is to practice preventive preservation through proper storage 

conditions and minimization of unnecessary handling. While electrochemical cleaning can reduce 

harmful and obscuring deterioration products, daguerreotype restoration is of no use unless the 

object is treated respectfully with regard to its long-term preservation.
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Figure 2.2: The components of a typical daguerreotype case.115 

Chapter 2: Project Background, Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: An example of a camera obscura in use.114 

Figure 2.3: Cross-sectional drawing of a daguerreotype plate.4 
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Figure 2.5: Mercury-Silver phase diagram 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 2.4: Examples of contemporary daguerreotype image particles, photographed using scanning 

electron microscopy: (a) shadow area, 500x; (b) highlight area, 500x; (c) shadow area, 2,500x; (d) 

highlight area, 2,500x. All images were taken with an accelerating voltage of 20 kV. 
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Figure 2.7: Example of typical daguerreotype corrosion patters. The edge tarnish appears along the corners 

and edges of the plate, becoming lighter and more colorful as it moves towards the center. Similarly, the 

mat tarnish forms along the interior perimeter of the brass passe-partout mat which frames the image. The 

latter tarnish takes the shape of this mat and also bleeds in towards the center of the plate. 

Figure 2.6: Example of an image particles and underlying base layer after gilding, showing nano-sized 

particles throughout.10 
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Figure 2.9: Pourbaix (or potential-pH) diagram for an Ag-S-Cl-CO2-H2O system at 25 ◦C, with a sulfur 

activity of 0.1 M, chlorine activity of 0.05 M, carbon concentration of 0.01 M, and dissolved silver 

concentration of 1μM. Potential is measured in reference to the saturated calomel electrode (SCE), which is 

+0.244 V higher than the standard hydrogen electrode (SHE).  The specified regions indicate which 

compound is stable at a given potential and pH. The dashed lines are indicative of the boundaries within 

which water is stable.20,28  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 2.8: Examples of non-uniform silver sulfide whisker or dendrite growth using (a) optical 

microscopy25 and (b) electron microscopy.26 
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Figure 2.10: Schematic of the atmospheric corrosion process between silver and sulfur gases or sulfate 

particulates (SO4
2-). The medium in which reactions occur is shown as a depression filled with an aqueous 

solution and ions, but is representative of the adsorbed moisture layers from humidity exposure.20 

Figure 2.11: Pourbaix diagram showing the relationship between applied potential and pH for silver in 

H2O at 298 K. The dashed lines are indicative of the boundaries within which water is stable.  
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Figure 2.12: Example of typical glass corrosion morphology under SEM imaging depicting weeping 

droplets (amorphous sodium silicate) and a cracked silica-rich surface layer41 

Figure 2.14: Polarization process of zinc corrosion an acid solution, in which the anodic reaction (zinc) 

and cathodic reaction (hydrogen) are forced from their electrode potentials to reach equilibrium at the 

corrosion potential, Ecorr.
48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Figure 2.13: Example of a daguerreian “measle” under scanning electron microscopy.57 
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Figure 2.15: Diagram depicting the effects of cathodic polarization in an electrochemical system. Cathodic 

polarization is depicted by a depression in the potential, resulting in a potential difference, εc. 

Figure 2.16: A generalized potentiodynamic polarization curve which is generated through experimental 

analysis. 
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Figure 2.17: A generalized potentiostatic polarization curve which is generated through experimental 

analysis. 

Figure 2.18: A schematic of the electrochemical cell used for both potentiodynamic and potentiostatic 

polarization experiments in this study. 
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Figure 2.19: The basic component of a typical SEM system. The parts shown here can be 

grouped into the electron gun system (electron gun, anode, electron beam); the lens system 

(condenser lenses and objective lens); the sample chamber; and the detectors (backscatter 

detector, secondary detector, x-ray detector). Not pictured are the electronic components used 

to create a digital computer image.116 

(a) 
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(b) 

Figure 2.20: Comparison between a) a micrograph of a daguerreotype taken using an SEM 

with a cold field emission electron source (5 keV, 10,000 x), and b) a micrograph of a 

daguerreotype taken using an SEM with a thermionic tungsten electron source (15 keV, 

9,000x). Both images were generated using secondary electrons. 

Figure 2.21: A general AFM setup including the cantilever with tip, laser, and 

photodiode/detector.117 
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Figure 2.24: Examples of the image segmentation masks used in the AFM software to 

separate the image particles from the silver base layer: a) mask which analyzes just the image 

particles, and b) mask which analyzes just the silver base layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22: Force-distance graph representing the interactions between the AFM tip and the 

sample surface as they come in contact during AFM analysis.118 

Figure 2.23: Visual representation of the average roughness (Ra) and root mean squared 

roughness (Rq) values calculated during AFM measurements.119 
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Figure 2.25: Diagram visually depicting the processes which occur to produce Rayleigh 

scattering (elastic, no energy loss), Stokes Raman scattering (inelastic, loss in energy), and 

anti-Stokes Raman scattering (inelastic, gain in energy).120 

Figure 2.26: Schematic of the process of diffractive spectrometry, found in typical Raman 

spectroscopy instrumentation. The parameters indicates are the focal length of the collimation 

mirror (LC), the focal length of the focus mirror (LF), and the length of detector (LD).121 



158 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1:  Spectroscopic notation examples use in XPS 
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Chapter 3: Inducing and Reducing Corrosion, Figures and Tables 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Desiccator in which the contemporary coupons were placed for silver sulfide tarnishing along 

with a solution of potassium polysulfide. 

(a) (b) 

WE 

CE 
RE 

Figure 3.1: Electrochemical cells used for (a) potentiodynamic studies in which the top surface of the 

sample was isolated, and (b) potentiostatic experiments in which surface isolation was not required. For 

both cases, locations of the daguerreotype (working electrode, WE), counter electrode (CE), and reference 

electrode (RE) are indicated. 
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Figure 3.4: Example of a cyclic voltammetry curve of silver in 1M NaOH (pH = 13.8) at a scan rate of 5 

mV/s from the literature, showing the anodic formation of Ag2O (a1) and AgO (a2) followed by the 

cathodic reduction of AgO (c2) and Ag2O (c1). The x-axis (applied potential) is measured against the 

standard hydrogen electrode.82 

21                       30                            40                           50                          60                           70 

Acanthite, α-Ag2S 

Silver 

Figure 3.3: X-ray diffraction spectrum of the thin tarnish layer induced on the surface of a contemporary 

daguerreotype plate, showing the presence of both silver sulfide and the silver substrate. 
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Figure 3.5: Anodic polarization curve of a gilded modern daguerreotype in 1M NaOH (pH = 13.8) at a 

scan rate of 1 mV/s showing the anodic formation of (a) Ag2O, and (b) AgO. The x-axis (applied potential) 

is measured against the mercury/mercurous sulfate electrode.  

Figure 3.6: Anodic polarization curve of both a gilded modern daguerreotype and a non-gilded modern 

daguerreotype in 1M NaOH (pH = 13.8) at a scan rate of 1 mV/s. Both samples show the formation of 

Ag2O The x-axis (applied potential) is measured against the mercury/mercurous sulfate electrode.  



162 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Cathodic potentiodynamic polarization curve of both a sulfided gilded modern daguerreotype 

and a sulfided non-gilded modern daguerreotype in 0.1M NaNO3 at a scan rate of 0.5 mV/s. Both samples 

show the reduction of Ag2S. The x-axis (applied potential) is measured against the mercury/mercurous 

sulfate electrode.  

Figure 3.8: Cathodic potentiodynamic polarization curve of both an oxidized gilded modern daguerreotype 

and an oxidized non-gilded modern daguerreotype in 0.1M NaNO3 at a scan rate of 0.5 mV/s. Both 

samples show the reduction of Ag2O. The x-axis (applied potential) is measured against the 

mercury/mercurous sulfate electrode.  
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Figure 3.9: Cathodic potentiodynamic polarization curve of both a non-corroded gilded modern 

daguerreotype and a non-corroded non-gilded modern daguerreotype in 0.1M NaNO3 at a scan rate of 0.5 

mV/s. The x-axis (applied potential) is measured against the mercury/mercurous sulfate electrode.  
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Chapter 4: Analysis of Modern Daguerreotype Coupons, Figures and Tables 

Table 4.I: Thickness data for the removed corrosion layer on all modern coupons used in this study 

Sample 
Surface area 

exposed (cm2) 

Total current 

density (A/cm2) 

Tarnish 

thickness (nm) 

Gilded, sulfide 5.27 -0.0183 1852 

Gilded, oxide 7.74 -0.0891 5804 

Non-gilded, sulfide 11.7 -0.0167 1515 

Non-gilded, oxide 8.24 -0.0627 3837 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Electrochemical reduction curves for (a) gilded, and (b) non-gilded modern coupons at a 

potentiostatic voltage of -1.3 V vs. MSE 

(a) 

(b) 
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(a) (b) (c) 

Figure 4.2: The gilded, sulfided modern daguerreotype coupon, (a) before induced corrosion, (b) after 

induced corrosion in enclosed sulfur atmosphere for 24 hours, (c) after electrochemical cleaning 

(a) (b) 

(c)  

Figure 4.3: SEM images at 20,000x; 5 kV of the gilded, sulfided modern daguerreotype coupon (a) before 

induced corrosion, (b) after induced corrosion in enclosed sulfur atmosphere for 24 hours, (c) after 

electrochemical cleaning. There are noticeable deposits within the surface nooks after electrochemical 

treatment. 

 Cleaned 

area 
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Figure 4.5: SEM image at 20,000x; 5 kV of the gilded, sulfided modern daguerreotype coupon after 

electrochemical cleaning. Sulfide deposits remain on surface but not in nooks. 

Figure 4.4: EDS spectrum of a tarnished area of the gilded, sulfided modern samples using an accelerating 

voltage of 30 kV. 
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Figure 4.6: EDS spectrum of a post-cleaning deposit from the gilded, sulfided modern sample, using an 

accelerating voltage of 30 kV 

(a) (b) 

(c) (d) 
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Table 4.II: Averaged AFM data from the gilded, sulfide modern daguerreotype coupons. Three separate 

areas of the sample surface were analyzed using dimensions of 20 x 20 μm and 5 x 5 μm. 

 

 

 

 

 

 

 

 

 

 

 

  

 Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt (nm) Average Rsk Average Rku 

Overall      

Pre-tarnish 35.322 ± 4.7047 56.280 ± 6.8902 549.79 ± 67.455 2.80 ± 0.142 8.08 ± 1.21 

Post-tarnish 33.381 ± 2.9583 50.644 ± 4.5346 494.80 ± 17.828 2.57 ± 0.337 7.33 ± 2.56 

Post-clean 35.004 ± 6.5788 55.297 ± 7.1899 491.75 ± 43.800 2.90 ± 0.534 9.75 ± 4.49 

Silver base      

Pre-tarnish 7.823 ± 2.026 10.06 ± 2.667 99.578 ± 18.821 
-0.148 ± 

0.369 
0.931 ± 0.676 

Post-tarnish 9.886 ± 2.095 12.698 ± 2.8135 102.49 ± 13.316 0.380 ± 0.246 0.392 ± 0.353 

Post-clean 11.04 ± 1.700 14.794 ± 2.4532 97.702 ± 6.9552 0.769 ± 0.539 1.34 ± 0.907 

(e) 
(f) 

Figure 4.7: AFM images of random 5 x 5 μm areas on the gilded, sulfided modern daguerreotype coupon, 

(a) before corrosion, height retrace; (b) before corrosion, amplitude retrace; (c) after corrosion; height 

retrace; (d) after corrosion, amplitude retrace; (e) after cleaning, height retrace; (f) after cleaning, amplitude 

retrace. The color bar on the right corresponds to the height retrace images. 
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(b) 

 

 Ra (nm) Rq (nm) Sa (nm) Sq (nm) 

x, horizontal 51.57 67.04 48.02 61.64 

y, vertical 27.09 33.11 " " 

xy, diagonal 43.64 52.17 " " 

 

 Ra (nm) Rq (nm) 

Not treated 63 76 

Treated 44 56 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 Sq (nm) 

Non-gilded 70.5 ± 12.4 

Gilded 77.9 ± 19.7 

Table 4.III: Confocal microscopy data from the literature, focusing on both (a) a modern daguerreotype 

coupon63, (b) a nineteenth century daguerreotype cleaned in a solution of ammonium hydroxide62, and (c) 

gilded and non-gilded modern daguerreotype coupons (measured in 10 different areas).10 The Ra and Rq 

values for both tables are taken from single profile line scans, while the Sa and Sq values are measured 

from a 637 x 477 μm2 area. 

(a) 

 50         100                      200                      300 
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          0.0          0.2           0.4           0.6 
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Maximum particle height (nm) Particle CE diameter (µm) 
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Figure 4.8: Particle size distribution from 20 x 20 μm areas of the gilded, sulfided modern daguerreotype 

coupon. Images on the left are histograms of the maximum particle heights, images on the right are 

histograms of the CE (circle equivalent) particle diameters. Comparisons are made between pre-tarnished 

surfaces, (a) and (b), post-tarnished surfaces, (c) and (d), and post-cleaned surfaces, (e) and (f). The ranges 

present are generally in accordance with those measured by Barger in her analysis of historical 

daguerreotypes.3 
 

               100                    200                    300 

                                     nm 

(c) (d) 

          0.0                      0.5                      1.0 

                                     µm 

               100                      200                     300 

                                     nm 

(e) 

          0.0                       0.5                      1.0 

                                     µm 

(f) 



171 
 

 

 

 

 

 

 

 

 

  

 

 

Sample area Avg. Zmax  (nm) Avg. CE diameter (nm) 

Pre-tarnish   

Area 1 145.233 ± 88.020 165.177 ± 238.031 

Area 2 142.404 ± 70.784 144.367 ± 172.168 

Area 3 131.796 ± 76.124 163.104 ± 206.56 

Post-tarnish   

Area 4 95.547 ± 65.828 168.079 ± 269.142 

Area 5 101.908 ± 63.551 173.680 ± 233.506 

Area 6 90.244 ± 61.857 170.234 ± 228.869 

Post-clean   

Area 7 98.185 ± 60.192 129.241 ± 202.769 

Area 8 102.848 ± 62.680 159.419 ± 234.009 

Area 9 100.599 ± 61.794 136.101 ± 235.993 

 

 

Figure 4.9: AFM amplitude retrace image of the gilded modern daguerreotype pre-sulfide tarnishing. A 

scratch can be seen running diagonally from top right to bottom left, which could have contributed to a 

negative average skewness value for the non-corroded, untreated surface. 

Table 4.IV: Average height and average CE (Circle Equivalent) diameter values for particles of each 20 x 

20 µm area measured on the bare, sulfided, and cleaned surface of the gilded, modern daguerreotype 
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Figure 4.10: Raman spectra of the gilded, sulfided modern coupon before induced sulfide corrosion, after 

induced corrosion, and after electrochemical cleaning. 

187 cm-1 

466 cm-1 

Figure 4.11: FTIR spectra of the gilded, sulfided modern coupon before induced sulfide corrosion, after 

induced corrosion, and after electrochemical cleaning. 
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Table 4.V: Measured binding energy values of the gilded samples for specific silver, oxygen, and sulfur 

peaks as a function of surface treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

Identified Peak           Sample Peak Locations (eV)  

 Bare Ag2S Cleaned Ag2S Ag2O Cleaned Ag2O  

O 1s 532.0 531.0 531.0 530.1 530.1  

Ag 3d3/2 374.3 374.3 374.2 374.0 373.9  

Ag 3d5/2 368.3 368.4 368.2 368.0 368.0  

S 2s  -  226.0 226.0  -   -   

S 2p  -  162.0 162.0  -   -   

 

 

 

 

 

 

 

Figure 4.12: XPS spectra of the gilded, sulfided modern coupon before induced sulfide corrosion, after 

induced corrosion, and after electrochemical cleaning. 

Au 4d 
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(a) (b) 

Ag 3d3/2 Ag 3d5/2 S 2s S 2p 

Figure 4.13: Detailed XPS spectra of the (a) silver and (b) sulfur peaks for the gilded, sulfided modern 

coupon before induced sulfide corrosion, after induced corrosion, and after electrochemical cleaning. 

Figure 4.14: EDS spectrum of the electrochemically cleaned, gilded modern daguerreotype which had 

undergone sulfur corrosion, indicating the presence of gold peaks. The point in which the measurement was 

taken is indicated by the red circle within the inset image. 
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Figure 4.16: SEM images at 20,000x; 5 kV of the gilded, oxidized modern daguerreotype coupon (a) 

before induced corrosion, (b) after induced corrosion in 1 M NaOH solution, -0.14 V (ESS), 120 s; (c) 

after electrochemical cleaning. The image particles appear to be coated or deteriorated as the result of 

corrosion; the cleaning process breaks the corrosion products down into smaller pieces. 

(a) (b) 

(c) 

(a) (b) (c) 

 
Cleaned 

area 

Figure 4.15: The gilded, oxidized modern daguerreotype coupon, (a) before induced corrosion, (b) after 

induced corrosion in 1M NaOH solution, (c) after electrochemical cleaning. The markings on the top of the 

coupon are from the alligator clips used to submerge it in the NaOH and NaNO3 solutions. 
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Figure 4.17: SEM images at 60,000x, 5 kV of the gilded, oxidized modern coupon (a) after induced 

corrosion, and (b) after electrochemical cleaning. These micrographs provide better resolution of the 

tarnishing and cleaning effects on the image particles. 

(a) (b) 

(a) 

(b) 
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(c) 

Figure 4.18: EDS spectrum of the gilded, oxidized sample using an accelerating voltage of 30 kV. 

Spectrum (a) is of a 30 x 25 μm area on the bare, non-corroded surface; (b) is of a 15 x 13 μm area on the 

oxidized surface; and (c) is of an image particle on the cleaned surface.  

 

(a) (b) 
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Table 4.VI Averaged AFM data from the gilded, oxided modern daguerreotype coupons. Three separate 

areas of the sample surface were analyzed using dimensions of 20 x 20 μm and 5 x 5 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk Average Rku 

Overall      

Pre-tarnish 36.788 ± 13.476 59.624 ± 11.889 499.44 ± 35.945 3.13 ± 0.818 10.4 ± 5.70 

Post-

tarnish 
57.945 ± 5.3537 73.104 ± 3.9853 145.76 ± 14.057 0.397 ± 0.544 2.79 ± 2.40 

Post-clean 59.480 ± 2.9031 76.216 ± 2.7879 767.32 ± 273.19 0.833 ± 0.639 2.62 ± 5.52 

Silver base      

Pre-tarnish 7.529 ± 1.608 10.24 ± 2.377 267.71 ± 21.259 
-0.124 ± 

0.315 
-1.04 ± 0.274 

Post-

tarnish 
47.656 ± 5.8958 54.406 ± 5.3087 614.45 ± 78.709 0.952 ± 0.253 1.11 ± 0.863 

Post-clean 40.661 ± 2.7768 48.137 ± 3.3067 269.43 ± 26.241 
0.0899 ± 

0.127 
-0.77 ± 0.222 

 

Figure 4.19: AFM images of random 5 x 5 μm areas on the gilded, oxidized modern daguerreotype 

coupon, (a) before corrosion, height retrace; (b) before corrosion, amplitude retrace; (c) after corrosion; 

height retrace; (d) after corrosion, amplitude retrace; (e) after cleaning, height retrace; (f) after cleaning, 

amplitude retrace. The color bar on the right corresponds to the height retrace images. 

(c) (d) 

(e) (f) 
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506 cm-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20: Raman spectra of the gilded, oxidized modern coupon before induced oxide corrosion, after 

induced corrosion, and after electrochemical cleaning. 

Figure 4.21: XPS spectra of the gilded, oxidized modern coupon before induced oxide corrosion, after 

induced corrosion, and after electrochemical cleaning. 
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(a) (b) 

Figure 4.23: The gilded, non-corroded modern daguerreotype coupon, (a) before, and (b) after 

electrochemical cleaning. There is a slight but noticeable change in color between the non-cleaned and 

cleaned area of image (b). The markings on the coupon surface are the result of handling. 

Cleaned 

area 
 

Figure 4.22: Detailed XPS spectra of the (a) silver and (b) oxygen peaks for the gilded, oxidized modern 

coupon before induced sulfide corrosion, after induced corrosion, and after electrochemical cleaning. 
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Figure 4.25: SEM images at 5 kV of a particular particle on the gilded, non-corroded modern coupon (a) 

before and (b) after electrochemical cleaning (both 5,000x); as well as (c) a magnified view (20,000x) of 

the particle after cleaning. This particle in particular, along with two larger, angular particles near the base 

of (a) and (b) appear to have broken down as the result of electrochemical treatment. 

(a) 

(a) (b) 

(b) 

Figure 4.24: SEM images at 20,000x; 5 kV of the gilded, non-corroded modern daguerreotype coupon (a) 

before, and (b) after electrochemical cleaning. The large and small image particles, as well as the dark 

inclusions appear to remain the same after treatment. The silver base layer appears slightly smoother after 

treatment (perhaps a result of electropolishing), but this could also be an artifact of the SEM imaging 

process. 

 

(c) 
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Figure 4.26: EDS spectrum of the gilded, non-corroded sample using an accelerating voltage of 30 kV. 

Spectrum (a) is of the broken-down particle after electrochemical cleaning, from Figure 4.Xh, showing a 

large gold peak with an insert showing the higher energy Au peaks; (b) is of a normal, non-disintegrated 

image particle with a noticeable mercury peak with an insert showing the higher energy Hg peaks.  

(a) 

(b) 
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Figure 4.28: AFM images of random 5 x 5 μm areas on the gilded, non-tarnished modern daguerreotype 

coupon, (a) before cleaning, height retrace; (b) before cleaning, amplitude retrace; (c) after cleaning; height 

retrace; (d) after cleaning, amplitude retrace. The color bar on the right corresponds to the height retrace 

images. 

(a) (b) 

Figure 4.27: SEM micrograph example of a platelet particle on a modern daguerreotype that did not 

undergo mercury development to completion. Upon proper development, the larger bottom particle breaks 

down into the smaller, discrete image particles seen on top.3 

(c) (d) 
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Table 4.VII: Averaged AFM data from the gilded, non-corroded modern daguerreotype coupons. Three 

separate areas of the sample surface were analyzed using dimensions of 20 x 20 μm and 5 x 5 μm. 

Table 4.VIII: Average height and average CE (Circle Equivalent) diameter values for particles of each 20 

x 20 µm area measured on the bare, sulfided, and cleaned surface of the gilded, modern daguerreotype. 
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Average Ra 

(nm) 

Average Rq 

(nm) 
Average Rt (nm) Average Rsk 

Average 

Rku 

Overall      

Pre-clean 30.568 ± 2.8865 49.946 ± 4.9716 529.64 ± 99.719 2.99 ± 0.189 9.51 ± 2.25 

Post-clean 36.826 ± 5.9472 60.178 ± 6.4888 708.14 ± 232.21 3.16 ± 0.659 12.5 ± 8.73 

Silver base      

Pre-clean 8.237 ± 2.227 10.93 ± 3.482 161.57 ± 46.283 0.184 ± 0.668 1.38 ± 1.40 

Post-clean 7.223 ± 0.7261 9.504 ± 0.9578 105.15 ± 5.2125 0.013 ± 0.268 1.23 ± 0.724 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample area Avg. Zmax (nm) Avg. CE diameter (nm) 

Pre-tarnish   

Area 1 148.380 ± 69.697 155.553 ± 194.475 

Area 2 122.381 ± 70.828 122.453 ± 183.643 

Area 3 126.685 ± 67.497 126.293 ± 168.900 

Post-clean   

Area 4 123.287 ± 72.802 114.430 ± 186.281 

Area 5 107.124 ± 77.267 170.633 ± 127.370 

Area 6 117.095 ± 79.988 136.688 ± 190.230 

               100                    200                    300 

                                     nm 

(a) (b) 

Maximum particle height (nm) Particle CE diameter (µm) 
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Figure 4.29: Particle size distribution from 20 x 20 μm areas of the gilded, non-tarnished modern 

daguerreotype coupon. Images on the left are histograms of the maximum particle heights, images on the 

right are histograms of the CE (circle equivalent) particle diameters. Comparisons are made between pre-

cleaned surfaces, (a) and (b), and post-cleaned surfaces, (c) and (d). 

               100                   200                    300 

                                     nm 

(c) (d) 

Figure 4.30: Raman spectrum of the gilded, non-corroded modern coupon before and after electrochemical 

cleaning. 
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(a) (b) 

(a) (b) (c) 

Cleaned 

area 

 

Figure 4.32: The non-gilded, sulfided modern daguerreotype coupon, (a) before induced corrosion, (b) 

after induced corrosion in enclosed sulfur atmosphere for 24 hours, (c) after electrochemical cleaning. The 

marks on the coupon surface are the result of handling. 

 

Figure 4.31: Background Raman spectrum of the spectrometer with the 514 nm laser source. 
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Figure 4.33: SEM images at 20,000x; 5 kV of the non-gilded, sulfided modern daguerreotype coupon (a) 

before induced corrosion, (b) after induced corrosion in enclosed sulfur atmosphere for 24 hours, (c) after 

electrochemical cleaning. The silver base layer appears to still have residual corrosion after treatment, and 

a small deposit has formed in the top left corner. 

Figure 4.34: SEM images at 50,000x; 5 kV of the non-gilded, sulfided modern daguerreotype coupon (a) 

before induced corrosion, (b) after induced corrosion in enclosed sulfur atmosphere for 24 hours, (c) after 

electrochemical cleaning. Like Figure 4.33(c), the post-treatment residual corrosion appears to partially 

cover smaller imager particles. 

(a) (b) 

(c) 

(c) 



188 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Figure 4.35: EDS spectrum of the non-gilded, sulfided sample using an accelerating voltage of 30 kV. 

Spectrum (a) is of a filament-like sulfide deposit on the corroded surface; (b) is of the residual sulfide 

deposit on the electrochemically cleaned surface.  

(b) 

Figure 4.36: Example of a tubular silver sulfide growths on the sulfided, non-gilded modern 

daguerreotype coupon. 
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Figure 4.37: AFM images of random 5 x 5 μm areas on the non-gilded, sulfided modern daguerreotype 

coupon, (a) before corrosion, height retrace; (b) before corrosion, amplitude retrace; (c) after corrosion; 

height retrace; (d) after corrosion, amplitude retrace; (e) after cleaning, height retrace; (f) after cleaning, 

amplitude retrace. The color bar on the right corresponds to the height retrace images. 

(a) (b) 

(c) (d) 

(e) (f) 
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Table 4.IX: Averaged AFM data from the non-gilded, sulfided modern daguerreotype coupons. Three 

separate areas of the sample surface were analyzed using dimensions of 20 x 20 μm and 5 x 5 μm. 

 

 

 

 

Sample area Avg. Zmax (nm) Avg. CE diameter (nm) 

Pre-tarnish   

Area 1 165.140 ± 106.788 274.214 ± 296.011 

Area 2 170.265 ± 101.261 352.094 ± 370.457 

Area 3 147.500 ± 94.376 301.696 ± 339.605 

Post-tarnish   

Area 4 151.722 ± 51.719 318.229 ± 246.583 

Area 5 90.346 ± 65.144 180.046 ± 273.221 

Area 6 94.962 ± 65.214 241.927 ± 327.298 

Post-clean   

Area 7 137.481 ± 75.913 268.749 ± 290.474 

Area 8 124.486 ± 84.602 240.682 ± 307.123 

Area 9 124.411 ± 99.191 226.831 ± 321.488 

 

 

 

 

 

 Average Ra (nm) 
Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk 

Average 

Rku 

Overall      

Pre-tarnish 38.493 ± 9.9693 63.267 ± 6.9518 588.36 ± 147.66 3.10 ± 0.926 11.0 ± 7.79 

Post-tarnish 29.576 ± 3.5433 45.843 ± 3.9786 370.70 ± 32.615 2.46 ± 0.135 5.79 ± 0.616 

Post-clean 42.069 ± 3.4472 62.803 ± 4.8611 644.91 ± 122.57 2.41 ± 0.0698 5.90 ± 0.833 

Silver base      

Pre-tarnish 8.082 ± 1.037 10.597 ± 1.4730 121.52 ± 25.861 0.290 ± 0.563 1.45 ± 1.09 

Post-tarnish 9.521 ± 1.341 12.404 ± 1.7261 126.32 ± 31.934 0.517 ± 0.234 1.20 ± 1.06 

Post-clean 10.364 ± 0.71053 13.977 ± 1.1578 157.85 ± 21.449 0.241 ± 0.328 1.74 ± 0.343 

Table 4.X: Average height and average CE (Circle Equivalent) diameter values for particles of each 20 x 

20 µm area measured on the bare, sulfided, and cleaned surface of the non-gilded, modern daguerreotype 
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(e) (f) 

Figure 4.38: Particle size distribution from 20 x 20 μm areas of the non-gilded, sulfided modern 

daguerreotype coupon. Images on the left are histograms of the maximum particle heights, images on the 

right are histograms of the CE (circle equivalent) particle diameters. Comparisons are made between pre-

tarnished surfaces, (a) and (b), post-tarnished surfaces, (c) and (d), and post-cleaned surfaces, (e) and (f). 

Maximum particle 

height (nm) 

Particle CE diameter (µm) 
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Figure 4.39: Raman spectra of the non-gilded, sulfided modern coupon before induced sulfide corrosion, 

after induced corrosion, and after electrochemical cleaning. 

Figure 4.40: XPS spectra of the non-gilded, sulfided modern coupon before induced sulfide corrosion, 

after induced corrosion, and after electrochemical cleaning. 

470 cm-1 

189 cm-1 
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Table 4.XI: Measured binding energy values of the non-gilded samples for specific silver, oxygen, and 

sulfur peaks as a function of surface treatment.  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Identified Peak           Sample Peak Locations (eV)  

  Bare Ag2S Cleaned Ag2S Ag2O Cleaned Ag2O 

O1s 531.0 532.0 532.0 530.1 530.1 

Ag 3d3/2 374.2 374.2 374.3 374.0 374.2 

Ag 3d5/2 368.2 368.2 368.3 367.9 368.3 

S 2s 226.0 226.0  -   -   -  

S 2p  -  162.0 163.0  -   -  

Figure 4.41: Detailed XPS spectra of the (a) silver and (b) sulfur peaks for the gilded, sulfided modern 

coupon before induced sulfide corrosion, after induced corrosion, and after electrochemical cleaning. 

(a) (b) 
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Figure 4.43: SEM images at 20,000x; 5 kV of the non-gilded, oxidized modern daguerreotype coupon (a) 

before induced corrosion, (b) after induced corrosion in 1 M NaOH solution, -0.14 V (ESS), 300 s; (c) after 

electrochemical cleaning. The corrosion film appears to break down into smaller particles after treatment 

but is not completely removed. 

(a) (b) (c) 

Cleaned 

area 

 

Figure 4.42: The non-gilded, oxidized modern daguerreotype coupon, (a) before induced corrosion, (b) 

after induced corrosion in 1 M NaOH solution, (c) after electrochemical cleaning. The markings on the 

coupon surface are the result of handling. 

(a) (b) 

(c) 
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(d) 

Figure 4.44: EDS spectrum of the non-gilded, oxidized sample using an accelerating voltage of 30 kV. 

Spectrum (a) is of a point the non-tarnished surface, showing a small oxygen peak; (b) is of a point on the 

corroded surface, showing a larger oxygen peak; (c) and (d) are points on image particle and non-image 

particle (respectively) of the cleaned surface, showing a decrease in the oxygen peak.  

(a) (b) 

(c) 
(d) 
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Table 4.XII: Averaged AFM data from the non-gilded, oxidized modern daguerreotype coupons. Three 

separate areas of the sample surface were analyzed using dimensions of 20 x 20 μm and 5 x 5 μm. 

 

 

 

 

  

 

 

 

 

 

 

 

 
Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk 

Average 

Rku 

Overall       

Pre-tarnish 30.516 ± 11.638 45.769 ± 12.201 505.68 ± 127.80 3.60 ± 0.399 13.8 ± 3.79 

Post-tarnish 54.954 ± 11.657 96.823 ± 46.255 1865 ± 671.8 3.70 ± 3.24 30.7 ± 33.6 

Post-clean 49.442 ± 13.206 68.875 ± 15.677 924.3 ± 309.1 1.60 ± 0.592 4.67 ± 3.36 

Silver base      

Pre-tarnish 7.702 ± 1.881 8.756 ± 0.8694 101.65 ± 27.376 
-0.416  ± 

0.592 
2.17 ± 3.93 

Post-tarnish 39.300 ± 7.3137 47.751 ± 8.5001 329.36 ± 47.327 
-0.205 ± 

0.142 

-0.425 ± 

0.208 

Post-clean 29.748 ± 6.2017 37.867 ± 7.6857 320.30 ± 12.173 
0.0655 ± 

0.340 

0.388 ± 

0.793 

 

 

 

Figure 4.45: AFM images of random 5 x 5 μm areas on the non-gilded, oxidized modern daguerreotype 

coupon, (a) before corrosion, height retrace; (b) before corrosion, amplitude retrace; (c) after corrosion; 

height retrace; (d) after corrosion, amplitude retrace; (e) after cleaning, height retrace; (f) after cleaning, 

amplitude retrace. The color bar on the right corresponds to the height retrace images. 

(e) (f) 
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Figure 4.46: Raman spectra of the non-gilded, modern coupon before induced oxide corrosion, after 

induced corrosion, and after electrochemical cleaning. 

Figure 4.47: XPS spectra of the non-gilded, oxidized modern coupon before induced sulfide corrosion, 

after induced corrosion, and after electrochemical cleaning. 
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(a) (b) 

Figure 4.49: The non-gilded, non-corroded modern daguerreotype coupon, (a) before, and (b) after 

electrochemical cleaning. The markings on the coupon surface are the result of handling. 

Cleaned 

area 
 

Figure 4.48: Detailed XPS spectra of the (a) silver and (b) oxygen peaks for the non-gilded, oxidized 

modern coupon before induced oxide corrosion, after induced corrosion, and after electrochemical 

cleaning. 

(a) (b) 

O 1s 
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Figure 4.50: SEM images at 20,000x; 5 kV of the non-gilded, non-corroded modern daguerreotype 

coupon (a) before, and (b) after electrochemical cleaning. The large and small image particles (minus a 

few very small particles on top of larger image particles), as well as the dark inclusions appear to remain 

the same after treatment. Much like the gilded sample, the silver base layer appears slightly smoother after 

treatment. 
 

(a) (b) 

(a) 
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(a) (b) 

Figure 4.51: EDS spectrum of the non-gilded, non-corroded sample after electrochemical cleaning, using 

an accelerating voltage of 30 kV. Spectrum (a) is of an image particle and (b) is of the silver base layer, 

also showing a very small Hg peak, which could be from a very small particle.  

(b) 
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Table 4.XIII: Averaged AFM data from the non-gilded, non-corroded modern daguerreotype coupons. 

Three separate areas of the sample surface were analyzed using dimensions of 20 x 20 μm and 5 x 5 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk 

Average 

Rku 

Overall       

Pre-tarnish 32.934 ± 5.9746 50.549 ± 5.8309 
407.10 ± 

23.938 
2.51 ± 0.292 5.86 ± 1.74 

Post-clean 30.529 ± 3.1643 47.754 ± 2.9042 
377.42 ± 

35.948 
2.55 ± 0.198 5.87 ± 1.22 

Silver base      

Pre-tarnish 7.298 ± 0.9020 9.448 ± 1.330 
120.04 ± 

6.7829 
0.124 ± 0.389 

1.26 ± 

0.685 

Post-clean 6.985 ± 0.7077 9.128 ± 1.229 
95.783 ± 

25.781 
0.411 ± 0.507 1.52 ± 1.59 

Figure 4.52: AFM images of random 5 x 5 μm areas on the non-gilded, non-tarnished modern 

daguerreotype coupon, (a) before cleaning, height retrace; (b) before cleaning, amplitude retrace; (c) after 

cleaning; height retrace; (d) after cleaning, amplitude retrace. The color bar on the right corresponds to the 

height retrace images. 

(c) (d) 
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Table 4.XIV: Average height and average CE (Circle Equivalent) diameter values for particles of each 20 

x 20 µm area measured on the pre-cleaned and post-cleaned surface of the non-gilded, modern 

daguerreotype 
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Sample area Avg. Zmax (nm) Avg. CE diameter (nm) 

Pre-tarnish   

Area 1 128.996 ± 62.456 204.884 ± 238.186 

Area 2 144.605 ± 57.483 293.884 ± 268.138 

Area 3 153.217 ± 59.310 260.406 ± 236.349 

Post-clean   

Area 4 113.234 ± 70.761 226.224 ± 265.236 

Area 5 121.280 ± 64.090 217.161 ± 237.996 

Area 6 137.180 ± 62.755 258.361 ± 254.453 

Maximum particle height (nm) Particle CE diameter (µm) 

               50               100             150             200 

                                            nm 

(a) (b) 



204 
 

60 
 

 
 
 

40 
 

 
 
 

20 
 

 
 

 

 
 

 
 

 

 

 

100 
 

 

 
60 

 

 
 

20 
 

 

 
 

 
 

 

 

 

          0.0               0.4                 0.8                1.2 

                                       µm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

               50             100           150             200           250   

                                                 nm 

(c) (d) 

Figure 4.53: Particle size distribution from 20 x 20 μm areas of the non-gilded, non-tarnished modern 

daguerreotype coupon. Images on the left are histograms of the maximum particle heights, images on the 

right are histograms of the CE (circle equivalent) particle diameters. Comparisons are made between pre-

cleaned surfaces, (a) and (b), and post-cleaned surfaces, (c) and (d). 

Figure 4.54: Raman spectrum of the non-gilded, non-corroded modern coupon before and after 

electrochemical cleaning. 
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Chapter 5: Analysis of Historical Daguerreotypes, Figures and Tables 

Historical Daguerreotype A 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

a 
b 
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f 

Cleaned area 

c d 

Figure 5.1: Photographs of historical daguerreotype A (a) before electrochemical cleaning, (b) half-

cleaned, and (c) fully cleaned. 

(a) (b) (c) 

Cleaned area 

(b) (a) 
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(c) (d) 

(e) (f) 

Figure 5.2: SEM micrographs of the half-cleaned historical daguerreotype A with an accelerating voltage 

of 5 keV. Locations are marked by red circles on the two top images. Areas imaged include (a) and (b): 

high particle density; (c) and (d) edge tarnish, no particles; (e) and (f) low particle density. 

(a) 
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(d) 
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Figure 5.3: EDS spectra of the pre-cleaned and post-cleaned surface of historical daguerreotype A using an 

accelerating voltage of 30 keV. Measured locations are (a) mat tarnish above head, pre-clean; (b) mat 

tarnish above head (same spot as a), post-clean; (c) highlight to right of neck, pre-clean; (d) highlight to 

right of neck (same spot as c), post clean 

(a) (b) 

(c) (d) 
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Figure 5.4: Example of AFM images on historical daguerreotype A: (a) highlight before cleaning, height 

retrace; (b) highlight before cleaning, amplitude retrace; (c) highlight after cleaning; height retrace; (d) 

highlight after cleaning, amplitude retrace; (e) mat corrosion before cleaning, height retrace; (f) mat 

corrosion before cleaning, amplitude retrace; (g) mat corrosion after cleaning, height retrace; (h) mat 

corrosion after cleaning, amplitude retrace. The color bar on the right corresponds to the height retrace 

images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

     

     

     

     

     

     

     

     

     

 

(e) (f) 

(g) (h) 
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Table 5.I: Averaged AFM data from historical daguerreotype A. Four measurements each were taken of 

heavily tarnished areas (edge tarnish and mat tarnish) and of low tarnish areas. Measurements taken using 

areas of 20 x 20 μm and 5 x 5 μm. 

 

  

 

 

Sample Avg. Zmax (nm) Avg. CE diameter (nm) 

Daguerreotype A   

Pre-clean, area A 291.334 ± 106.374 450.662 ± 321.100 

Pre-clean, area B 223.819 ± 265.813 358.856 ± 545.724 

Post-clean, area A 332.044 ± 104.986 521.306 ± 281.833 

Post-clean, area B 368.206 ± 112.323 1190 ± 612.782 

Daguerreotype B   

Pre-clean, area A 89.834 ± 53.780 142.221 ± 294.863 

Pre-clean, area B 174.394 ± 155.757 331.736 ± 770.176 

Post-clean, area A 96.461 ± 74.644 169.996 ± 306.270 

Post clean, area B 168.809 ± 86.253 341.905 ± 465.846 

Daguerreotype C   

Highlight, pre-clean 88.201 ± 50.898 150.071 ± 236.337 

Highlight, post-clean 64.242 ± 32.824 99.695 ± 156.770 

 

Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk Average Rku 

Heavily 

Tarnished Areas      

Overall surface, 

pre-clean 

97.667 ± 

10.080 

123.08 ± 

24.833 

880.61 ± 

480.76 
1.30 ± 1.48 4.25 ± 9.65 

Overall surface, 

post-clean 

86.804 ± 

6.6510 

108.67 ± 

12.125 

797.60 ± 

241.67 
0.488 ± 0.301 0.599 ± 1.47 

Silver base, pre-

clean 

31.008 ± 

4.2769 

38.807 ± 

5.2451 

271.79 ± 

69.148 
0.0610 ± 0.338 

0.0950 ± 

0.627 

Silver base, post-

clean 

32.596 ± 

9.7213 

39.614 ± 

11.436 

232.33 ± 

68.738 

-0.686 ± 

0.0424 

-0.0841 ± 

0.222 

Low Tarnish 

Areas 
     

Overall surface, 

pre-clean 

84.801 ± 

25.001 

134.01  ± 

34.057 

1099.1 ± 

454.17 
3.19 ± 2.47 16.3 ± 21.8 

Overall surface, 

post-clean 

80.823 ± 

21.654 

108.11 ± 

17.111 

627.64 ± 

159.19 
1.81 ± 0.903 3.53 ± 3.84 

Silver base, pre-

clean 

15.259 ± 

3.7025 

21.030 ± 

5.7030 

215.76 ± 

76.291 
-0.390 ± 1.26 4.25 ± 4.99 

Silver base, post-

clean 

18.627 ± 

6.3578 

24.238 ± 

7.5686 

196.54 ± 

40.558 
0.134 ± 0.616 1.19 ± 1.18 

Table 5.II: Average height and average CE (Circle Equivalent) diameter values for particles in a 20 x 20 

µm highlight area (not heavily tarnished) measured on each historic daguerreotype, before cleaning and 

after cleaning. 
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Figure 5.5: Particle size distribution from 20 x 20 μm highlight areas of historical daguerreotype A. 

Images on the left are histograms of the maximum particle heights, images on the right are histograms of 

the CE (circle equivalent) particle diameters. Comparisons are made between pre-cleaned surfaces, (a) and 

(b), and post-cleaned surfaces, (c) and (d). 

Maximum particle height (nm) Particle CE diameter (µm) 
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Figure 5.6: Historical daguerreotype A Raman spectra of (a) a shadow area and a highlight area before and 

after electrochemical cleaning, (b) the edge tarnish and mat tarnish before and after electrochemical 

cleaning. 
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Figure 5.7: (a) Wide XPS scan of a gilded, tarnished nineteenth century daguerreotype, and (b) magnified 

view of several significant peaks. The plate represented in this spectrum was not part of this study, and the 

spectrum is being used with permission from Dr. William Wei at the Cultural Heritage Agency of the 

Netherlands. 

(a) 

(b) 
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Historical Daguerreotype B 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: Photographs of historical daguerreotype B: (a) full plate (b) treated section of the plate, before 

electrochemical cleaning (c) half cleaned.  

Cleaned area 

a b 

c d 

g h 

(a) 

(a) (b) (c) 

(b) 



215 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 5.9: SEM micrographs of historical daguerreotype A before cleaning and after cleaning, using an 

accelerating voltage of 5 keV. Locations are marked by red circles on the two top images. Photographs on 

the left are of the uncleaned surface, and photographs on the right are of the cleaned surface. Areas imaged 

include (a) and (b): high particle density; (c) and (d) edge tarnish, no particles; (e) and (f) magnification of 

the silver layer microstructure of edge tarnish; and (g) and (h) mid- to low particle density. 
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Figure 5.10: EDS spectra of the pre-cleaned highlight surface of historical daguerreotype A using an 

accelerating voltage of 30 keV. The measured spot is of a small, irregularly shaped surface particle. 
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Figure 5.11: Example of AFM images on historical daguerreotype B: (a) midtone before cleaning, height 

retrace; (b) shadow before cleaning, amplitude retrace; (c) midtone after cleaning; height retrace; (d) 

shadow after cleaning, amplitude retrace; (e) mat corrosion before cleaning, height retrace; (f) mat 

corrosion before cleaning, amplitude retrace; (g) mat corrosion after cleaning, height retrace; (h) mat 

corrosion after cleaning, amplitude retrace. The color bar on the right corresponds to the height retrace 

images. 
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Table 5.III: Averaged AFM data from historical daguerreotype B. Two measurements each were taken of 

heavily tarnished areas (edge tarnish and mat tarnish) and of low tarnish areas. Measurements taken using 

areas of 20 x 20 μm and 5 x 5 μm. 
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Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk 

Average 

Rku 

Heavily Tarnished 

Areas  
     

Overall surface, 

pre-clean 

38.557 ± 

17.902 

61.826 ± 

37.431 

530.37 ± 

304.49 
2.25 ± 1.31 6.97 ± 5.93 

Overall surface, 

post-clean 

46.232 ± 

1.4482 

67.916 ± 

0.6979 

624.31 ± 

116.97 
2.04 ± 0.177 5.12 ± 1.32 

Silver base, pre-

clean 

13.908 ± 

1.9042 

18.268 ± 

3.3298 

152.11 ± 

49.144 
0.509 ± 0.657 0.509 ± 1.44 

Silver base, post-

clean 

24.196 ± 

0.4412 

30.357 ± 

0.7156 

290.41 ± 

94.863 

0.0662 ± 

0.0247 

0.0945 ± 

0.422 

Low Tarnish 

Areas 
     

Overall surface, 

pre-clean 

28.095 ± 

8.1642 

46.446 ± 

11.848 

385.83 ± 

56.631 
3.05 ± 0.311 10.5 ± 2.87 

Overall surface, 

post-clean 

32.869 ± 

3.1947 

55.767 ± 

7.0392 

478.47 ± 

132.96 
3.18 ± 0.325 11.5 ± 3.03 

Silver base, pre-

clean 

12.168 ± 

1.6539 

28.216 ± 

13.933 

169.97 ± 

13.796 
0.902 ± 0.577 2.06 ± 1.63 

Silver base, post-

clean 

11.758 ± 

1.1738 

15.252 ± 

2.0754 

125.29 ± 

39.592 

0.296 ± 

0.0856 

0.621 ± 

0.876 
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Figure 5.12: Particle size distribution from 20 x 20 μm highlight areas of historical daguerreotype B. 

Images on the left are histograms of the maximum particle heights, images on the right are histograms of 

the CE (circle equivalent) particle diameters. Comparisons are made between pre-cleaned surfaces, (a) and 

(b), and post-cleaned surfaces, (c) and (d). 

(a) 
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(b) 

Figure 5.13: Historical daguerreotype B Raman spectra of (a) a shadow area and a highlight area before 

and after electrochemical cleaning, (b) the edge tarnish and mat tarnish before and after electrochemical 

cleaning. 

Figure 5.14: Historical daguerreotype B FTIR spectra of a shadow area and a highlight area before and 

after electrochemical cleaning. 
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Historical Daguerreotype C 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.15: Photographs of historical daguerreotype C: (a) full plate (b) treated section of the plate, before 

electrochemical cleaning (c) half cleaned.  
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Figure 5.16: SEM micrographs of historical daguerreotype C with an accelerating voltage of 5 keV. 

Locations are marked by red circles on the two top images. Areas imaged include (a) and (b):edge tarnish; 

(c) and (d) low particle density at 20,000x; (e) and (f) low particle density at 5,000x; (g) and (h) mat 

tarnish; and (i) opaque “haze”. 

(a) 

(b) 

(i) 

a b 
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(c) 

(d) 

Figure 5.17: EDS spectra of the pre-cleaned and post-cleaned surface of historical daguerreotype C. 

Measured locations are (a) new particle in untarnished area, post-clean; (b) new particle in untarnished 

area, post-clean; (c) base in untarnished area, post-clean; (d) elongated particle in highlight/haze area, post-

clean. 
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Figure 5.18: Example of AFM images on historical daguerreotype C: (a) highlight before cleaning, height 

retrace; (b) highlight before cleaning, amplitude retrace; (c) highlight after cleaning; height retrace; (d) 

highlight after cleaning, amplitude retrace; (e) mat corrosion before cleaning, height retrace; (f) mat 

corrosion before cleaning, amplitude retrace; (g) mat corrosion after cleaning, height retrace; (h) mat 

corrosion after cleaning, amplitude retrace. The color bar on the right corresponds to the height retrace 

images. 

Table 5.IV: Averaged AFM data from historical daguerreotype C. Two measurements each were taken of 

heavily tarnished areas (edge tarnish and mat tarnish) and of low tarnish areas. Measurements taken using 

areas of 20 x 20 μm and 5 x 5 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Average Ra 

(nm) 

Average Rq 

(nm) 

Average Rt 

(nm) 
Average Rsk Average Rku 

Heavily Tarnished 

Areas  
     

Overall surface, 

pre-clean 

35.470 ± 

9.2908 

60.658 ± 

17.134 

752.09 ± 

251.93 
3.28 ± 0.888 18.8 ± 9.11 

Overall surface, 

post-clean 

22.266 ± 

1.5408 

33.067 ± 

2.8525 

411.08 ± 

152.63 
2.47 ± 0.283 13.2 ± 4.95 

Silver base, pre-

clean 

19.713 ± 

2.7515 

26.918 ± 

2.6090 

256.63 ± 

76.291 
-0.637 ± 1.41 4.63 ±7.17 

Silver base, post-

clean 

17.199 ± 

0.63640 

21.600 ± 

1.1618 

177.45 ± 

30.592 

-0.0244 ± 

0.142 
0.330 ± 0.687 

Low Tarnish 

Areas 
     

Overall surface, 

pre-clean 

21.286 ± 

3.8488 

34.611 ± 

8.4202 

376.89 ± 

155.70 
3.06 ± 0.658 13.3 ± 5.59 

Overall surface, 

post-clean 

17.091 ± 

1.6482 

25.951 ± 

5.0883 

327.95 ± 

194.70 
2.46 ± 0.580 10.4 ±6.82 

Silver base, pre-

clean 

11.401 ± 

0.26660 

14.509 ± 

0.57841 

107.70 ± 

0.70711 

0.371 ± 

0.0149 
0.292 ± 0.238 

Silver base, post-

clean 

9.8335 ± 

0.80964 

12.911 ± 

1.9156 

106.02 ± 

39.680 
-0.108 ± 1.07 2.22 ± 3.17 

(g) (h) 

(g) (h) 
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Figure 5.19: Particle size distribution from 20 x 20 μm highlight areas of historical daguerreotype C. 

Images on the left are histograms of the maximum particle heights, images on the right are histograms of 

the CE (circle equivalent) particle diameters. Comparisons are made between pre-cleaned surfaces, (a) and 

(b), and post-cleaned surfaces, (c) and (d). 
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(a) 

(b) 

Figure 5.20: Historical daguerreotype C Raman spectra of (a) a shadow area and a highlight area before 

and after electrochemical cleaning, (b) the edge tarnish and mat tarnish before and after electrochemical 

cleaning. 

240 cm-1 
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Appendix: Modern daguerreotype coupon fabrication process, as described by Rob 

McElroy 

 

Pre-polished copper plates are electroplated with approximately 1 mil of silver by a commercial 

electroplater who specializes in decorative silver electroplating (a softer silver) as compared to 

the harder electroplated silver required for industrial applications. 

 

Polishing and buffing steps: 

1) Wet polishing: hand-polish plates using alumina powder on a cotton flannel pledget pre-

moistened with distilled water. 

2) Dry buffing: buff plates using jewelers' rouge (iron oxide) and lamp black (pure carbon) on a 

random orbital sander covered with cotton flannel, followed by two more rounds of buffing using 

only clean cotton flannel (no rouge or lamp black) to remove as much of the remaining rouge and 

lamp black from the surface as possible. 

 

Sensitization: 

1) First, over iodine crystals for approximately 40 seconds, calculated by the color of the plate. 

2) Over bromine fumes for approximately 7 seconds.  Again, calculated by the color change on 

the plate. 

3) Back over the iodine fumes for approximately 4 seconds, calculated by the time over the first 

iodine, the contrast desired, and experience. 

Exposure: 

As calculated using an incident exposure meter set to ISO 25 with an additional 10 stops added to 

the reading. Light sources were also polarized to minimize any reflections which would lower the 

contrast of the final image. 
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Development: 

The mercury chamber is wooden with an iron cup to hold the mercury.  The mercury is heated to 

a temperature of 260 degrees F. Development time over the heated mercury is 3 minutes and 30 

seconds.   

 

Fixing: 

In a small tray of sodium thiosulfate solution (mixed 60 gm sodium thiosulfate to 34 ounces of 

water) for 1 minute 30 seconds under constant agitation.  This is a strong solution compared to 

other daguerreotypists but the strength is not really important as long as the sensitive coatings are 

completely removed. 

 

Rinsing: 

1) Gentle rinsing for approximately 2 minutes on pitched rinsing table with constantly running tap 

water (not hitting the plate itself) to eliminate spotting from water impurities that can adhere to 

the "sticky" un-gilded surface. 

2) Place plate in tray of distilled water and agitate prior to gilding.  Do not dry plate. 

 

Gilding: 

1) Remove plate from tray of distilled water and place immediately on gilding stand. 

2) Pour gilding solution onto plate.  Gilding solution is mixed from A&B stock solutions (1 gm 

gold chloride with 500ml distilled water, 4 gm sodium thiosulfate with 500 ml distilled water) 

which are added together in equal quantities and filtered just prior to gilding. 

3) Heat plate from underneath with Bunsen burner for approximately 3 minutes, slowly and 

evenly raising the plate's temperature to avoid gilding stains. 
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Rinsing: 

Gilded plate is now rinsed on rinsing table as before with constantly running tap water for 

approximately 2 minutes. 

Place plate in fresh tray of distilled water and agitate for approximately 30 seconds. 

 

Drying: 

Remove plate from tray of distilled water and use common hair dryer to dry plate by chasing 

water from one end of the plate to the other.  If thoroughly washed, water should sheet-off 

without leaving any spots or stains. 
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