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ABSTRACT 

The atmosphere of Mars is a potential source of the gases essential for human 

exploration missions. Many international space agencies and scientists have shown great 

interest in developing chemical plants to make propellants and life-support consumables 

utilizing the red planet's atmosphere and Earth-sourced Hi. Electrolyzing carbon dioxide 

to produce oxygen by a solid oxide electrolysis cell has been proven to be a potential 

candidate. 

A solid oxide electrolysis cell, which consists of 8mol% yttria-stabilized zirconia 

sandwiched between two electrodes, is designed, manufactured and tested. The 

electrode/electrolyte interfacial polarization characteristics are investigated with the aid 

of the current interruption method using a four-electrode set-up. Activation 

oveipotentials, which are free of ohmic losses, are measured in the temperature range 

from 1023 to 1123K for the carbon dioxide electrode and the oxygen electrode. Both the 

electrodc activation overpotentials show the Tafel behavior. In order to increase the 

active electrochemical reaction sites, platinum yttria-stabilized zirconia cermet electrode 

is investigated. A solid oxide electrolysis cell with cermet electrodes shows high 

performance and significantly reduces anode activation overpotentials. and ohmic 

resistance as well. A 1-D steady state solid oxide electrolysis cell model is set up to take 

into account different kinetics; 1) surface exchange kinetics at the gas/electrode interface 

involving adsorption/desorption; 2) mass transfer of the reactants and products involving 



the bulk diffusion and surface diffusion; and 3) electrochemical kinetics involving charge 

transfer at the triple phase boundary. The solid oxide electrolysis cell's performance and 

voltage are predicted at any given current based on this model. The effects of surface 

diffusion coefficients, adsorption/desorption rate constants, and anodic/cathodic reaction 

rate constants on carbon dioxide electrolysis are studied. A comparison of solid oxide 

electrolysis cells between the numerical results and the experimental results is made. 
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1 INTRODUCTION 

1.1 Motivation 

The atmosphere of Mars contains many ingredients that can be used to support 

human exploration missions. It can be "mined" and processed to produce oxygen, fuel, 

buffer gas, and water, resulting in significant savings in mission costs and reducing risks. 

The use of local resources, called ISRU (in-situ resource utilization), has been identified 

by NASA as one of the key technologies. It is an essential strategy for a long-term human 

mission to Mars from the standpoints of self-sufficiency, safety, and cost. Several 

mission analyses have shown the advantages of using ISRU on Mars.'"^ 

Carbon dioxide (CO2), the primary gas in the Martian atmosphere (>95 volume%), 

can be used to produce oxygen (Oi). Solid oxide electrolysis (such as zirconia cells) is 

one of the leading concepts to produce oxygen from the Mars atmosphere for propulsion 

and life support needs. The predominantly carbon dioxide atmosphere of Mars is 

separated into oxygen and carbon monoxide. The produced oxygen is 100 percent pure. 

The exhaust gases contain a mixture of carbon monoxide and un-electrolyzed carbon 

dioxide. A proof-of-concept experiment of this process was manifested to fly on the Mars 

fi 7 
2001 Lander as part of an ISRU demonstration experiment (MIP). ' However, the 

mission was canceled for NASA reconstruction of the Mars exploration program. 

The interest in CO2 electrolysis using a solid oxide electrolysis cell (SOEC) has 

increased greatly. Besides its application in space missions, the SOEC also has the 



18 

potential to be a portable O2 source for hospitals, airplanes and submarines. However, a 

8 18 very limited amount of research has been done so far in this area. ' Lack of information 

about electrochemical kinetics and mechanism of electrolyzing CO2 using SOEC leaves 

much room for better understanding and improvement. Therefore, an experimental and 

numerical investigation on CO2 electrolysis is pursued in this dissertation. 

1.2 Principle of a solid oxide electrolysis cell 

1.2.1 SOEC working mechanism 

A solid oxide electrolysis cell works on the principle of oxygen ion transport in 

certain ceramic oxides at elevated temperatures. The electrochemical cell is made of a 

solid, nonporous oxygen ion conducting electrolyte, such as fully stabilized zirconia 

(Zr02) doped with yttria (Y2O3), or YSZ, which is sandwiched between two porous 

electrodes. The basic configuration of the electrolyte is shown in Figure 1-1. An external 

DC potential is applied to the electrodes. The electrolyte and porous electrode form the 

triple phase boundary (TPB) that facilitates oxygen transport. The TPB is an interface 

where a reactant, an electron conductor such as the electrode, and an electrolyte with 

oxygen ion vacancies intersect. Strictly speaking, the TPB locations are only part of the 

active electrochemical reaction sites (ERS) where oxygen ions are formed and occupy the 

oxygen vacancies in the electrolyte or in the mixed ionic-electronic conducting electrode. 

However, TPB is retained in this research to maintain consistency with previous studies. 
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In order to become familiar with the SOEC, the main components of the SOEC. such as 

the solid oxide electrolyte and electrode, are briefly reviewed in the following sections. 

Oxygen 
Bearing Gas 

Depleted Gas >""1 

Porous Electrodes 

4 

S 

Nonporoiis Ceramic Electrolyte 

Pure Oxygen 

Figure 1 -1; Concept of a SOEC 

1.2.2 Solid oxide electrolyte 

The main function of a solid oxide electrolyte is to conduct oxygen ions between the 

anode and cathode to fulfill the electrical circuit. Some requirements for the electrolyte 

are a high ionic conductivity and a negligible electronic conductivity that imply a high 

transference number. The electrolyte must also be stable chemically, morphologically and 

dimensionally. Because the electrolyte is sandwiched between two electrodes and works 

at high temperatures, the coefficient of thermal expansion (CTE) of the electrolyte must 

match the CTE of the electrode to avoid delamination. The electrolyte needs to keep the 

produced oxygen gas separated from the feed and depleted gas. Thus, the electrolyte must 

be dense enough to prevent cross leakage. 
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The most commonly used solid oxide electrolytes are constructed from stabilized 

z i r c o n i a  d o p e d  w i t h  d i f f e r e n t  m e t a l  o x i d e s ,  s u c h  a s  ¥ 2 0 3 , * ^ ' C a O , ' ^  

Sc203,^'' YbaOa and rare earth oxides. Zirconia itself has three polymorphs and changes 

crystal structure at different temperatures. ZiOi changes from monoclinic to tetragonal 

and to cubic fluorite structure when the temperature increases from room temperature to 

1143K and to 2643K, respectively."^" Because the changes of the crystal structure result in 

a large volume variation, ZrOa itself is unsuitable to be an electrolyte. However, with 

added certain amount of dopants, the cubic fluorite structure as illustrated in Figure 1-2 

can be stabili/.ed in the temperature range from room temperature to it's melting 

temperature of 295 3 K. 

vJ U ion 
• Vacancy 
' • Host cation (Zr""^) 
xJ Dopant cation (Y^"^) 

Figure 1-2: Fluorite structure of YSZ 

Y2O3 is mostly used to stabilize ZrO^. When Y2O3 is added to ZrOo, the host lattice 

cation Zr"*"^ is substituted by the trivalent cation Thus a proportional number of 

oxygen vacancies are created in the crystal structure, and a stable fluorite structure and a 
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net neutral charge are obtained. By getting enough free energy, such as under an electric 

field, oxygen ions can hop among adjacent oxygen vacancies. A high oxygen vacancy 

gives rise to high oxygen ion mobility. By the activated-complcx theory, the conductivity 

of oxygen ion, (7o(S/cm), can be expressed by:^' 

AG 
cr„ = 2 exp 
° kj ^ k T 

(1-1) 

where n,, is the valence number of oxygen (-2), e is the electron charge, c is the oxygen 

ions concentration, is the hop distance between two vacancies, v„ is the lattice 

vibrational frequency, AG' is the transition energy, T is the temperature and kg is the 

Boltzmann constant. As expressed by equation (1-1), the ionic conductivity is a function 

of the amount of dopant incorporated into the factors ««, c , v„, AG and T. Figure 
^0 

1-3 illustrates the ionic conductivity of stabilized zirconia with various dopant 

concentrations at 108()K."^" 
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Figure 1-3: Variation of ionic conductivity of stabilized zircon)a 

With the same dopant, the ionic conductivity of stabilized zirconia increases as the 

dopant concentration increases. However as the concentration increases further, the 

conductivity reaches a plateau. At a high dopant concentration, the conductivity 

decreases with the dopant concentration. Such a decrease is due to the increase of free 

energy of transition with dopant concentration. The decrease caused by the exponential 

term in equation (1-1) overwhelms the increase caused by the dopant concentration, thus 

the conductivity decreases. Table 1-1 lists the transition energy and ionic conductivity of 

some doped zirconia influenced by dopant concentration.^^ Using YSZ doped with 

different amount of yttria as electrolyte, such as 3mol% (3YSZ), 4mol% (4YSZ) and 

8mol% (8YSZ), Uchida^^ tested the ionic conductivity of zirconia electrolyte effect on 

the oxygen electrode polarization kinetics at the TPB. His results show that a higher ionic 
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conductivity of electrolyte not only decreases the electrolyte ohmic losses, but also 

decreases the polarization losses. 

Table 1-1: Ionic conductivity of doped zirconia 

Dopant (Jo (X 10"") Transition energy Temperature range 
(mol%) (S/cm) (kcal/mol) (K) 

12 CaO 6.7 24.5 823 - 1473 
15CaO 3.3 26.9 773- 1373 
15 CaO 1.6 29.1 973 - 1998 

8 Y2O3 10.4 17.0 1073 - 1573 

15 Y2O3 3.1 27.7 973 - 1673 

8 SC2O3 25 15.2 1073 - 1573 

15 SC2O3 13 N/A 823 - 1473 
10 Yb.O? 11 19.6 1073 - 1573 
16 Yb.O, 3.9 26.1 1073 - 1573 
10 Sm203 5.8 22.0 1073 - 1573 

Other than the influence of temperature, type of dopant and dopant concentrations, 

aging also affects the conductivity, especially for polycrystalline ZrOi.^' Unlike the bulk 

conductivity of fully stabilized ZrOa whose conductivity aging effect is insignificant, the 

grain boundary conductivity of polycrystalline ZrOa changes with time involving a 

gradual enhancement of blocking effects. Other factors affecting the ZrOa ionic 

conductivity may include electronic conductivity, presence of minor impurities, grain 

boundaries and interfaces. 

So far, most zirconia based electrolyte systems are operated in the temperature 

regime of 1123 - 1273K. At a lower temperature, ionic conductivity, electrochemical 

reaction rate and efficiency arc too low for the system to function reasonably. To 

overcome disadvantages due to corrosion at a high temperature and a high cost of 

chromium (Cr) alloys used in the electrolyte systems, alternative electrolyte materials are 
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sought to work at intermediate temperatures. Lowering electrolyte system operating 

temperature improves the long-term stability, thus prolonging system life time and 

reducing operation cost. However, on the other hand, various losses increa.se with 

decreasing temperatures because of high overpotentials. Therefore, selection of an 

optimal dopant type and dopant concentration for a solid oxide electrolyte is very 

important to optimize the trade-off among the efficiency, life time and costs. 

Intermediate operating temperature demands have been reviewed and tested 

especially in the solid oxide fuel cell (SOFC) industry to operate the electrolyte system 

below One well-known solid oxide electrolyte is a ceria based electrolyte, 

*7/1 fi"? 

such as yttria doped (YDC), " samarium oxide (Sm203) doped (SDC) and gadolinium 

oxide (GdaOV) doped." Especially, GdiO? doped CeOi has a very high ionic conductivity 

even at 973K. However, the disadvantage of using the ceria based electrolytes is the 

relatively small width of the electrolytic domain boundary. When the SOFC is operated 

close to the maximum power density, there is a big loss of efficiency due to the reduction 

oo 
of the ceria electrolyte. 

One possible solution to eliminate such disadvantage of the ceria based electrolyte is 

using lanthanum gallate based electrolytes (La,Sr){Ga,Mg)03, such as 

Lao.9Sro.1Gao.8Mgo.2O3 (LSGM),^''or La0.8Sr0.2Ga0.8Mg0.15Co0.05O3 (LSGMC).''" A 

lanthanum gallate electrolyte exhibits the highest ionic conductivity compared to other 

types of electrolytes at low temperatures, as shown in Figure 1-4. However such an 

electrolyte was reported to have a poor long-term stability due to gadolinium evaporation 
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in a reducing atmosphere. LSGM can also react with nickel (Ni) to form LaNiO? if Ni is 

used as an electrode.^® LaNiO^ can block the electrochemical reaction sites and degrade 

the Ni catalytic. 

Ti"^ 
i iuD I  LOO uju ra- j  ra j  eco 

:• -LSGM, :j.sr;esa.yiDD(j 
EciSa: scdiii^EfG^ 

If'SS. a -0 •s f Jpj, (ITTW- SrcJ 
i3>- s^as. I "fl H -y A dspnic Z(C^ 
ui III IIIIIUJ——H».| uiiiMiiMiLiilllhy—— iliu 

|A 

,1 1 :j 
ISSCK'T 

Figure 1-4: Ionic conductivity of different electrolyte materials 

36 As Tiffee suggests, all kinds of oxide electrolytes have their advantages and 

disadvantages, and it is questionable if the zirconia based electrolyte could be replaced by 

the other types of electrolyte. Since it has been widely studied and proven to be a high 

ionic conductor, 8YSZ is employed in this study as an electrolyte. Although LSGM is 

also tried and tested in an intermediate temperature lower than 973K by the author, the 

performance degraded very fast, and no further investigation was done in the Lab. 
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1.2.3 Elccirode 

An electrode serves mainly as an electronic conductor and provides reaction sites for 

the electrochemical reaction, such as reduction or oxidation. Therefore, the electrode 

must possess sufficient electronic conduction property to minimize ohmic losses. In order 

to reduce the polarization or activation losses, the electrode should exhibit high catalytic 

ability for the desired chemical and electrochemical reactions. Normally materials' 

catalytic activities are very selective to different gases. Different oxidation or reduction 

gases may require different materials as the electrode. 

The eiectrodc morphology, such as electrode porosity, pore diameter, thickness, 

surface texture and particle size etc., can greatly affect the electrode kinetics. The reactant 

and product must travel through the electrode from/to electrochemical reaction sites. This 

requires the clectrode to be porous enough to let the gas tlirough. A typical porosity of an 

electrode is above 40%. However, the porosity is also restricted by the electronic 

conductivity and mechanical strength. The electrode morphology effects on the 

electrolyte performance was investigated and summarized by Canaday et using 

different techniques, such as profilornetry, gas permeability and mercury porosimetry 

etc.. Their results show that the morphological parameters, such as porosity, pore size, 

electrode thickness and TPB length, causes the discrepancies on electrolysis mechanisms 

that are discussed in the next section. Therefore, understanding the electrode morphology 

and its relation to the polarizations is essential for electrolysis cells. 
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Most solid oxide electrolysis cells work at high temperatures above 873K because of 

the activity of catalyses and ionic conductivity of electrolytes. The electrodes are exposed 

to an oxidation or reduction environment at high temperature; therefore, the electrodes 

must be chemically, morphologically and dimensionally stable. The electrode 

microstructures should be stable for a long-term operation. Since the electrolysis system 

may experience thermal cycles due to operation requirements, the electrode must have a 

well-adjusted thermal expansion behavior matching the electrolyte and keep good 

adhesion at the interfaces. 

Good candidates for the electrode can be metal based and perovskite-type oxide 

based electronic or mixed electronic-ionic conducting materials. Platinum (Pt) has been 

widely used as a great electrode because of its high catalytic and stable characteristics, 

0 ! "70 1A 
especially at high temperature. " ' " Most often, Pt is used as a cathode. However, 

some researchers had reported that Pt could be oxidized in a high temperature oxidation 

environment, causing a degradation of the Pt catalysis. As Velle" and Sridhar^ studied 

the oxygen electrode kinetics, the AC impedance data showed a limiting cathodic 

reaction at a high Oo partial pressure and a low temperature, suggesting that the Pt 

electrode is partially oxidized into a stable specie PtOx- Walsh et al.^^ also reported the 

formation of PtO? when they reduced nitrogen oxide (NO) at 773 and 873K. Other 

metals, such as silver (Ag),^^'^"^ gold (Au)'^^'®^ and have also been used as an 

electrode. Compared to Pt, those metals are much cheaper. However, they cannot survive 

at high temperature because of the relative low melting temperature and significant oxidation. 



Perovskitc-typc electrodes have also been used. Strontium doped lanthanum 

manganite (LSM) is used widely as the cathode. ' ' LSM has a good electronic 

conductivity and oxygen ionic conductivity as well. As a cathode, LSM can provide 

electrons to the reactant to form oxygen ions. At the same time, LSM can also supply a 

path to conduct the oxygen ions by providing oxygen vacancies. This is a unique 

characteristic compared to a metal electrode. If the manganese is replaced by cobalt 

forming LSCo, LSCo can have enhanced electrical and ionic conductivity. After 

comparing electrode performances using LSCo (Lao.eSro^CoOa.g) and LSM 

(Lao.gsSro.iMnOs) as cathodes, Huang found the LSCo electrode has a higher exchange 

current density than the LSM electrode by two orders of magnitude at the working 

temperature range of 873 to 1023K. The results indicate that LSCo has a higher catalytic 

activity. Normally perovskite-t>'pe electrode is chemically stable during operation, even 

under high reduction voltage, LaCaMnOs (LCM) does not occur any side reaction.'" 

However, as many researchers have realized, there is a big disadvantage of such 

electrodes whose CTE mismatches the electrolyte's, causing the delamination of the 

electrode. One solution is to add electrolyte material into the electrode to improve the 

CTE matching, thus increasing and stabilizing the adhesion between the electrode and 

electrolyte. At the same time, the added electrolyte material in such cermet electrodes can 

inhibit the metal to coarsen during high temperature calcination. Therefore, cermet 

electrodes have drawn attention and have been studied extensively. Besides the above 

advantage, decrease in the activation overpotential is one of the most important 
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improvements of using cermet as an electrodc. Since the cermet electrode constructs an 

electronic conducting path formed by metal and an ionic conducting path formed by 

electrolyte material, oxygen ions can migrate from the electrolyte into the cermet 

electrode. Such structure extends the active TPB from the electrode/electrolyte interface 

into the cermet electrode layer, greatly increasing the TPB length. Being similar to the 

metal electrode or perovskite type electrode, the cermet electrode kinetics are also very 

sensitive to the cermet microstructure, such as the particle size and distribution, porosity, 

surface roughness, metal content in the cermet, and electrode thickness, etc.. Therefore 

the cermet fabrication process plays a very important role in making a good electrode 

with a high catalytic or electrocatalytic activity. 

Table 1-2: Cermet preparation 

Electrode Composition Electrode Fabrication Sinter temp Reference 
material ratio method erature (K) 
Ni-YSZ 40% wt Anode 1 1573 [46] 

56% wt Anode 1 1623 [53] 
31-87% vol Anode 1 1523 [52] 

Vary Anode 1 1573-1673 [56] 
50% vol Anode 1 1673 [57] 

40-50% wt Anode 2 1673 [26] 
40-80% wt Anode 2 1873 [55] 

N/A Anode 3 1223 [26] 
15-50% vol Anode 5 1623 [49] 

Ni-SDC 50% vol Anode 4 1523 [41] 
LSM-YSZ 50% wt Cathode 1 1523 [26] 

50% wt Cathode 2 1273-1573 

00 

Pt-LSM N/A Cathode 3 1273 [23] 
Pt-SSZ 40-95% wt Cathode 2 1373-1673 [145][146] 

Pt-Ce02 90% Cathode 1 1373 [44] 
* wt: weight; vol: volume 



Table 1-2 lists five types of cermet manufacturing methods, which have been 

published so far. The table includes cermet materials and their composition ratio, 

fabrication method and sintering temperatures. 

Fabrication method number one is directly mixing the metal and electrolyte 

materials, and using turpentine oil to disperse the mixture.'^^ Method two is to calcine the 

mixture between 1273 and 1673K, which is ball milled with ethanol or a water based 

media.'" Then the mixture is grounded and milled again to a desired powder size and 

mixed with turpentine oil to form an electrode paste. These two methods are commonly 

used because of their simplicity and less expensive cost. Method two is especially good 

for preparing a well-controlled electrode microstructurc without breaking the material 

continuity. Method three is impregnating metal into a pre-constructed porous electrode. 

Hendriks''^ applied two impregnation approaches: immersion of a pre-formed porous 

YSZ in a Pt salt solution followed by reduction; and deposition of Pt in porous YSZ at an 

electrode by means of electrolysis. The great selling point of the impregnation method is 

holding a continuous electronic and ionic conducting path. Method four is a "spray 

pyrolysis (SP)" method suggested by Zhang.'" The cermet is prepared by reacting and 

calcining [Ni(CH3COO)2], Sm(N03)3 and Ce(N03)4 in a solution chamber with four-

temperature zones. Method five is a solution combustion method by mixing Nanosize Ni 

and YSZ.'^^ In this method, it is showed that 30 to 50% of Ni in the cermet has good 

electrode conductivity. 
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As ineniioned above, cermet composition ratio and particle sizes can greatly affect 

the electrode porosity and ohmic resistance. By mixing different Ni-YSZ ratio from 31 to 

87% by volume, Koide^" found that cermet ohmic resistance decreases with increasing Ni 

contcnt. Nakagawa''*^ also got similar results and stated that electrode polarization 

resistance increases with Ni-YSZ ratio. Small YSZ grain size can create large TPB length 

and internal surface area. On the other hand, small particles lead to large tortuosity 

causing large cermet resistance. Mogensen"'" suggests a perfect cermet should consist of a 

network of small YSZ particles (<1 p.m) with a large shared TPB to Ni particles and with 

short species diffusion lengths, and very large YSZ grains (10 - 20 |Lim) carrying oxygen 

ions to the electrolyte. In order to control the cermet porosity at the high sintering 

temperature, Cracium"® added zirconia fiber (Si stabilized zirconia) into normal YSZ to 

prevent YSZ from being densified. Besides that, adding zirconia fibers can also improve 

the electrode/electrolyte contact and reduce the electrode interface resistance.""^' 

The cermet preparation atmosphere also affects the electrode conductivity. Sasaki 

prepared Scandia-stabilized zirconia (SSZ) with Pt powder by a high-energy ball mill 

under air and vacuum environments. The conductivity test shows that milling under 

vacuum gives higher conductivity due to different malleability of Pt at different 

environment. Loss of malleability in air induces the disconnection of the Pt-Pt linkage. 

Cermet sintering temperature is an important factor affecting the performance. 

Inadequate sintering results in either poor electrode performance or performance 

degradation. If the cermet sintering temperature is too low, oxide particles cannot 



coagulate and still remain isolated. If the temperature is too high, oxide coagulation starts 

to grow in size and isolate themselves on the metal particle, preventing oxygen ions 

conduction. Sasaki'"^^''"^^ concluded that an optimum firing temperature is between 1473 

and 1573K for Pt and SSZ by correlating the Pt-SSZ electrode performance with cermet 

sintering temperature. 1473K has been shown to be the best sintering temperature for Ni-

YSZ cermet. 

Since the cermet electronic conductivity is weakened due to adding an oxide, in-

plane ohmic resistance increases greatly. A second layer may be needed to supplement 

the lost of conductivity. The second layer should have low in-plane resistance made from 

sufficiently high conductivity material. At the same time, the second layer must be highly 

porous with large pores to eliminate the gas diffusion polarization losses. A Ni enriched 

Ni-YSZ layer''" or Ni layer^^ was reported to be over-printed on a Ni-YSZ cermet layer. 

Cracium^^ and Fukunaga^"^ used Pt as a second layer printed on LSM-YSZ electrode. 

1.3 Electrode/electrolyte interfacial characteristics 

The principle of a SOEC and its major components have been reviewed in the 

previous section, as well as the requirements for an electrode and an electrolyte. 

However, producing oxygen from an oxygen bearing gas has many complicated 

processes, such as gases adsorption/desoiption, diffusion, and electrochemical reactions. 

For example, the following equation (1-2) describes the reaction among CO2, CO and O2. 
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CO, ^C0 + -0, 
2 • 

1 
(1-2) 

the equilibrium constant can be written as: 

(1-3) 

where P, is the partial pressure of a gas. is a function of temperature and has a 

small value, which suggests favored oxidation of CO. In order to reduce CO2 at a 

moderate rate, a proper catalyst is needed. For that, CO2 electrolysis characteristics need 

to be investigated. There has been a limited amount of CO2 electrode kinetic reseaich 

done so far. However, an analogy between O2 electrode kinetics and CO2 electrode 

kinetics can be made, and the experimental methodology used in the O2 electrode kinetics 

study may be borrowed. Therefore, O2 electrolysis characteristics are reviewed in the 

following sub-sections. 

1.3.1 CO2 behavior on metals 

Carbon dioxide properties had not been studied widely until the 1980's, because its 

thermodynamic stability prevents conversion to other molecules. However, due to its 

great importance in methanol synthesis chemistry and automotive exhaust conversion 

catalysis, CO2 surface chemistry has attracted surface scientists. 

Any reaction of CO2 requires its activation by a catalyst, which can be oxide or 

metal. While the chemisorption and reaction of CO2 on an oxide surface, such as CaO,^^ 



NiO,^^ and ZnO''^ etc., has been studied extensively, much less information about the 

structure and bonding of adsorbed CO2 on metal surfaces is available, such as Pt, 

Rhodium (Rh), Iron (Fe), Palladium (Pd) and Ni etc.. Especially for Pt surface, very few 

studies have been done so far. 

Generally, the physisorption of carbon dioxide is found on Pt surfaces as the 

temperature approaches 80K. At high temperature above lOOK, carbon dioxide is 

reported not to be adsorbed on a pure, clean platinum surface.'''' In his CFSO-BEBO 

model, Weinbergshows the same result that weak and non-dissociative adsoiption of 

CO2 is due to a high activation barrier on the Pt caused in part by a large work function. 

In order to be dissociated, CO2 has to bond to the Pt substrate with two of its atoms, 

forming a bidentate structure with Cs symmetry bonding to the metal surface through 

carbon and oxygen, as Figure 1 -5 shows. The elongated shape weakens the interacting C-

O bond in the bidentate structure, leading to an easier dissociation of CO2. Nonnally such 

elongated structure can be formed by receiving free electrons donated from other sources, 

such as alkali metal that can be potassium (K),'"^ to the Pt substrate. Other chemisorption 

of CO2 could also be possible if the Pt surface is atomically rough containing a high 

defect density. Long residence time makes it possible to stabilize the chemisorbed species. 

C O 

Pt Pt 

Figure 1-5: Bidentate structure 
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Liu el al}^^ investigated the adsorption and reaction of CO2 on clean Pt(l 11) and K-

dosed Pt(111) using a combination method of high-resolution electron energy loss 

spectroscopy (HREELS), thermal desorption spectroscopy (TPD) and Auger electron 

spectroscopy (AES) at low and high temperatures. All the spectroscopic methods 

demonstrate that CO2 does not adsorb on the clean Pt surface. When K is pre-dosed on 

the Pt surface, potassium atoms donate their 4s electrons to the Pt surface, causing a 

decrease in the work function. At low K coverage, considerable electron density is 

backdonated from the K-dosed Pt to the CO2 ;r* level, giving a dipole, which is 

negatively charged on C and bent CO,. Such re-construction weakens the C-0 bond. CO 

is thus produced by reaction (1-4) in a favorable channel; 

CO, =C0 + 0 (1-4) 

The oxygen anion 0" can exist without further reaction to form carbonate due to 

plenty of open surface on the Pt. When the K coverage is high, the Pt surface becomes 

more crowded and adsorbed K accepts back electrons, which are previously donated, thus 

the work function increases. Because of less open space available, any O" created from 

the C-0 bond cleavage would produce carbonate if CO; is available. Liu stated that 

another channel to form carbonate is through disproportionation of the CO^: 

CO^'CO, =C03 +C0 (1-5) 

Liu also examined CO2 adsorption behavior on the oxygen predosed Pt surface, and 

found that CO, are not favorable on such a surface. However, the CO2 adsorption 
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characteristics on oxygen-potassium predosed Pt surfaces show a similar behavior as 

potassium predosed surface. 

1.3.2 CO2 electrolysis 

The study of CO2 electrolysis to produce O2 has drawn experimental researchers" 

interest in the early 1970s for reclaiming oxygen in a space flight regenerative life-

support system. Elikan, Morris, Wu and Saunders" designed a closed-loop solid 

electrolyte oxygen regeneration system. The electrolysis unit, a subsystem of the oxygen 

regeneration system, was constructed from tubular YSZ coated with Pt- 10mol% YSZ 

(lOYSZ) composite as electrodes. By applying an external voltage, this system could 

recover O2 from both CO2 and H2O in any proportion. 

Another NASA research group, Erstfeld, Mullins and Williams^ tested CO2 

electrolysis using a ceramic electrolyte made of three different compositions in order to 

analyze the feasibility of oxygen recovery or regeneration of oxygen for space life-

support: 8mol% Y203-Zr02, 7.5mol% Ca0-Zr02 and 5mol% Y203-Th02. Porous Pt was 

used as electrodes. By comparing cell efficiency and performance as a function of applied 

voltage and temperature, they conclude that 8YSZ is the best oxide material for 

electrolyte in the temperature range of 1123 to 1223K. Based on their single ccll test 

results, they scaled up the cell and predicted a size of an electrolysis system, which could 

be used in reclaiming oxygen and carbon from effluents of space manufacturing. 
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Alcock and Zador'^ investigated the effect of adding CO2 on the removal O2 from an 

O2 gas mixture by means of solid electrolyte. They found that electrolysis of oxygen 

bearing gas, like CO2, H2O or SO2, is only effective if the initial free oxygen content of 

the mixture is considerably lower than that of the gas to be removed. However, they did 

not give any analysis on CO2 electrolysis. 

Etsell and Flengas'" investigated the decomposition of CO2 at the 

electrode/electrolyte interface at temperatures between 973 and 1373K. A 10 mol percent 

CaO doped Zr02 tube was used as the solid electrolyte. Porous Pt was used for the 

electrodes. In order to study the oxygen electrode kinetics over a wide range of oxygen 

partial pressure, they used Ar-02 (1 to 10"^ atm), CO-CO2 (10'^ to 10""' atm) and H2-H2O 

(10"^° to 10"~^ atm) mixtures to control the O2 partial pressure. In the case of the CO-CO2 

mixture, the CO2 concentration varied from 1.1% to 99.98%. Current was measured when 

voltage was applied on the cell from 0 to 6 V. By neglecting the concentration 

overpotential due to the fast gas diffusion assumption, Tafel plots were plotted, and the 

transfer coefficient (a) was obtained to be close to 0.5 for all CO2 concentration cases 

and above 1123K. The exchange current density (io), which is discussed in later chapters, 

was extracted to be 0.1 - 1.6 niA/cm". Based on the electrochemical reaction at the TPB: 

C0,,,)+V„+2e-^C0^^^+0: (1-6) 

where is a doubly positive charged oxygen vacancy provided by the electrolyte, 

is an oxygen ion on a normal electrolyte lattice site, and e" is an excess free electron from 

the electrode. The exchange current density was derived as; 
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(1-7) 

where k is the rate constant, 6co is the CO fractional surface coverage. Etsell and Flengas 

argue that equation (1 -7) can explain the overpotential behavior in CO-COi mixtures 

successfully. When the experimentally obtained transfer coefficient equals 0.5, ig should 

reach a maximum near 50% of CO based on equation (1-7). The exchange current density 

data at 1273K supports the reaction (1-6). and the following electrode reaction at TPB is 

eliminated: 

Being similar with Etsell and Flengas,'" Badwal, Bevan and Bockris'''^ also studied 

the oxygen electrode kinetics over a varying oxygen partial pressure adjusted by the CO-

CO2 (10'^® atm) and Ar-HaO (3.8 x 10"^ atm) mixture. The testing unit was made from 

YSZ as the electrolyte, urania (UojYojjOi+x as the cathode and Pt as the anode. The 

current interruption method was used to separate the ohmic loss and activation 

overpotential over a temperature range of 1073 to 1273K. Based on the Tafel plots of 

CO-CO2 mixture, the cathodic transfer coefficients were extracted to be between 0.7 and 

0.9, depending on the temperature and CO-CO2 initial ratio. The exchange current 

density observed is higher than that calculated on the basis of the same amount of O2 

concentration. They explain that such a higher exchange current density is due to the 

direct involvement of CO-CO2 in the O2 transfer reaction. However, Badwal, Bevan and 

Bockris'^ did not make further investigation on CO-CO2 electrode reaction either. 

C02,(g) + 2e (1-8) 
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Through an ainperometric zirconia oxygen sensor using Pt as the electrode, Copcutt 

and Maskell'^ tested the CO2-O2 mixture, and suggest the CO2 electrolysis reaction may 

include the following electrode reactions: 

C0, + 2e' ^CO + O'- (1-9) 

C:(X+4e^ ^C + 20' (1-10) 

C0 + 2e^C + 0" (1-11) 

and the disproportionation reaction: 

2CO^CO,+C (1-12) 

The sensor was operated under an excess air condition (3.5% O2). The performance 

at 923K shows some distinct features. The current does not change as the applied voltage 

is between 300 and 800 mV due to oxygen diffusion limiting. The current increases with 

applied voltage when the voltage is above 1000 mV. It is suggested that this is the onset 

of CO2 electrolysis. After increasing to a peak, the current dropped at higher voltage, but 

increased again before the onset of electronic conduction at 1800 mV. The measured 

cathode overpotential is larger than the anode overpotential, partially due to the 

concentration overpotential at the cathode. By estimating the CO2-CO binary diffusivily 

to be 1.17 cm/s, Copcutt and Maskell eliminate the diffusion limiting mechanism, 

although the oxygen sensor is normally treated as a diffusion-limiting device. Under the 

CO-CO2 rich case, current is thus kinetically controlled. 

Removal of greenhouse gases is another reason to study electrochemical CO2 

10 reduction. Yamamoto et al. examined the CO2 decomposition characteristics on a 
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perovskite type cathode in a temperature range of 1023 - 1273K. The anode and 

reference electrodes were constructed from Pt. The cathode activation overpotential was 

measured by the currcnt interruption method. The activation overpotentials were 

compared among the three types of electrode, Lai-xSr^CrOi, Lai.xCaxCrOs and Lai.xCaxMnO^ 

at different composition of Sr or Ca. CO2 activation overpotential decreased as the 

composition of Sr or Ca increased. The Tafel plot showed that the possible CO2 electrode 

reaction is to decompose CO2 into CO and O2 followed by reducing to O"". However, no 

CO2 electrode kinetics was provided. 

Since CO2 reduction on a SOEC has received little attention in the literature, and 

most researchers have only conducted investigations on basic current-voltage 

experiments, a thorough study on CO2 electrolysis kinetics is necessary to fully 

understand the electrochemical reaction mechanisms. 

1.3.3 Reduction of O2 at the clectrode/electrolyte interface 

Extensive investigations have been tried to determine the rate-determining step 

(r.d.s.) for the O2 cathodic reaction at the electrode/electrolyte interface: 

0,_,g,+4e-^+2V„-=20: (1-13) 

However published experimental data and their derived interpretations based on so-

called models about the mechanism of the electrode reaction and the corresponding rate-

determining step are contradictory. Such discrepancies may be caused in part by the 

different experimental conditions, inability to separate the activation overpotential and 
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ohmic loss, and incomplete results, etc.Impact from different electrode materials, ways 

of electrode preparation and resulting electrode morphology are the root causes. Other 

factors, such as impurity in the electrode and electrolyte material may contribute to the 

discrepancies too. 

The proposed rate-determining step of O2 electrode kinetics includes gas phase 

diffusion through the porous electrode structure, adsorption of oxygen, dissociation of 

oxygen on the electrode, surface diffusion of the adsorbate to the reaction site, charge 

transfer at the interface and oxygen ion transportation through the electrolyte. 

79 7^ 
Wang and Nowick ' made a series investigation on oxygen polarization on Pt 

electrodes. Anodic and cathodic activation overpotentials as well as ohmic losses of the 

electrolyte were separated by using the current interruption method, in combination with 

a reference electrode in the temperature range of 773 - 1 173K. An AC impedance 

method and DC steady state and transient overpotentials were used to deduce the overall 

oxygen electrode kinetics on calcia and yttria doped ceria electrolyte and electrode 

interface. Their studies on Pt electrodes at oxygen partial pressures from 1.2x10"^ to 1 atm 

show that at high , both anode and cathode overpotential obey the Butler-Volmer 

equation with unity transfer coefficients. These observations imply that the electrode 

polarization is controlled by a charge transfer mechanism. Surface diffusion effects of the 

oxygen adsorbate, which obeys the Langmuir isothenn, are not important except for 

silver or thick Pt electrodes. Study of the exchange current density as a function of 



and temperature show switches from at low temperature and/or high Pq^ to at 

high temperature and/or low P^^. The r.d.s. switches from the cathode to the anode. 

An electrode polarization study about Pt foil. Ag past, Au paste and Ag foil 

74 electrodes with doped ceria electrolyte was conducted by Wang and Nowick. They find 

the cathodic and anodic transfer coefficients are Vi and respectively, and the transient 

overpotentials decay slowly. The exchange current density is proportional to P^'^ for all 

electrodes, except for Au at low P^^ less than 10"^ atm. Their model of charge transfer in 

a two-phase region between the electrode and electrolyte successfully interpreted the 

experimental data by suggesting that the rate is controlled by the intcrfacial diffusion of 

adsorbate along the electrode. 

Wang^^ studied the O2 polarization behavior at the interface of Pt and YSZ to 

examine the reduction mechanism in the temperature range of 539 - 1018K. The Pt 

electrodes were laminated and a physical barrier was mounted on the cathode to limit the 

gas diffusion. The experimental data show that oxygen adsorbate diffusion along the 

electrode and electrolyte interface and O2 slow adsorption on the Pt surface limit the 

reaction rate, as temperature is less than 773K. The result is consistent with his previous 

model published ten years ago. However, the study has difficulty in distinguishing the 

reaction mechanism at high temperature. 

Gur, Raistrick and Huggine studied the steady state oxygen DC polarization 

characteristics at the Pt and SSZ interface between 873 and 1173K in the presence of 10'® 
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- 1 aim of . Three types of O2 electrode kinetics were discovered under the different 

operating conditions. When the applied voltage is small, the r.d.s. is the slow diffusion of 

either atomic oxygen or electronic species. As the current increases to an intermediate 

value, oxygen ions migration in the SSZ becomes the r.d.s.. At the high current, oxygen 

diffusion in the gas phase begins to dominate the overall reaction rate. They also show 

that at a high working temperature, SSZ has electronic leakage when is lower than 

10"^ atm. 

Similar to Gur et al, Nguyen et constructed a solid oxide electrolyte cell using 

tubular 1 Omol% YSZ (lOYSZ) as the electrolyte and Au as the electrode. They tested O2 

reduction in the temperature range of 923 - 1123K at various oxygen partial pressures. 

The cathodic electrode polarization shows that oxygen adsorbate surface diffusion along 

the Au/IOYSZ interface is the rate-determining step in the intermediate oxygen partial 

pressure. The experimental data match well with a modified Butler-Volmer equation with 

the anodic and the cathodic transfer coefficients being unity. However, at low 7'^ less 

than 10" atm, oxygen diffusion is slow and limits the reaction rate, while at high , the 

joint effect of slow charge transfer and surface diffusion becomes dominant. 

Mizusaki et investigated the oxygen electrode reaction on a 8YSZ pellet with 

10mm diameter and 1-9 mm thickness. Pt paste was used as the electrode sintered at 

1173K. Electrode polarization overpotentials were measured at 973K. In the Tafel plot, a 

limiting current appeared for the anodic polarization when is high. However at low 



Pq̂  , a limiting current was observed for the cathodic polarization. Because the simple 

Langmuir adsorption isotherm no longer applies, the r.d.s. becomes either slow 

dissociative adsorption of oxygen on the Pt electrode when the working temperature is 

lower than 773K, or surface diffusion of oxygen adsorbate to the TPB when the 

temperature is higher than 873K. 

Robertson and Michaels^^ studied the oxygen electrochemical reaction at the 

Pt/8YSZ interface from 873 to 1073K for 10"^ - 1 atm . The current interruption 

method was used to collect the steady state polarization data in a three-electrode set-up. 

The transient current was also recorded after the current was interrupted. Current-voltage 

plots show the near exponential behavior at an intermediate potential, but approach 

anodic and cathodic limiting currents at higher overpotentials. By using an infinitely long 

Pt strip model, which is similar with Wang's model^"^ they calculated the transient 

current. The data indicate that the charge transfer step is confined at the TPB, implying 

that only a small fraction of the Pt-YSZ interface is electrochemically active. 

74 88 87 Like Wang and Robertson, Kenjo et al. investigated oxygen electrode steady 

state and transient polarization in a three-electrode setup using the current interruption 

method. The cells with Pt/IOYSZ and Pt/SDC (samaria-doped ceria) electrode-electrolyte 

had been tested between 973 and 1173K in an air atmosphere. The 1 -D model fits well 

with their experimental results, indicating that the slow oxygen dissociation is the r.d.s.. 

In order to increase the electrochemical reaction site, they suggest using Pt/CcOi cermet 



as the electrode for the first time. The new electrode showed smaller activation 

overpotential losses than the Pt electrode. 

Schwandt and Weppner^^ studied the oxygen electrode kinetics of Pt and Au on 

different types of stabilized zirconia interfaces, including the single crystal cubic, 

polycrystalline cubic and polycrystalline tetragonal zirconia. AC impedance spectra were 

recorded in the temperature range from 773 to 1173K with from 10'^ to 1 atm. The 

spectroscopy showed surface diffusion of adsorbate on the Pt surface as the r.d.s.. 

However, in the case of gold electrodes there is a competing rate-determining step 

mechanism. At high , slow diffusion of dissociatively adsorbed oxygen on Au limits 

the reaction rate, while at low , the diffusion of oxygen adsorbate in the vicinity of the 

TPB determines the overall reaction rate. 

In order to discover the dependence of the oxygen electrochemical reaction rate at 

various cathodes on zirconia electrolyte with various ionic conductivities, Uchida et al. 

investigated the Pt, LSM and Pt-LSM cermet electrode with 3YSZ, 4YSZ, 8YSZ and 

8YbSZ (8mol% of YbaOs doped zirconia) electrolytes in a temperature range of 1073 -

1273K. The current interruption method was used to separate the activation overpotential 

and the ohmic los.ses. The cathodic overpotential showed that for Pt electrodes, the step 

of dissociative adsorption of O2 to form adsorbate or the step of adsorbate surface 

diffusion limits the reaction rate at high temperatures above 1173K; but the step of ionic 

transfer from the TPB into the zirconia electrolyte limits the rate at low temperatures 

below 1073K. However for Pt-LSM cermet and LSM electrodes, which is a mix ionic-



electronic conductor, the rate-determining step is more complicated. At a high 

temperature of 1273K, the transport of an oxide ion from the TPB into the zirconia 

electrolyte or from LSM into the zirconia electrolyte is the rate-determining step. At low 

temperature, the surface reaction step becomes the r.d.s., such as either dissociative 

adsorption of O2 to form oxygen adsorbate or charge transfer at the TPB or LSM. 

So far oxygen electrode kinetics has been studied for over thirty years extensively. 

The current interruption method and AC impedance method have been used to measure 

and analyze the steady state and transient polarization characteristics over wide 

temperature and oxygen partial pressure ranges. There still remains a discrepancy about 

the oxygen electrochemical reaction mechanism due to inconsistent electrochemical cells 

with different electrode and electrolyte materials, non-reproducible electrode preparation 

techniques and different experimental conditions. Nevertheless, various mechanisms and 

analysis methodology could be still helpful and adopted in CO2 electrode kinetics study. 

1.4 Objective and outline of the dissertation 

The goals of this dissertation are to understand the electrochemical kinetics and 

mechanism of electrolyzing CO2 in a SOEC that generates O2. Experimental and 

numerical investigations on CO2 electrolysis are pursued. Different overpotentials, which 

are associated with the chemical reaction, the charge transfer-related electrochemical 

reaction, and various species transportation, are studied and quantified. Various efforts 

and new technology are sought to improve the SOEC efficiency by reducing the 



irreversible overpotentials. This dissertation endeavors to attain these goals to provide 

both the fundamental and experimental support for human exploration on Mars. The 

following summarizes how these objectives arc obtained in the subsequent chapters. 

A thermodynamic model of a CO2 electrolysis is first evaluated in Chapter 2. The 

analyses provide information about the correlation between the thermal energy and the 

electrical work. The model calculates the minimum electrical work needed to electrolyze 

the CO2 molecules. Corresponding irreversible processes, various overpotentials are 

introduced in this chapter, such as the concentration overpotential, activation 

overpotential and ohmic losses. Concept of a SOEC efficiency introduced in this chapter 

provides evidences to develop and improve the SOEC. 

SOECs constructed with four-electrode settings are discussed in Chapter 3. An 

experimental test rig is described. The current interruption method is adopted to measure 

the CO2 electrolysis kinetics. SOECs using Pt-based electrodes and Pt-YSZ cermet-based 

electrodes are tested at three different temperatures ranging from 1023 to 1123K. 

Experiments are conducted by varying applied potential, which spans the range from 0.0 

to 2.0 V. Exchange current densities and charge transfer coefficients for both anode and 

cathode are investigated based on the Butler-Volmer equation. Performance comparisons 

are also made among those different SOECs in Chapter 3. 

In Chapter 4, a mathematical description of CO2 electrolysis to produce O2 is setup 

by taking into account different kinetics, such as surface exchange kinetics, mass transfer 

and electrochemical kinetics. A numerical simulation is carried out to calculate the 
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species concentration and cell voltage. The effects of surface diffusion coefficients, 

adsorption/desorption rate constants, and anodic/cathodic reaction rate constants on the 

cell performance are also studied. A comparison between the numerical results and 

experimental results obtained in Chapter 3 at 1023K is made in Chapter 4. 

Conclusions and future work are presented in Chapter 5. 
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2 FUNDAMENTALS OF CO2 ELECTROLYSIS 

2.1 CO2 electrolysis theraiodynamics 

2.1.1 CO2 electrolysis in a closed system 

The principle of a SOEC is illustrated in Figure 1-1, which shows an electrolyte 

sandwiched between two working electrodes. At the cathode side carbon dioxide are 

reduced to carbon monoxide and oxygen ions, while at the anode side oxygen ions are 

oxidized to form oxygen. The overall reaction for COi electrolysis can be expressed as: 

CO, ^C0 + -0, (2-1) 
2 

The total energy required to electrolyze CO2 consists of two parts, thermal energy 

(TAS) and free energy (AG);^^ 

AH = AG + TAS (2-2) 

where H is enthalpy, G is Gibbs free energy, and S is entropy. For the chemical reaction 

(2-1), the free energy can be expressed by: 

~ ̂  ~ T 802 8co ~ Scoj (2-3) 
P-R ^ 

where gi is the specific Gibbs free energy and F,- is the stoichiometric coefficient for the 

given specie of reaction (2-1), and the index P-R means products minus reactants. 

For an internally reversible reaction, the minimum amount of free energy or 

electrical energy needed for the electrochemical reaction is given by: 
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AG = nFV^,, (2-4) 

where F is the Faraday constant, Vbcv is the open circuit voltage, and n is the number of 

electrons involved in the reaction. Therefore, Vocv at a given temperature T can be 

calculated from the constant-pressure specific-heat (Cp) of the species involved in reaction 

59 77 
(2-1). Empirically the approximation of Cp can be expressed as: ' 

Cp=3i{a+bT + cT^+dT'+eT') (2-5) 

where 91 is the universal gas constant; a, h, c, d and e are empirical constants which are 

tabulated in following table for different gases. 

Table 2-1: Various constants in equation (2-5) for different gases 

Gas a bxlO^ cxlO® dxlO'^ exlO'^ 

CO 3.71 -1.619 3.692 -2.032 0.24 

o
 

u
 2.401 8.735 -6.607 2.002 0 

02 3.626 -1.878 7.056 -6.764 2.156 

Air 3.653 -1.334 3.291 -1.91 0.275 

The total available energy and entropy change for idea gases at a given temperature 

T are calculated by: 

AH = AH" + l^^AcpdT (2-6) 

and: 

AS = AS" + f ^dl (2-7) 
H.9S J 
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where AH" and AS" are standard enthalpy and entropy''' referenced to 298K, and At), is 

the difference in the constant-pressure specific-heat for the products and reactants 

involved in the stoichiometric reaction equation (2-1). 

Acp = SR (Aa + AbT + AcT' + AdT' +AeT*) (2-8) 

350 

300 

250 o 

-3 

w 200 
«) 

<J 100 

50 

- — 

. "" AG 
. Vocv 

AH 
i 

TAs -

^ 
r I-

B, i 

-- i 

- AG " ocv 

' 1 ' ' • • 1 ' ' ' ' 1 ' ' • • M ̂  ^ ' ^ 

2000 

1800 

1600 

1400 

1200 ^ 

1000 
o o 

800 ^ 

600 

400 

200 

0 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Temperature (K) 

Figure 2-1: Temperature dependence of various energies and yocv for COi dissociation 

Figure 2-1 illustrates the various energies and open circuit voltage changes as a 

function of temperature for CO2 electrolysis in a closed system. It shows that AH is 

almost constant for a wide range of temperature. Gibbs free energy decreases nearly 

linearly with increasing temperature. At a higher temperature, only a small amount of 

free energy is needed to electrolyze CO2. The open circuit voltage, which indicates the 
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minimum electrical work needed to dissociate CO2, is calculated to be 1003 to 958.6 mV 

in the temperature range of 1023K to 1123K. 

2.1.2 CO2 electrolysis in an open system 

Crucible V 

^CO ,,ex^CO~^ ^CO^CO ,a 

•  " A  

Cathode (Pt) ^ 

Electrolyte (8YSZ) 

Anode (Pt) j 

Crucible 
A 

A',,. 
V 

Figure 2-2; A control volume of a SOEC open system 

While electrolyzing CO2 to produce O2, the reactant and products are flowing 

through the electrolyzer system. The concentrations of CO2 and CO change with the O2 

production rate, causing a change of the open circuit voltage. Mixing the reactant CO2 

and the product CO introduces an entropy change because of the irreversibility of the 

mixing process. Furthermore, flushing O2 at the anode using air also affects the open 

circuit voltage. Therefore, for such an open system of electrolyzing CO2, a 
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comprehensive thermodynamic analysis is needed based on thermodynamic laws. A 

generic open system of the solid oxide electrolysis cell is illustrated in Figure 2-2. 

iV, is the mole flow rate of the reactant or products in mol/s, h. is partial molar 

enthalpyis the heat flow entering the system, and is the electrical power input 

to the system. Air inlet flow at the anode side consists of 21% oxygen and 79% nitrogen. 

The subscripts represent the species and status, such as inflow or exhaust. Performing an 

energy balance on such an open system, the rate of change of energy is written as: 

f rIF A 

-r =Qi.+A+T"-ll" (2-9) 
\ Jcv in ex 

where 

= and (2-10) 
in in ex ex 

where the subscript i represents species, and the index in/ex refers inflow/exhaust 

respectively. By assuming ideal gases, the partial molar enthalpy equals to the specie 

specific enthalpy, which is calculated by; 

T 

h,=Ah;„-+ lc,,dT (2-11) 
298 

where AAJ ^98 the enthalpy of formation, Cp is calculated by equation (2-5). 

Introducing the air flushing flow rate , and by the chemical species molar 

balance and electron charge balance based on the reaction (2-1), the species flux can be 

expressed by: 



54 

... = 

N = N + •"CO.M ^'CO.in ^ 

I  

2F  

2F 

.. = IV„ ..+—= 0-21W.,„,+T^ 
4F Oj.CX 02,!« 

N  = N  = Q 1 9 N  

•^ca.in •" -^COj.in ^CO.in 

(2-12) 

( 2 - 1 3 )  

(2-14) 

(2-15) 

(2-16) 

where I is the cell current, and is the total gas inlet flow rate at the cathode. Under 

the steady state and isothermal assumption, equation (2-9) can be re-written by 

substituting equation (2-10) through (2-15) as: 

0 = Q. +W. -^in " m 
v 2 F y  

h  + — h  - h  
"C0,« ' 2 COj.ex 

(2-17) 

If the reaction is infinitesimally slow and internally reversible, the heat flux can thus be 

expressed by: 

(2-18) 
in J 

where s. is the partial molar entropy of species and is given by a function as 

1. - s- - 9\ In X;. Xi is the mole fraction. Therefore, substituting minimum power (/Vocv) 

and equation (2-18) into (2-17), the minimum voltage (Vocv) needed to electrolyze CO2 

can be derived as: 
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Vccv =^(AG)+«T:?!^ln 1 -
I I 2 F  

N. CO2M J 

R T ,  
In 

IF 

N C O , , . - I I 2 F  

^co,,«+//2F 
+ 9^7^^^^ In 

0.79A^,,,. 
+- 9 \ 7 1 n  

iV. . air,m 

I 

\ 

,  / / 2 F  
1 + 

, iV. . +//4F y air,<« J 

\ * COJn J 

0.2\N,. 

Nc 

^SRrin(0.2l) 

(2-19) 

r 
+ 

0.21 A-' 
- + -

4F 
9tTln 

"0.21iV,„, + //4F" 

V ^air,,„+//4F 

Both the open circuit voltage equation (2-19) and equation (2-4) are calculated based 

on the thermodynamics. Equation (2-4) is a static value which the current is zero, while 

equation (2-19) is derived based on an assumption that the gas composition has finite 

change. This open circuit voltage is an average value, and includes more factors, such as 

the effects of current, composition changes, gas flow rates and mixing reactants and 

products. For example, the second, third and fourth terms at the right hand side of 

equation (2-19) are results of CO2 and CO concentration change at the cathode side, 

respectively. As the SO EC current increases, more CO and O2 are produced, and the 

concentration of CO increases with decreasing CO2 concentration at the cathode side, 

thereafter the partial molar entropy changes. The effect of the concentration change of 

oxygen and nitrogen at the anode side is expressed by the last three terms in equation 

(2-19). Figure 2-3 illustrates the calculated open circuit voltages for a pure CO2 inflow 

system at different temperatures as a function of current for the open system, whose CO2 

in-flow rate and air-flushing rate are set to 1.3625x10'^ mol/s and 6.81x10'® mol/s, 

respectively. In the plot, the open circuit voltage increases with the current 
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monotonically. At a zero current, open circuit voltage equals to the one calculated from 

the closed system. As the temperature increases, the open circuit voltage decreases, 

indicating that CO2 electrolysis is easier and less electric energy is needed. 

1200 
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Figure 2-3: Open circuit voltage as a function of current 

The effect of initial COj concentration at the cathode on the open circuit voltage is 

plotted in Figure 2-4. The gas inlet flow rate at the cathode is set to 1.3625x10'^ mol/s 

and air-flushing rate is 6.81x10"® mol/s. There are three initial CO2 concentrations in the 

plot. As the initial CO2 concentration decreases, VQCV increases. That means more 

electric energy is needed to separate the mixtures. 
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Figure 2-4: Initial CO concentration effect on the open circuit voltage 

2.2 CO2 electrolysis transport characteristics 

SOEC transport processes involve mass and heat transfer phenomena. Heat transfer 

is very important for a SOEC thermal management, while mass transfer determines the 

SOEC efficiency. 

Several mass transport processes occur in a SOEC that generate oxygen from CO2. 

Such processes include mass transfer of the reactants and products involving bulk and 

surface diffusion, and charge transfer that results in oxygen ionization. Each mass 

transport process may give rise to a polarization phenomenon, which is to be discussed in 
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the next section. Figure 2-5 gives the plausible reaction paths at the cathode side (CO2 

side). Similar processes may occur at the anode side (Air side). 

f" 
CO, bulk diffusion 

CO, reaching electrode ] 
L 

CO, reaching electrolyte 

COj adsorption 
dissociatively on electrode 

I 

CO, surface diffusion 
along electrolyte to TPB 

O" surface diffusion toward TPB 

Further ionization at TPB 

O"' conduction in YSZ 

Figure 2-5: Plausible reaction paths for CO2 electrolysis at the cathode side 

At the cathode side, CO? impinges onto the electrode and electrolyte surface from 

the bulk. CO2 flows and brings the product CO gas away from the electrode and/or 

electrolyte surface. 

Following the bulk diffusion, CO2 is dissociatively adsorbed on the Pt surface by a 

lowered work function, forming adsorbed species, such as carbon monoxide and oxygen 

anion O. CO2 further diffuses to the triple phase boundary through macropores of the 

porous el eel rode. A typical diameter of macropores formed by the porous electrode is in 
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the range from hundreds of nanometers up to tens of micrometers. Figure 2-6 is a Field 

Emission Scanning Electron Microscopy (FE-SEM, Hitachi S-4500) image of a typical Pt 

electrode, which is sintered at 1273K in air for one hour. 

Figure 2-6: SEM of Pt electrode 

Under the concentration gradient and/or electric field, the adsorbed species. O . can 

surfacc diffuse to the TPB, participating in a charge transfer reaction described in Kroger-

Vink notation: 

0-+e-+V„ ^O: (2-20) 

The adsorbed CO can surface diffuse away from the TPB along the porous electrode, 

dcsorb to CO gas and leave the electrode. 

O* produced by reaction (2-20) further migrates to the anode side from the cathode 

under the potential field. At the TPB of the anode side, oxygen atom is formed from O^ 

by getting rid of two electrons to the electrode, described by following equation: 

O;^ ^0 + 2e- + V, (2-21) 
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Under the concentration gradient at the anode side, the adsorbed oxygen atom 

diffuses away from the TPB. At the same time, the adsorbed oxygen atom desorbs and 

forms oxygen molecule, leaving the electrode. 

The overall electrochemical reaction of CO2 electrolysis to produce O2 can therefore 

be expressed as the following for the cathode and anode. 

CO, + X, + 2e- ^ + CO (2-22) 

0;?^i0,+V„+2e- (2-23) 

A detailed description and discussion of CO2 electrolyzer transport characteristic 

modeling can be found in Chapter 4. 

2.3 Overpotentials 

There exist oveipotentials, or polarizations associated with the above mass transport 

processes. An overpotential is defined as the degree of deviation of the cell voltage from 

its thermodynamic open circuit voltage.'" In other words, an overpotential is an extra 

amount of non-reversible energy required to overcome the energy barrier which allows 

the reaction to occur. It shows how far away the cell is from its equilibrium. 

The cell overpotential mainly consists of three components: concentration 

overpotential {rjcon), activation overpotential {rjact), and ohmic overpotential (rjohmic), as 

expressed following: 

n = %Hmic + ^con + lac, (2-24) 



61 

where r] is the overall overpotential. Other additional oveipotentials may exist, such as 

the chemical reaction overpotential. The cell overpotential cannot be eliminated but can 

be minimized by proper material modification and good cell design. Furthermore, cell 

working atmosphere, such as pressure and temperature, can also influence the 

overpotential. 

2.3.1 Ohmic losses 

The ohmic losses are due to resistance created when ions are moving through the 

electrolyte and electrons are moving through the electrode, including the Pt lead wire 

resistance, elecirode resistance, electrolyte resistance, etc.. According to Ohm's law: 

= « (2-25) 

where R is the ohmic resistance. By knowing the conductivity (o), conducting length (/) 

and cross section area (Ao), the ohmic resistance of such geometry can be calculated by: 

i? = — (2-26) 
aA, 

Equipotential plane is required to estimate the ohmic resistance of a conductor when 

equation (2-26) is used. The resistance of a lead wire can be easily evaluated by knowing 

71 its conductivity. However, the electrolyte and electrode resistances cannot be directly 

estimated because the electrochemical reactions at the interface of the electrode and 

electrolyte cause a non-equipotential plane. An average ohmic resistance is sought. The 

porous Pt electrode can be viewed as numerous cylindrical pores surrounded by Pt 
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blocks. Such an electrode structure is discussed in Chapter 4. Each Pt block and 

electrolyte forms a resistor, as illustrated in Figure 2-7. 

p Pt Pt Pt 

YSZ 1 Ri 1 

Pt Pt 1 Pt 1 Pt 

Figure 2-7; Illustration of resistors formed by the electrolyte and electrode 

The average resistance can therefore calculated as these numerous resistors arc 

aligned in parallel: 

R = I 
(2-27) 

where e is the electrode porosity, and A„ is the electrode physical area. Equation (2-27) is 

based on assuming the potential filed of each single resistor does not interfere each other. 

Therefore, from above equations, the electrode and electrolyte resistances can be 

estimated and compared with experimental measurement. 

The electrolyte conductivity is measured by a four-probe method. Figure 2-8 

illustrates the 8YSZ conductivity as a function of temperature.^^ As temperature 

increases, the electrolyte conductivity increases, causing a decrease of the electrolyte 

resistance. Other than the lead wire resistance, as well as the electrode resistance and 
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electrolyte resistance, the contact resistance between the electrode and electrolyte and 

oxidation of electrodes may also exist. 
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Figure 2-8: Arrhenius plot for an 8YSZ electrolyte 

2.3.2 Concentration overpotential 

A concentration overpotenti al is caused by the slow diffusion of reactants or 

products under concentration gradients. It is defined as an external energy required to 

maintain concentration gradients in the gas medium near the electrode for the sustenance 

of chemical reactions. This concentration overpotenti al becomes eminent as mass 

diffusion effects hinder the entire electrode reaction. In a SOEC, mass diffusion includes 

gas bulk diffusion and adsorbates surface diffusion. When the maximum diffusion rate of 
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transporting species to/from the electrode reaction site is slower than the electrochemical 

reaction rate, diffusion becomes a rate-determining step, and a limiting current is reached. 

By Pick's diffusion law,'^^ the limiting current density can be calculated by 

assuming the reactant concentration at the reaction site is zero: 

(2-28) 

where D is the diffusivity, CB is the reactant bulk concentration, and Sis the thickness of 

the diffusion layer. Assuming the charge transfer reaction rate at the TPB is so high that 

the activation overpotential is negligible compared to the concentration overpotential. 

The concentration overpotential can therefore be written as: 

9tr, = —In 
FIF 

f .  \  

1 - -

V h J 
(2-29) 

The concentration overpotential can be reduced by increasing the limiting current, 

which is a function of concentration and diffusivity as expressed in equation (2-28). In a 

SOEC, the reactants must diffuse from the bulk to the electrode surface and to the TPB 

through the porous electrode. Therefore, design of gas bulk diffusion channels and 

microstructures of the electrode can influence the concentration overpotential. 

2.3.3 Activation overpotential 

Activation overpotential describes an external energy required to overcome the 

maximum activation energy barrier in order to maintain the electrode reaction at an 
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appreciable rate. This irreversible potential occurs when the rale of the electrochemical 

reaction at the electrode is limited by slow electrode kinetics, or charge transfer. It highly 

depends on the electrode catalytic characteristics and the triple phase boundary lengths. 

For an electrochemical reaction with multiple steps involving multiple electrons, the 

activation overpotential can be correlated to current density (i) by the Butler-Volmer 

equation: 148 

exp 
a^F 
——n 
3iT ' 

-exp .EZ 
3iT 

•Va (2-30) 

where ig is the exchange current density of the electrode reaction, and Ua and a;, are the 

anodic and cathodic transfer coefficients. The transfer coefficients are considered as the 

fraction of the change in polarization, which lead to a change in the reaction rate 

constant. The transfer coefficients are given by the Bockris model as: 148 

V 

a =  —  +  r f i  
V 

(2-31) 

where jc is the number of charges transferred ahead the r.d.s.; v is the total number of 

times of repeating the r.d.s. reaction to complete the reaction; r is the number of charges 

transferred in the r.d.s.; and j3 is the symmetric coefficient (usually 0.5). Apparently the 

transfer coefficients have the following relationship; 

V 
(2-32) 
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The exchange current density is a function of reaction rate constants, the 

concentration of the anodic and cathodic reactants, etc.. It is related to the balanced 

forward and backward electrode reaction rates at equilibrium. A high exchange current 

density leads to a fast electrochemical reaction; therefore good cell performance is 

anticipated. 

Equation (2-30) can be simplified for two limiting cases. At low activation 

overpotcntial, the equation can be linearized by the Taylor expansion to: 

; _ : 
~ —9tr— 

At high activation overpotential, the Tafel equation can be obtained by neglecting 

one of exponential terms, getting: 

Vlac\ = In (2-34) 
\ ( X F  J  

where a could be either anodic transfer coefficient or cathodic transfer coefficient. A 

typical Butler-Volmer equation is plotted in Figure 2-9 when the exchange current 

density is 0.05 mA/cm and the anodic and cathodic transfer coefficients are unity. The 

plot shows a high linearity at large activation overpotential, indicating the Tafel behavior. 

The plot is symmetric due to the same anodic and cathodic transfer coefficients. 

Otherwise, it should be asymmetric. 
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Figure 2-9: Plot of the Butler-Volmer equation 

2.4 SOEC efficiency 

An oveiall efficiency of a SOEC could be expressed by the electrochemical 

efficiency ffe, which is the product of the thermodynamic efficiency £T, the voltage 

efficiency £v and the Faradic or current efficiency 

£g—£j.Ey£j (2-35) 

2.4.1 Thermodynamic efficiency 

The thermodynamic efficiency is also called as an ideal first-law efficiency. It is 

defined as useful energy output divided by required energy input. For a SOEC, the 
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electrical energy may be totally converted to the Gibbs free energy change described in 

section 2.1. Thus the maximum (or ideal) thermodynamic efficiency is given by; 

£> = — (2-36) 
^ AH AH 

2.4.2 Voltage efficiency 

For SOEC, the external electrical energy is supplied to electrolyze CO2 to produce 

O2 and CO. The cell voltage is always larger than the open circuit voltage, or reversible 

voltage. The difference between them is the overpotential or polarization due to various 

losses in irreversible processes, which has been discussed in section 2.3. The voltage 

efficiency is thus defined as the ratio of the open circuit voltage to the applied cell 

voltage: 

£v=^ (2-37) 
M 

where the applied cell voltage is in a form of V, = +TJ^„ +rj^„ +^ohmic • The voltage 

efficiency could be improved by reducing overpotentials, which can be achieved by using 

proper materials and designing good cell structures. Increasing temperature can also 

increase the voltage efficiency, because high temperature can enhance mass transfer, 

increase the electrochemical reaction rate. 
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2.4.3 Current efficiency 

The current efficiency is defined as the ratio of the actual current produced to the 

current available for 100% of conversion of a reactant (for example, CO2 in SOEC). 

(2-38) 

The current available from a complete electrochemical conversion of the reactants is 

calculated as: 

I -nF^ = nFN^^ (2-39) 

where f  is the amount of reactant, and t  is the time. The derivative is the reactant molar 

flow rate. Therefore, in the case of SOEC, the current efficiency is equal to the CO2 

utilization. 

The electrolyte electron conductivity may reduce the current efficiency also, because 

of the electron current leakage. Such current efficiency is expressed as: 

^12 (2-40) 

where the subscript i  and e  represent the ionic current and the electron current. Normally, 

8-YSZ is an almost pure ionic conductor, and the electronic current leakage is negligible. 

£j2 is close to the unity. 
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3 EXPERIMENT OF SOEC ELECTRODE KINETICS 

3.1 S OEC preparation 

Because it is desirable to possess a high oxygen ion conductivity with mechanical 

and chemical stability at a wide range of temperatures, 8 mol% yttria-stabilized zirconia 

(Tosoh TZ-8Y) has been used as the electrolyte in the experiments. The non-porous YSZ 

electrolyte, whose density is more than 95% of theoretical, can prevent gas cross leakage 

and is impervious to both reactant and product, such as CO2, O2 and CO. The electrolyte 

has a diameter of 32 mm, and a thickness of 300 to 350 |xm. The working electrodes, with 

an effective area of 1.98 cm" (15.9 mm in diameter), are screen printed onto both sides of 

the YSZ membrane using Pt paste (Heraeus OS2). and are air-dried. At both the cathode 

and anode sides, reference electrodes are constructed from the same materials and in the 

same way as working electrodes. The reference electrodes are point contacts with an 

effective area less than 0.1 cm". The distance between the working and reference 

electrodes is about 20 times larger than the YSZ electrolyte thickness. This separation is 

to ensure that the reference electrodes behave as non-polarized electrodes. The working 

and reference electrodes are symmetric about the plane of the electrolyte membrane, 

ensuring an accurate activation overpotential measurement without being affected by the 

working electrodes overhanging.^'^"'"' After firing at 1273K in air for one hour, flattened 

spiral-shaped Pt wires are attached to the working electrodes with Pt paste, serving as 

current collectors. The lead wires of both the working electrodes and reference electrodes 
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are secured onto the electrolyte by the zirconia cement (Aremco 517). The cell is finally 

sandwiched between two YSZ crucibles using the same zirconia cement. Alumina tubes 

are attached to the cruciblcs to facilitate gas flow. Figure 3-1 is a cutaway of a SOEC and 

illustrates the SOEC assembly. The whole SOEC assembly is fired again at 644K for two 

hours to cure the joints of the crucible and the electrolyte, and the joints of the crucible 

and the alumina tubes. A bubble leak test is conducted after the firing to check the joint 

seal and the leakage across the electrolyte. Experiments are conducted by maintaining the 

cell at a desired operating temperature in a controlled furnace. 

3.2 Experimental rig set up 

A solid oxide electrolyzer rig has been set up. Figure 3-2 is a picture of the front 

panel of the rig. It consists of gas piping lines and electronic lines. The SOEC with four 

electrodes and four tubes sits inside an in-house furnace, whose temperature is controlled 

by a thermal controller (Watlow Series 942). The furnace is also protected by an over-

temperature regulator (Omega CN350). Two K-type thermocouples are used to measure 

Figure 3-1; Cutaway of a SOEC 



the furnace temperature. The two working electrodes are connected to a DC power 

supply. The anode is the working electrode connected to the DC positive side. The 

working electrode connected to the DC negative side, which is grounded, becomes the 

cathode. The voltage differences between the working electrodes and the reference 

electrodes are converted by analog/digital (A/D) converters (6B11 modules by Analog 

Devices). The open circuit voltage between the two reference electrodes is measured by a 

multimeter (Fluke 87 True RMS multimeter) with a high internal resistance (10 

impedance with 0.1% accuracy). A four-channel digitizing oscilloscope (Tektronix TDS 

420A) is used to record the potential drop with time. Two signal preamplifiers and 

differential probes (Tektronix ADA 400A) are used to eliminate the noise caused from 

the power supply. Cell current is measured as a voltage across a 1 O (± 1% accuracy) 

shunt resistor. 

At the cathode side, one alumina tube is connected to the CO2 gas bottle, whose 

pressure is controlled by a pressure regulator. The CO2 flow rate is regulated by a mass 

flow controller (MKS Mass-Flo controller) at the upstream. The second alumina tube at 

the cathode is used as an exhaust for depleted gas. The flow rate is measured by a flow

meter (MKS Mass-Flo meter) as well as by a soapfilm flow meter, which is used to 

monitor the mass flow meter. 
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Figure 3-2: Picture of the SOEC rig 

At the anode side, the oxygen production rate is measured by a second mass flow 

meter and a soapfilm flow meter. During the oxygen production test {iV test), the second 

alumina tube is blocked by a Swagelok cap, while for the electrode kinetic test (activation 

overpotential test), the second alumina tube is connected to an air source, whose flow rate 

is measured by a rotormeler. 

All the electronic units are connected to a sixteen-channel (6BP16) board by Analog 

Devices. The current, voltage, mass flow rate and furnace temperature are controlled by a 

computer running a Lab view VI program automatically. 
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3.3 Steady-state CO2 electrolysis test 

The SOECs have been tested at three different temperatures; 1023K, 1073K and 

1123K. Some cells were operated to test cell degradation. None of the cells had 

experienced thermo cycling because of sealing issues. 

3.3.1 Nernst potential 

Nernst potential represents the oxygen partial pressure difference. When two 

electrodes are exposed to two different environments with different oxygen partial 

pressures, a potential difference is generated. Therefore, the Nernst potential (VNemst) is a 

good indicator for an operational seal, as well as an absence of cross leakage. Every time 

before conducting a CO2 electrolysis test, VNemst is measured by disconnecting the 

working electrodes from the DC power supply and 6B11 modules. 

VNemst lor the cell is given by the Nernst equation: 

l/ 1 , /O 1 \ ^Nems, = — ) (3-1) 

where P q^ and are the oxygen partial pressure at the anode side (air side) and 

cathode side (CO2 side), respectively. Figure 3-3 is experimental measurements of VNemst 

from the working electrodes for different cells at different test temperatures. As the 

temperature increases, VNemst increases. However, there are different values at the same 

temperature. That indicates different O2 partial pressures presented at the CO2 side for 

different cells. 
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Figure 3-3: Measured open circuit voltage vs. temperature for different cells 

Two possible sources contribute to different O2 partial pressures. One is from the 

original CO2 gas, which is a commercial grade. CO2 purity is calibrated to be 99.8%. A 

Gas Chromatography (GC) study shows that more than 0.032% volume of O2 exists in 

CO2 gas source. Leakage in the test rig introduces the second source of O2 from the 

ambient to the flow stream. The GC was applied to one cell to measure the O2 

concentration at the cathode side. The GC measurement showed that the total O2 

concentration was about 0.08% due to impurities and leakage. At 1023K, VNemst is 

calculated to be 122.8 niV based on equation (3-1) and is close to the measured value at 

124.8 mV. 
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3.3.2 Current voltage characteristics 

SOECs have been tested at different temperatures in the range of 1023K to 1123K. 

The cells were operated in a voltage control mode. Typical i-V characteristics of a SOEC 

are shown in Figure 3-4, for an applied potential of 0 to 2000 mV. Figure 3-5 shows the 

magnified view of Figure 3-4 at low currents. Three regions are classified based on the 

current density characteristics. They are small current (density) region I, constant current 

(density) region II, and high current (density) region III. Several distinct features can be 

observed in these figures. 
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Figure 3-4: Typical characteristics of i-V curve 
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Figure 3-5: i-V plot in the low current region 

• In region 1 at an extremely low applied voltage, a negative current (density) is 

observed due to oxygen ions flowing from the anode to the cathode. The cell acts 

as a fuel cell because of the oxygen concentration gradient across the cell. 

• Current increases with increasing applied cell voltage and becomes positive as the 

CO2 electrode voltage reaches and exceeds the Nernst potential (VNemst = 124.8 mV 

at 1023K for example). Current increases with the applied voltage, until it reaches a 

plateau, a start of region 11. 

• In region II, the current is almost unchanged as the applied voltage increases from 

400 mV to 1200 mV at 1023K. Similar behavior is also observed at 1073K and 
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1123K, as shown in Figure 3-5. As the lemperalure increases, the plateau region 

shrinks. 

Past the region of constant current, the current increases exponentially with 

increasing applied cell voltage in region 111. No more current plateau is observed in 

this region. 

After the plateau, the ionic current increases with both temperature and applied cell 

voltage. Increasing temperature increases the current drastically. The current at 

1123K is almost 4 times larger than that of 1023K at the same applied cell voltage. 

3.4 Electrode polarization test 
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Figure 3-6; Schematic illustration of the current interruption method 

In order to investigate the electrode reaction kinetics and distinguish the charge 

transfer reaction step from the ohmic loss, a current interruption method has been 



adopted. As one of tools of investigating electrode kinetics, the current interruption 

method has been used extensively to separate the activation overpotential and the ohmic 

losses.Figure 3-6 demonstrates the construction of the test cell and 

current interruption circuitry. 

Six pairs of Pt leads arc connected to the cell, five of them are shown in Figure 3-6. 

One pair of leads connects to the cell power supply (Vi) conducting the circuit current 

and measuring the applied cell voltage as described in section 3.2. The other 5 pairs of 

leads are used to measure the potential difference between the working electrodes and 

reference electrodes. V2 and V3 measure the potential difference between the working and 

reference electrodes at the anode and cathode respectively. V4 measures the potential drop 

between the two reference electrodes, which represents the open circuit voltage. V5 

measures the potential difference between the working electrode at the anode side and the 

reference electrode at the cathode side. The last pair (Ve), which is not shown in Figure 

3-6, measures the potential difference between the working electrode at the cathode side 

and the reference electrode at the anode side. 

A solid-state relay (SSR) is used in the circuit as a quick response switch. With 

resistors (3.7 O, 10.6 Q and 119.8 il) as a test load, the response time of the sharp drop is 

around 8 |Lls, even at large currents (above 300 mA). In the lab, general-purpose relays, 

mechanical relays, PC board relays, and solid-state relays have all been tested. It is found 

that the SSR is much faster and with less switch noise than other types of relays. Mercury 
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relay is recommended by Wang^" as a fast switch. However, since no mercury relay 

information or samples from manufacturers are available for testing, the SSR is used. 

Figure 3-7 shows a typical transient behavior of the activation overpotential via the 

current interruption method taken with the digitizing oscilloscope. In this illustration, 

voltage is first maintained at 729 mV, then the DC power supply is disconnected and the 

cell voltage drops immediately. The voltage-drop curve possesses two parts, a linear and 

a nonlinear part. The initial linear drop within microseconds corresponds to an ohmic 

drop. The following nonlinear drop, which takes a couple of seconds to level off, 

contributes to the activation overpotential. Figure 3-8 is a magnification of Figure 3-7 in 

a fast record setting mode, in order to clearly show the linear and nonlinear regions. The 

activation overpotential and ohmic losses are thus separated. 
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Figure 3-7: Typical transient behavior (large time scale) 
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3.4.1 DC polarization results 

The measured overpotentials between the working electrode and the reference 

electrode are plotted in Figure 3-9, as well as the extracted anode and cathode activation 

oveipotentials as an example at 1023K. The difference between the measured 

overpotentials and the activation overpotentials is the ohmic losses. Corresponding to the 

i-V curvcs, three regions are also classified as region I, 11 and III. Similar plots are 

obtained at other different temperatures. 
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Figure 3-9: Overpotential measurement 

Figure 3-10 depicts the typical activation overpotential plots for a SOEC 

electrolyzing COi at different temperatures. The filled symbols are the anode activation 

overpotentials, while the unfilled symbols are the cathode activation overpotentials. The 

following common features can be observed in the plot in three regions. 

• In region I, a small current region, both the magnitudes of the anode and cathode 

activation overpotentials increase with cell voltage. 

• In region II where the current changes little with increasing cell voltage, the 

magnitude of the cathode activation overpotential increases dramatically with the 

total applied cell voltage. The cathode activation overpotential is more than two 

and half times that of the anode activation overpotential. Most of the applied 
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Figure 3-9: Overpotential measurement 
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energy is consumed on oxygen surface diffusion along the Pt electrode to the TPB. 

The anode activation overpotential changes very little. 

At the transition from the mass limiting region to the high current region, the 

magnitude of the cathode activation overpotential experiences a sharp drop by 

nearly half of its peak value. 

In region III. a high current region, corresponding to the active dissociation of CO2, 

both the magnitude of the activation overpotentials increase with increasing 

current. The slope of the anode activation overpotential is steeper than that of the 

cathodc activation overpotential. 

Both the magnitudes of the anode and the cathode activation overpotentials 

decrease with increasing the cell temperature. 
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Figure 3-10; Anode and cathodc activation overpotentials vs. current density 
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3.5 Discussions 

3.5.1 Applied cell voltage 

The SOEC experimental configuration shown in Figure 3-6 allows for the 

measurement of the anode activation overpotential the cathode activation 

overpotential ohmic losses {IR), and the open circuit voltage between the two 

reference electrodes. By neglecting the concentration overpotential, the total voltage 

required for extraction of oxygen from carbon dioxide consists of: 

^1 = Vact.an + ^act.ca + + VqCV (3-2) 

The different potential measurements between the working and the reference 

electrodes can be expressed as: 

^2 = JKn + • O'S) 

^3 = iRca + Vacuca (3-4) 

^5 = IKn + + ^OCV (3-5) 

^6 = IKa + + VOCV (3-6) 

where Ran and Rca are the anode ohmic resistance and cathode ohmic resistance, 

respectively, including the electrolyte resistance, electrode resistance, and lead wire 

resistance. In fact, A'„„ or Rca consists of half of the electrolyte resistance, based on the 

symmetric electrode structure^'''''". Winkler et al}'^ and Adler et al.^ studied the effects of 

electrode geometries and reference electrode locations by simulating the electrolyte 
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current and potential distribution. The solution of the Laplace's equation shows that for 

well-aligned electrodes, a reference electrode placed beyond three-electrolyte thickness 

can measure the same equipotential surface in the electrolyte. This outcome is consistent 

with the result obtained by Tenjo et al.F' However, in order to get an accurate 

overpotential measurement, highly symmetric electrodes are required according to 

Adler's result. Any misalignment or overhanging of electrodes would introduce a 

potential bias. 

Various measured potentials are plotted in Figure 3-11 against the applied voltage at 

1023K. V\ always equals the sum of V2, V3 and Focv. Similar plots are also obtained at 

1073K and 1123K. The open circuit voltage experiences a jump from 200 rnV to 600 

mV, when Vi approaches 1200 rnV. In fact, at that applied voltage, but not shown in 

Figure 3-11, Focv is observed to fluctuate back and forth between 200 mV and 600 mV 

in the experiment. Decreasing or increasing the cell voltage by only a few millivolts can 

stabilize Vqcv- This is a strong indication of the quasi-equilibrium state of CO2 

dissociation. When the applied voltage is less than 1200 mV, only impurity O2 at the 

cathode side takes part in the electrolysis reaction. The current density plateau exists 

because not enough O2 is provided to the triple phase boundary. The reaction is limited 

by O2 diffusion to the TPB, until enough energy is added by increasing the applied cell 

voltage to start CO2 dissociation. 
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Figure 3-12 depicts the various measured voltages at 1023K, including the total 

ohmic, the anode/cathode activation overpotentials, and the open circuit voltage. All of 

these potentials add up to the applied cell voltage shown in Figure 3-12 and Figure 3-11 

as well. 

3.5.2 Ohmic losses 

Ohmic losses can be separated from the activation overpotentials based on the 

characteristics of transient overpotential recorded from current interruption. The 

separated Ran and Rca include half of the electrolyte resistance, the lead wire resistance, 

the porous electrode resistance, and the possible contact resistance on the anode and 

cathode sides, respectively. Figure 3-13 shows the average of the anode and cathode 

ohmic resistances measured at different temperatures for different cells. The filled 

symbols represent the anode ohmic resistance, while the unfilled symbols are cathode 

ohmic resistance. The anode ohmic resistances are larger than the cathode ohmic 

resistances at any temperature. Both Ran and Rca decrease as temperature increases. 

The symbol in the dark-circle in the figure is the cell made from the Pt paste 

(Heraeus 0S2) CLl 1-5349, which is different from the other cells made from CLl 1-

5100. The difference between these two Pt pastes is that CLl 1-5349 has 73% of Ft metal, 

which is less than that of CLl 1-5100 with 84.5%. Furthermore, the Pt paste CLl 1-5349 

is a frittless paste and contains MnO to improve the Pt paste adhesion. Less adhesion to 

the substrate may lead to a large contact resistance. As shown in the figure, both the 
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anode and cathode ohmic resistances of that cell using CLl 1-5349 paste are larger than 

other cells using CLl 1-5100 paste. It is not unlike that MnO may also cause a high ohmic 

resistance. Olnier and Isaacs"^ studied the electrode impurity effect on the reaction 

kinetics. They find that the impurity, bismuth (BiaO^), in the fluxed Pt paste influences 

the oxygen reduction rate greatly. The active catalysis of Pt may be lessened due to the 

volatilization of the BiiO.^, resulting in fast electrode degradation. 
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Figure 3-13: Anode/cathode ohmic resistances at different temperatures for different 
cells 

Cells made from CLl 1-5100 Pt paste are nearly consistent in ohmic resistance. 

Figure 3-14 shows one typical cell's anode and cathode ohmic resistances measured at 

different temperatures and different voltages. The cathode ohmic resistances are nearly 

constant over the measurement process, while the anode ohmic resistances have a trend 
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of decrease. As the cell temperature increases, both the anode and cathode ohmic 

resistances decrease. However, the cathode ohmic resistance docs not change as much as 

that of anode ohmic resistance. In Figure 3-14, the average anode ohmic resistance 

decreases by 50% from 3.75 O to 1.7 O, when the cell temperature increases from 1023K 

to 1123K. The cathode ohmic resistance decreases roughly by 16% from 0.68 O to 0.57 

O within the same temperature range. 
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Figure 3-14: Measured anode and cathode ohmic resistance at different temperatures 

As described in section 2.3.1, the measured ohmic resistance at the anode and 

cathode side consists a lead wire resistance, an electrolyte resistance, a porous electrode 

resistance and a contact resistance. In order to evaluate the lead wire resistance, a 30 cm 

long Pt wire cut from a SOEC was tested at different temperatures. The measured ohmic 
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resistance per unit length is plotted in Figure 3-15. Base on this plot, the estimated lead 

wire resistances for both the anode and cathode are listed in Table 3-1. 
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Table 3-1; Various estimated ohmic resistances 

Value Increments Value Increments Value 
Temperature (K) 1023 50 1073 50 1123 

Rpt-wire (^) 0.40 0.02 0.42 0.02 0.44 

RYSZ 0.503 -0.173 0.330 -0.101 0.229 

Rpt (10'^ O) 1.664 0.07 1.734 0.068 1.802 

Rca (O) 0.903 -0.153 0.75 -0.081 0.669 

Ran (H) 0.903 -0.153 0.75 -0.081 0.669 

'y 
The resistance of a clean Pt electrode with 1.98 cm area and 5 jim thickness is 

estimated based on equation (2-27) at different temperatures and is listed in Table 3-1. 

That table also includes the resistance of a YSZ electrolyte which has 1.98 cm" interfacial 



area and an average thickness of 325 jim. An ideal overall ohmic resistance at the anode 

and cathode, which are listed in Table 3-1, should be free of electrode oxidation and 

contact resistance. 

A comparison between the estimated ideal Ran and Rca and the results obtained from 

the current interruption is exhibited in Figure 3-14. The measured cathode resistances are 

very close to the estimated ideal values, which are in dotted lines in Figure 3-14. It 

suggests that A',-„ consists mainly the electrolyte resistance and Pt lead wire resistance. 

The contact resistance is very small. An ideal resistance of a porous Pt electrode is 

negligible due to high conductivity of Pt. However, because of the unique CO2 

electrolysis characteristic, both the electron and oxygen ion resistance contribute to the 

electrode resistance, which is discussed in Chapter 4. Small difference between the 

estimated and measured Rca may be caused by the porous Pt electrode. As temperature 

increases, the decrease of the electrolyte resistance is much faster than the increase of the 

Pt lead wire, as illustrated in Table 3-1. Furthemiore, high temperature helps in producing 

more oxygen ions on the electrode surface to increase the oxygen ion mobility on the 

electrode surface, resulting in the lowered electrode resistance. Finally, the difference 

between the measured and estimated Rca decreases with increase of temperatures. At 

1123K, the measured Rca roughly equals to the estimated value. 

There exists large difference between the measured and estimated resistance at the 

anode side. Apparently this difference is due to the porous electrode resistance and the 

contact resistance. It has been reported that Pt electrode is oxidized in an oxidation 



atmosphere, especially in a high O2 partial pressure.The contact resistance at the 

anode side is also very possible because O2 gas is formed at the interface of the electrode 

and electrolyte. Due to the porous structure, there may exist some dead pores, which arc 

formed by the electrode and electrolyte and are not open to the bulk gas. However, the 

electrochemical reactions can still occur and release O2 gas into those dead pores. If the 

O2 pressure builds up sufficiently high, O2 may seek a path to effuse out, causing the 

electrode to debond from the electrolyte. Such "pop-corn" phenomenon breaks the 

contacts between the electrode and electrolyte, forming the contact resistance. Momma et 

also suspected that the high pressure generated at the electrode/electrolyte interface 

might cause the degradation of the anode. When the LSM electrode, which is used as an 

anode in H2O electrolysis and experiences degradation, is replaced by Pt electrode, no 

rapid degradation or delamination occurs. They conclude that high pressure may not be 

counted as the direct cause of the delamination. However, one major missing fact is the 

topology difference between the LSM and Pt electrode, especially the interface of the 

electrode and electrolyte. LSM has been reported that it is so susceptible to sintering 

under high temperature, and it easily degraded."'" 

Unlike the anode, the contact resistance at the cathode is very small because no gas 

is formed. The contact resistance can be partly healed at a high temperature. As the 

current increases with the cell voltage, the local heating of the microscopic contacts 

reduces the contact resistance. Therefore, the ohmic resistance at the anode has a trend of 

decrease when the applied cell voltage increases, as Figure 3-14 shows. Badwal et al}'^ 



also attribute the decrease of electrode resistances within 3 minutes to local contact 

heating effects. 

When the temperature increases, the decrease of the electrolyte resistance 

overweighs the increase of the Pt lead wire resistance. The contact resistance decreases as 

temperature increases, because the local heating effect is much stronger at the high 

temperature than at the low temperature. High temperature may also lessen the oxidation 

of the electrode."' In fact, the oxygen desorption rate constant on the Pt surface increases 

as the temperature increase, resulting in a faster desorption comparing to the low 

temperature. The result is that less Pt particles are oxidized, leading to a lowered Pt 

electrode ohmic resistance at the high temperature. Therefore, the comprehensive effects 

on the resistance at the anode side decreases predominantly as the temperature increases. 

3.5.3 Open circuit voltage 

The open circuit voltage was measured during CO2 electrolysis. Because the 

reference electrodes are far away from the working electrodes and can be treated as 

idealized non-polarized electrodes, the potential difference between the reference 

electrodes represents the open circuit voltage. Actually, they function as an oxygen 

sensor. When the species concentration at the cathode is changed caused by the SOEC 

current changes, the open circuit voltage changes correspondingly. 

Figure 3-16 illustrates typical open circuit voltages measurement at different 

temperatures. As already discussed in Chapter 2, the open circuit voltage increases with 
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current density. At tiie same current density, increasing the temperature decreases the 

open circuit voltage. 
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Figure 3-16: Open circuit voltage measurement at different temperatures 

3.5.4 Activation overpotential 

When the charge transfer reaction is slow at the interface, an activation overpotential 

is introduced to overcome the activation energy barrier in order to maintain an 

appropriate charge transfer rate. CO2 electrolysis characteristics have been obtained by 

the DC polarization measurement described in sections 3.3 and 3.4. 
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3.5.4.1 Small current region I and constant current region II 

In region I and II where there is no noticeable CO2 electrolysis, the applied cell 

voltage is lower than 900-1200 mV as shown in Figure 3-5, depending on the 

temperature. Below these voltages, the free oxygen of impurity at the cathode side 

contributes to the cell's current. Therefore, the electrolysis reaction can be expressed as: 

(-) 02,Pt/YSZ/Pt,0, (+) (3-7) 

The relationship between the current density and the overpotential can be described 

by the well-known Butler-Volmer equation for a full cell electrolysis reaction: 

I = I,. 

I = I.. 

exp 

exp 
^a.cP^ 

9tr 

exp 

exp 
3iT 

^act. 

na 

(3-8) 

(3-9) 

where Oa.a and are anodic and cathodic transfer coefficients of the anode, Oa c and o^.c 

are anodic and cathodic transfer coefficients of the cathode, and io,a and io,c are the 

exchange current density of the anode and cathode, respectively; all depending on 

reactant partial pressure, temperature, and electrode morphology. 

Due to the linearity at a low activation overpotential and the exponential behavior at 

a high activation overpotential, the Butler-Volmer equation (3-8) and (3-9) can be 

simplified under two extreme cases, as explained in Chapter 2.3.3. Figure 3-17 

demonstrates the linear relationship between 77^^, and i at different temperatures, when 

77 < 15 mV at the anode side. 
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The complete Butler-Volmer equation (3-8) plotted against and i experimental 

data is illustrated in Figure 3-18. At 1023K and 1123K, the data displays a good 

exponential fit, but a departure is observed at 1073K. 
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Figure 3-19: vs i fitting equation (3-10) 

At the cathode side, vs. i shows a similar linear behavior to the anode side at 

small , but departs from the Butler-Volmer equation at moderate . The current 

density reaches a plateau while increases linearly with the cathode potential. This 

indicates that the reaction is limited by slow diffusion. For a diffusion-controlled 

reaction, a limiting current behavior could be described by:^"^ 
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(X F (X F 

(3-10) 

%T 

where ii is the limiting current obtained experimentally. 

Figure 3-19 shows vs. i, fits well with equation (3-10) at low and moderate 

currents at different temperatures, but there is a departure of the transient activation 

overpotential between the low and moderate currents. 

3.5.4.2 High current region III 

The transition to region III from region II is observed as a fluctuation or quasi 

equilibrium of the open circuit voltage. This phenomenon has already been described in 

the previous section. In region 111, where CO2 electrolysis is appreciable, the current 

begins to increase and the cathode overpotential has a big drop, because enough free 

energy is being provided to dissociate CO2 into O and CO. 

Tafel plots have been drawn in Figure 3-20 for both the anode and cathode side. 

Both activation overpotentials follow the Tafel behavior. This characteristic indicates that 

the rate-determining step in this region is controlled by a charge transfer mechanism. This 

observation is consistent with the numerical result in Chapter 4 provided that CO2 

dissociation is a fast process. In fact, no limiting current is observed and no activation 

overpotential departure occurs in region III. As the temperature increases, the activation 
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overpotential decreases at the same current density, because of an easy transferring of 

charge from the electrode to the reactant specie at the TPB. 
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Figure 3-20: Tafel plots at the different temperature 

By exponentially fitting the experimental data, the exchange current densities and the 

anodic/cathodic transfer coefficients can be extracted from the slopes in Figure 3-20 for 

both the anode and cathode at different temperatures. Table 3-2 lists the anodic and 

cathodic transfer coefficients at the anode and cathode extracted from experimental data 

based on the Butler-Volmer equation. For a single electron reaction, the transfer 

coefficient describes a location of the maximum electrochemical potential within the 

electrochemical double layer. However for CO2 electrolysis involving multiple step 

electrons, the interpretation of the transfer coefficient may not be that straightforward, 
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and it highly depends on the r.d.s., such as the number of electrons transferred in r.d.s., 

number of electrons transferred before or after r.d.s.. Assume the CO2 electrolysis 

experiences two steps at the cathode as following: 

step 1 CO, + e ^ CO + 0 (3-11) 

step2 0'+e" + V„ ^O;; (3-12) 

If the first step (3-11) is r.d.s., the number of charges transferred ahead the r.d.s. is 

one, and the total number of repeating this r.d.s. reaction is also one to complete the 

reaction. According to equation (2-31) based on the Bockris model, for a two-electron 

reaction, cXu,, and (Xc,c are evaluated to be 1.5 and 0.5, respectively. However, if the 

second step (3-12) is r.d.s., aa,c and «;.(• are evaluated to be 0.5 and 1.5, respectively. In 

both cases, the symmetric coefficient is set to 0.5. Comparing aa,c and listed in Table 

3-2 with above two cases, it seems that step 2 is more likely the r.d.s. than step 1, 

although they do not have exactly value. Badwal et al}^ studied the reduction of CO2-CO 

mixture at yttria-stabilized urania/YSZ interface in the temperature range of 1073 to 

1273K. The extracted is from 0.7 to 0.9, while Ou,,- is from 0.6 to 1.3. Their data are 

close to those listed in Table 3-2. By the fact that is larger than a,,,-, the electrode 

reaction favors the cathodic component at the cathode side. 

The extracted aa,a and (x,:,a at the anode side shows a temperature dependent, at 

the anode is close to unity at 1023K, and increases with temperature. This may indicate a 

change in the electrochemical reaction mechanism. Wang et obtains a unity of (Xa,a 
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for O2 electrolysis at Pt/yttria doped ceria interface when the charge transfer limits the 

electrochemical reaction. As Pt foil is used as electrodes, O2 electrolysis changes the 

reaction mechanism to diffusion limitation, causing a change of Oa a to 1.5. However the 

mechanism may need further investigation. 

Table 3-2; Anodic and cathodic transfer coefficients 

Temperature 

K 
®a,a O'cia ^a,c ^c,c 

1023 0.96 - 1.1 0 . 9 - 1 . 0 4  0 . 6 5 - 1 . 3 5  0 . 6 5 -  1 . 3 5  
1073 1 . 2 - 1 . 3  0

 
1 0
 

00 0.8 - 0.85 1 . 1 5 - 1 . 2  
1 1 2 3  1 . 3 - 1 . 6  0.4 - 0.7 0.7 - 0.9 1 . 1  - 1 . 3  

Using the Butler-Volmer equation, charge transfer processes are characterized by the 

second parameter, the exchange current density of the anode or cathode. The exchange 

current density is a good indicator of a characteristic of the electrode catalytic reactions. 

Better catalytic reactions always have higher exchange current density. Arrhenius plots 

are used to illustrate the temperature effect on the anode and cathode exchange current 

densities, as shown in Figure 3-21 and Figure 3-22 for different cells. 

As' the temperature increases, the magnitude of the exchange current density of the 

cathode increases. It indicates that CO2 dissociation at a higher temperature is more 

vivacious and the electrochemical reaction at the electrode/electrolyte is faster than at a 

low temperature. The anode exchange current density has a trend of increase as 

increasing the temperature. However it is not so clear to compare with the cathode 

exchange current density, and more cell data are needed. In order to extract the activation 

energy of CO2 electrolysis, data at more temperatures are needed in the future. 
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Figure 3-21; Arrhenius plot of the cathode exchange current density 
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Figure 3-22: Arrhenius plot of the anode exchange current density 
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The Butler-Volmer fittings are summarized in Figure 3-23 through Figure 3-25 for 

the three regions at three different temperatures. In the plots, the symbols are 

experimental data, while the lines are the theoretical value calculated from equations 

(3-8), (3-9) and (3-10). These three figures show that anode activation overpotential fits 

the Butler-Volmer well in three regions. The cathode activation overpotential also 

follows the modified Butler-Volmer equation in region I and 11. However, there exist two 

slopes in region III. This is caused by the electrochemical reaction mechanism transitions 

from diffusion control to charge transfer control. 
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Figure 3-23: Butler-Volmer equation fitting at 1023K 
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Figure 3-24; Butler-Volmer equation fitting at 1073K 
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Figure 3-25: Butler-Volmer equation fitting at 1123K 
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3.5.5 S OEC efficiency 

As been discussed in Chapter 2.4, a SOEC electrochemical efficiency consists of 

first-law efficiency, voltage efficiency and current efficiency. The product of the first-law 

efficiency and the voltage efficiency are plotted in Figure 3-26 at three different 

temperatures. The efficiency decreases when current density increases, because of the 

irreversible processes. At a higher current, more energy barrier (overpotential) is needed 

to overcome, or vice versa. When the current approaches zero in equilibrium state with 

no irreversible losses, the efficiency should reach the first-law efficiency. The efficiency 

increases with the cell temperature, indicating less energy is needed to dissociate CO2 

molecule. 
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Figure 3-26: SOEC efficiency (without current efficiency) 
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Figure 3-27: SOEC electrochemical efficiency 

Figure 3-27 shows the overall SOEC electrochemical efficiency when the current 

efficiency is also considered. The CO2 flow rate is set to 1.3625x10'^ mol/s. The overall 

efficiency increases with currcnt because the increase of the current efficiency 

overwhelms the decrease of the products of the first-law efficiency and voltage 

efficiency. The low electrochemical efficiency is caused by the low current efficiency. 

Therefore, one efficient way to increase the SOEC efficiency is to reduce the CO2 flow 

rate. 
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3.6 Pt-YSZ cermet electrode 

Cermet electrodes have been widely used as electrodes in solid oxide fuel cells. A 

typical cermet electrode is a nickel/yttria-stabilized zirconia based cermet. Cermet 

electrodes have shown to increase active areas, reduce activation ovcrpotential and 

increase electrode activity. Besides possessing the above improvements, a cermet 

electrode may also decrease the coefficient of thermal expansion (CTE) mismatch 

between the electrode and electrolyte. An improved CTE can prevent electrode 

delamination. Compared to Ni/YSZ cermet, the platinum/yttria-stabilized zirconia cermet 

has been less studied because Pt is more expensive.However, Pt is a good catalyst 

and much stable at high temperatures when it is exposed to an oxidation environment. Pt 

is a better candidate for the cathode of a SOFC than Ni. Pt has a high melting 

temperature. The Pt-YSZ cermet should have the similar advantages as the Ni/YSZ 

cermet has. Being introduced into the Pt paste, YSZ can form a web to support the Pt 

particles, inhibiting the particles to coarsen during high temperature sintering. In addition 

to the above advantages, adding YSZ to Pt can greatly reduce the amount of Pt paste, 

reducing cost and giving much interest for industry applications. 

3.6.1 Pt-YSZ cermet preparation 

Due to the lacking information regarding a Pt-YSZ cermet preparation procedure, 

Ni/YSZ cermet mixing methods, as described in Chapter 1, are used. Commercial Pt 

paste (Heraeus CLl 1 -5100) and 8mol% YSZ powder (Tosoh TZ-8Y) are used as material 
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sources. YSZ powder is directly added to the Pt paste by a ratio of 50% (by weight) in a 

glass container. Vehicles (Heraeus V-006 and V-530 with resin) are added in the mixture 

to improve the adhesion to the substrate. Solvent, terpineol (Heraeus RV-372) is also 

added to decrease the mixture viscosity. No viscosity of the mixture is measured because 

of the high expense. The mixture is stirred with a spatula. The final Pt-YSZ content in the 

mixture is about 75% by weight. The remaining 25% is the solvent and vehicles. 

3.6.2 Experimental results and discussion 

3.6.2.1 Pt-YSZ cermet structure 

(a) (b) 
Figure 3-28: SEM of ccrmet before sintering: (a) surface view; (b) fracture view 

Pt-YSZ cermet is screen-printed over a YSZ electrolyte on both sides as working 

electrodcs with 1.98 cm" area. Two reference electrodes are attached on to the clcctrolyle 

using pure Pt paste. The cermet electrodes are fired at 1373-1573K for one hour in air. 

The electrode thickness decreases to 5.8 |im from 9 |im after sintering. The assembly of 
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the electrolyte and electrodes with the crucible manifolds follows the same procedure as 

the SOEC with pure Pt electrodes, as described in Chapter 3.1. 

Figure 3-28 is a SEM of the Pt-YSZ cermet before sintering. Figure 3-28(a) and (b) 

are the cermet surface view and fracture view, respectively. In figure (a), the white 

particlcs are Pt, which spread evenly among the gray YSZ particles. The size of Pt 

particles is roughly about sub-micrometer, which is much smaller than the YSZ particles. 

The effects of Pt-YSZ cermet sintering temperatures were researched. Three 

different sintering temperatures had been tried at 1373K, 1473K and 1573K. The results 

show that no proper bridging can be established if the sintering temperature is too low. If 

the sintering temperature is too high, the Pt particles are coarsened and the electrode is 

densified. This causes a decrease in gas diffusivity in the porous media. A dense 

electrode also reduces the TPB length. A proper sintering temperature should help the 

cermet to form an electronic and ionic conducting web as well. 

(a) (b) 
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Figure 3-29: (a), (b), (c): surface view; (d), (e), (f): fracture view 



Figure 3-29(a) through (f) shows SEM of the cermet sintered at the three different 

temperatures. The large white particles are Pt, while the small particles shaped like 

sprouts are YSZ. By comparing Figure 3-28(a) with Figure 3-29(a), (b) and (c), both Pt 

and YSZ particles are found to change their original size and shape after sintering. Both 

particles agglomerate with their neighbors to form a large bulk. However, Pt 

agglomerates more than YSZ. The surface of Pt tends to show crystal planes, as Figure 

3-29(c) shows. The YSZ particles sintered at 1373K are relatively small and only parts of 

them are connected together, shown in Figure 3-29(d). As the sintering temperature 

increases to 1573K, the YSZ particles agglomerate more with their neighbors, and break 

into pieces partly due to a necking effect. It is clearly shown in Figure 3-29(c). The size 

of Ft particles increases with sintering temperature. The cermet electrode thickness 

decreases from 7.8 |Lim to 6.0 |im when the sintering temperature increases from 1373K 

to 1573K, due to particle coagulation. The thickness of the cermet sintered at 1473K is 

very close to that of 1573K because the growth of Pt bulk inhibits the further thinning of 

the cermet electrode. By comparing figures of (d), (e) and (f), it is found that the sintering 

temperature of 1473K may be the best based on the Pt and YSZ connection and structure. 

The YSZ particles form a continuous web and bond to the YSZ substrate to provide a 

good ionic conducting path. At the same time the Pt bulk is surrounded by YSZ and 

forms more TPBs. 
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The porosity of the Pt-YSZ cermet sintered at 1473K is estimated to be around 0.45 

based on pure Pt and YSZ densities, electrode weight and volume calculated from the 

clectrode area and thickness. 

3.6.2.2 COo electrolysis using Pt-YSZ cermet electrodes 

Solid oxide electrolysis cells with Pt-YSZ cermet electrodes have been tested to 

electroly/.e CO: at three different temperatures, 1023K, 1073K and 1123K. CO2 flow rate 

and air-flushing rate are set to 1.3625x10"^ mol/s and 6.81x10"' mol/s, respectively. 

180 n 
1023K 

1073K 

1123K 
160 -

--140 

< 120 

~ 100 -

0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Applied cell voltage (mV) 

Figure 3-30: Typical i-V characteristics for a SOEC with Pt-YSZ cermet electrodes 
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Figure 3-31: i-Vplot in region I for a SOEC with Pt-YSZ cermet electrodes 

Figure 3-30 is a typical current-voltage curve at three different temperatures. Figure 

3-31 shows the i-V plot in the low current region. Comparing the i-V performance of Pt 

shown in Figure 3-4 with Pt-YSZ cermet shown in Figure 3-30. both have the same 

characteristics. Three regions are classified based on the current density characteristics. 

They are small current region I, constant current region 0, and high current region III. In 

region I, current increases with increasing applied cell voltage first, and then reaches a 

plateau, entering region 11. As the cell voltage further increases to a value needed for CO2 

electrolysis, the cell current increases again. The take-off voltage for CO2 electrolysis 

decreases, when the cell temperature increases. In region III, current increases 

exponentially with voltage. No current plateau occurs in this region. 
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Figure 3-32: Anode and cathode activation overpotentials vs current density for a SOEC 
with cermet electrodes 

The current interruption method was also applied to measure CO2 electrolysis 

electrode kinetics, using the same test rig designed for the SOEC using Pt electrodes. 

Figure 3-32 shows the anode and cathode activation overpotentials extracted from the 

overpotential measurement at three different temperatures. Corresponding to the i-V 

characteristics shown in Figure 3-30, activation overpotentials curves also have three 

regions. In region I where the current is small, the magnitudes of both activation 

overpotentials increase with the applied cell voltage, or current density, until the current 

density reaches a plateau in region II. As the cell voltage increases, the magnitude of the 

cathode activation overpotential increases tremendously, while the anode activation 

overpotential is almost unchanged. When the cell current breaks through the constant 
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value and increases with the applied cell voltage, the magnitude of the cathode activation 

overpotential experiences a drop to half of its previous value, indicating a start of region 

III. The magnitudes of both activation overpotentials begin to increase again with the cell 

voltage. At 1023K, there is a big offset for the initial cathode activation overpotential. 

This is due to a large amount of CO present at the cathode side, caused by inadequate 

flushing. 
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Figure 3-33: Sum of various measured voltages vs applied cell vollage at 1023K for a 
SOEC with Pt-YSZ cermet electrodes 

Figure 3-33 shows the various measured potentials plotted against the applied cell 

voltage at 1023K. The total cell voltage equals to the summation of the overpotentials 

measured at the anode side V2, at the cathode side V3, and open circuit voltage VQCV 

described in Chapter 3.5.1. VQCV jumps up when the cell voltage approaches 600 mV of 
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take-off voltage as shown in Figure 3-33. This signifies the start of CO2 dissociation. 

Similar plots are obtained for other temperatures, but with lowered take-off voltage as 

temperature increases. 

Figure 3-34 shows various measured voltages at 1023K, such as the total ohmic 

losses, anode and cathode activation overpotentials, and the open circuit voltage. The 

cathode activation overpotential is almost three times as large as the anode activation 

overpotential. At high current density, the total ohmic losses are closc to the cathode 

activation overpotential. Similar plots are obtained for the testing temperatures of 1073K 

and 1123K. 
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Figure 3-34: Various measured potentials vs. current density at 1023K for a SOEC with 
Pt-YSZ cermet electrodes 
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Figure 3-35: Open circuit voltage measured during CO2 electrolysis at different 

The open circuit voltage is plotted in Figure 3-35 at different temperatures. VQCV 

increases with current density, showing the same characteristics as Figure 3-16 for a 

SOEC with Pt electrodes. 

Ohmic resistances, which are .shown in Figure 3-36, were extracted from the 

overpotential measurements, in the same way as for the SOEC with pure Pt electrodes. 

As described in the previous sections, the anode and cathode ohmic resistances consist of 

electrode resistance, half the electrolyte resistance, and lead wire resistance at the anode 

and cathode, respectively. The anode and cathode ohmic resistances change little as cell 

voltage increases. The ohmic resistance at the cathodc side is about 30% larger than that 

at the anode side. As cell temperature increases, the ohmic resistance decreases. The 

anode ohmic resistances decrease roughly 36% from 1.058 O to 0.677 Q when the testing 

temperatures for a SOEC with Pt-YSZ cermet electrodes 
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temperature increases by lOOK, while the cathode ohmic resistance decreases almost the 

same percentage from 1.465 il to 0.946 O. 
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Figure 3-36: Anode and cathode ohmic resistances at different temperatures for a SOEC 
with cermet electrodes 

The measured anode and cathode ohmic resistances are compared with the estimated 

ohmic resistances and are shown also in Figure 3-36. The estimated resistances for the 

anode and cathode are calculated based on the same model used in Pt electrode 

calculation in Chapter 3.5.2. The porosity and conductivity changes are considered in 

calculation. Due to its high density, 50% of Pt by weight is equivalent to 22% of Pt by 

volume in the cermet. This causes an increase of ohmic resistance of the porous cermet 

electrode by 4.55 times, comparing to the pure Pt electrode. An assumption is made that 

the cermet electrode consists of continuous electronic and ionic conducting paths without 
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any dead paths. The clcctrolytc ohmic resistance decreases because the cermet porosity 

decreases. The calculated ohmic resistances are listed in following table. 

Table 3-3: Various estimated ohmic resistances of cermet electrodes 

Value Increments Value Increments Value 
Temperature (K) 1023 50 1073 50 1123 

Rpt-wire 0.40 0.02 0.42 0.02 0.44 

Rrsz i^) 0.457 -0.157 0.30 -0.092 0.208 

Rcernut (10'® Q) 7.57 0.32 7.89 0.31 8.2 

Rca (O) 0.857 -0.137 0.72 -0.072 0.648 

Ran (O) 0.857 -0.137 0.72 -0.072 0.648 

As Figure 3-36 shows, the anode ohmic resistance is closer to the estimated 

resistance than cathode ohmic resistance. However, the difference between the measure 

ohmic resistance and estimated one reduces as temperature increases for both sides of 

cermet electrodes. 
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Figure 3-37: Tafel plots at different temperatures for SO EC with cermet electrodes 
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Table 3-4: Anodic and cathodic transfer coefficients for cermet electrode 

Temperature ^a.a '^o.a 'o,a •^a.c •^c.c i o,c 

K mA/cm^ mA/cm^ 
1023 0,52 - 0.65 1.35-1.48 21.93 0.47- 1.6 1.53-0.4 -6.9 
1073 0.56 - 0.68 1.32-1.44 36.64 0.8-1.0 1.0-1.2 -0.75 
1123 0.84 - 0.87 1.13-1.16 39.77 1.07-1.1 0.9-0.93 -4.65 

Tafel plots are shown in Figure 3-37 for both the anode and cathode at different 

temperatures. At higher temperature, CO2 electrolysis is more active, requiring less of 

activation overpotential. Table 3-4 Lists the anodic and cathodic transfer coefficients at 

the anode and cathode which are extracted from experimental data, and the anode and 

cathode exchange current densities as well. 

Because the high current region associated with the CO2 electrochemical reaction is 

more interesting, the Butler-Volmer fittings are made only at the high current regions, 

and summarized in Figure 3-38, Figure 3-39 and Figure 3-40. The symbols in the figures 

are experimental results, and the lines are theoretical value obtained from the Butler-

Vol mcr equation (3-8) and (3-9). As these three figures show, experimental data fit 

Butler-Volmer equation well for the anode. The linear characteristics are also clear for 

the cathode activation overpotential in high current density region III. However, there is a 

large departure of experimental data from the Butler-Volmer equation between region 11 

and region III. This is caused by electrochemical reaction mechanism transitions. 
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Figure 3-38: Butler-Volmer equation fitting at 1023K for a SOEC with cermet 
electrodes 
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Figure 3-39: Butler-Volmer equation fitting at 1073K for a SOEC with cermet 
electrodes 
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Figure 3-40: Butier-Volmer equation fitting at 1123K for a SOEC with cermet 
electrodes 

Figure 3-41 shows the product of the first-low efficiency and the voltage efficiency 

at different temperatures. This efficiency decreases with increasing of current density, 

because of the large irreversible losses at high current. The overall SOEC electrochemical 

efficiency is illustrated in Figure 3-42 as the current efficiency is also taken into account. 

The CO? flow rate is set to 1.3625x10"^ mol/s. The overall efficiency increases with 

current because the increase of the current efficiency overwhelms the decrease of the 

products of the first-law efficiency and voltage efficiency. As the cell temperature 

increases. SOEC electrochemical efficiency increases, indicating less energy is needed to 

dissociate CO2 molecule. 
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Figure 3-41; SOEC efficiency (without current efficiency) for a SOEC with cermet 
electrodes 

1023K 

1073K 

1123K 

180 
Current density (mA/cm^) 

Figure 3-42: SOEC electrochemical efficiency for a SOEC with cermet electrodes 
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3.6.2.3 Comparison between Pt and Pt-YSZ cermet electrodes 

CO2 electrolysis performances using Pt electrodes and Pt-YSZ cermet electrodes 

have been compared, as well as their electrode kinetics. The comparisons have been 

conducted for i-V performance, ohmic resistance and activation overpotential, which are 

shown in the following plots. 
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Figure 3-43: i-V comparison between the SOECs with Pt electrodes and with Pt-YSZ 
cermet electrodes 

Figure 3-43 shows an i-V comparison for two typical SOECs running at different 

temperatures. Apparently, the SOEC with cermet electrodes has a higher performance 

than those using pure Pt electrodes at the same temperature and same applied cell 

voltage. At 1023K, the current is nearly tripled increasing from 33 niA/cm' for Pt to 90 

mA/cm^ for the ccrmet electrodes. At 1123K, the current is roughly doubled. It is 



125 

observed that performance improvement made by the Pt-YSZ ccrmet is more significant 

at low temperature. 

Higher performance indicates fewer losses at the same experimental conditions. The 

ohmic resistance comparisons arc made in Figure 3-44 for the anode and in Figure 3-45 

for the cathode. All SOECs have the electrode physical area of 1.98 cm , electrode 

thickness of 5-6 jim, and electrolyte thickness of 300 - 350 |ira. Figure 3-44 shows that 

the SOECs using Pt-YSZ cermet have much less ohmic resistance at the anode than those 

using pure Ft paste. By using Pt-YSZ cermet, the ohmic resistances at the anode are 

reduced by a factor of 2.5 times at 1023K. There are two possible reasons for the reduced 

anode ohmic resistance because of the special structure of the Pt-YSZ cermet electrodes. 
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Figure 3-44; Anode ohmic resistance comparison between the SOECs with Pt electrodes 
and with Pt-YSZ cermet electrodes 
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The first reason is the reduced contact resistance. In cermet electrodes, oxygen ions 

can further migrate into YSZ from the electrolyte, until the electrochemical reaction 

happens by releasing oxygen into bulk. Unlike the Pt electrode, which only has a limited 

single layer of interface between the electrode and electrolyte, the cermet electrode has 

numerous extended Pt-YSZ interfaces deep inside the electrode. Thus the electrode 

debonding from the electrolyte is diminished. At the same time, the improved CTE 

matching between the cermet electrode and electrolyte also helps to reduce the 

delamination. Therefore, the contact resistance is reduced. 

The second reason is the reduced cermet electrode resistance. Comparing with Pt 

electrode, which only has the electronic conducting path, the cermet electrode has both 

the electron and ion conducting paths. Whenever the local electronic conducting path is 

weakened by the oxidation, the ionic conducting path can accomplish the performance. 

Therefore, using the cermet electrode as anode substantially reduces the porous electrode 

resistance and contact resistance, which cause large ohmic resistances for the anode. 

Figure 3-45 shows the opposite result when comparing the anode ohmic resistance to 

that of the cathode. At the cathode side, the cermet electrode has a larger ohmic 

resistance than the Pt electrode. This may be caused by the low electronic conductivity of 

YSZ particles. When the Pt and YSZ powders mix together, some electronic conducting 

paths are disrupted, as shown in the SEM fracture view in Figure 3-29. These isolated Pt 

or YSZ islands form dead electronic or ionic paths, resulting in large cermet electrode 
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resistance. Tiierefore, a proper cathode structure may be needed to form continuous 

electron and ion conducting webs. 
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Figure 3-45: Cathode ohmic resistance comparison between the SOECs with Pt 
electrodes and with Pt-YSZ cermet electrodes 

One solution is to use two different sizes of YSZ particles, as suggested by 

Mogensen et al^ for Ni-YSZ cermet. Large YSZ particles, such as YSZ fiber, are used 

to form oxygen ion conduction path, while small YSZ particles can connect the isolated 

YSZ islands. At the same time, small YSZ can form large TPBs with Pt particles. 

The second solution is to impregnate Pt into a pre-constructed porous YSZ layer. A 

detailed description can be referred to Chapter 1.2.3. In order to control the porosity of 

the prc-formed porous YSZ layer, pyrolyzable pore formers, such as graphite or polymer 

particles,can be used during sintering YSZ. 
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As long as the contact resistance and electrode resistance can be reduced by using 

the cermet electrode, other ohmic resistance, such as the electrolyte resistance, should 

also be reduced in order to reduce the losses. It is true especially for the electrolyte, 

which has very low conductivity at a low temperature. For example, the electrolyte 

resistance is more than 50 percent of the total ohmic resistance, as Table 3-1 or Table 3-3 

shows. If the electrolyte thickness can be reduced from the current thickness of 300 |im 

to 10 |im, the electrolyte resistance can thus be reduced by more than 97%. At this point, 

reducing the electrolyte thickness can greatly reduce the ohmic losses. Electrode-

supported thin electrolyte becomes a good solution. 

Activation overpotential comparisons are made between the SOECs with Pt 

electrodes and with the Pt-YSZ cermet electrodes at different temperatures. As shown in 

Figure 3-46 through Figure 3-48, all SOECs with Pt-YSZ cermet have smaller anode 

activation overpotentials than those with pure Pt electrode. Comparing to Pt electrode at 

the anode side, cermet electrode has generated more TPBs where the Pt particles are 

prevented from oxidation. Therefore, those "fresh" Pt particles keep the active catalytic 

characteristics. However, the choice of electrodes does not have a significant influence on 

the cathode activation overpotential. The isolated Pt or YSZ islands wreak havoc on the 

oxygen ion conduction. 
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Figure 3-46; Activation overpotential comparison between the SOECs with Pt 
electrodes and with Pt-YSZ cermet electrodes at 1023K 
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Figure 3-47: Activation overpotential comparison between the SOECs with Pt 
electrodes and with Pt-YSZ cermet electrodes at 1073K 



130 

600 
Pt-YSZ A  A 

5 200 

CO -200 

AA 
A AO 
A <><• 

-600 

Current density (mA/cm ) 

Figure 3-48; Activation overpotential comparison between the SOECs with Pt 
electrodes and with Pt-YSZ cermet electrodes at 1123K 

The anode and cathode exchange current densities are compared between the Pt 

electrodes and cermet electrodes. Both io,a and io,c increase by using cermet electrodes, 

indicating a faster electrochemical reaction than using Pt electrodes. The improvement of 

io,a is larger than the improvement of io,c by two orders of magnitude. 
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4 SOLID OXIDE ELECTROLYSIS CELL MODEL 

In order to analyze and simulate the electrochemical processes that occur during 

oxygen production from oxygen bearing gases, such as solid oxide electrolysis of carbon 

dioxide, a model is needed. As described in Chapter 1, a CO2 electrolysis cell consists of 

the anode and cathode, which are exposed to different gas environments involving 

different electrochemical reactions. Therefore, in this chapter, both the anode and cathode 

are taken into consideration and analyzed. A mathematical description of CO2 electrolysis 

to produce oxygen is setup based on the CO2 unique adsorption characteristics. A 

numerical simulation is then carried out to calculate the adsorbates concentration profile. 

Cell voltages necessary to electrolyze CO2 are predicted by solving the adsorbates 

concentrations and the reactant/product partial pressure distribution. The affect on the cell 

performance is also investigated by changing the different kinetic rate constants. A 

comparison between the numerical results and the experimental data obtained in Chapter 

3 at 1023K is made. 

4.1 Model of CO2 electrolysis at the cathode side 

4.1.1 Physical description of CO2 electrolysis 

A CO2 molecule first impinges onto the external plane of the platinum electrode 

from the free stream, diffuses through the porous electrode, and collides onto the 
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electrode pore wall. By obtaining the electron provided from the Pt electrode, the CO2 

molecule can be ionized into a carbon dioxide anion radical (COj). Because of its 

instability, COj will either dissociate into a carbon monoxide molecule (CO) and an 

oxygen anion (O ) directly, or dimerize with a neutral CO2 molecule or with another 

CO,, forming the oxalate (C^O,^'"), depending on the availability of the open adsorption 

sites on the Pt surface. The oxalate will decompose into CO or carbonate (COf") which 

can further decompose into CO and an oxygen ion (O^ ). The out come of all possible 

adsorption ends up to be six different adsorbed species, which will diffuse along the 

electrode under both a concentration gradient and a potential gradient. At the same time, 

CO2 may thermally split into CO and O2 directly, which can be adsorbed on the Pt 

surface. The adsorbed O" and/or O'" will approach the TPB, where the adsorbed specie 

will be further ionized and fill in an oxygen vacancy within the yttria-stabilized zirconia 

electrolyte, forming an oxygen ion in the YSZ lattice. Under the potential gradient, O^ 

can hop through the YSZ electrolyte to the anode side. Figure 4-1 shows a sketch of CO2 

electrolysis. 
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Figure 4-1: Sketch of a CO2 electrolysis cell 

CO2 electrolysis at the cathode side is complicated consisting of gaseous 

adsorption/desorption and mass transport, as well as the interfacial charge transfer 

reaction. Because of the limited research results available about the CO2 behavior on the 

platinum catalyst surface, there are many uncertainties and difficulties. Some 

assumptions listed below will be used in order to simplify the current electrochemical 

system, 

1. The carbon dioxide molecule can not be dissociatively adsorbed on the pure Pt 

electrode, forming the adsorbed species of O and CO directly, although some kink 

sites on the Pt surface may help CO2 obtain a long enough residence time to be 

broken. So far, there is no any clear evidence showing such direct CO2 adsorption 

on the Pt surface; 

2. There are few CO2 molecules thermally splitting into gases of Oj and CO directly, 

because of the small equilibrium constant at working temperatures between 1023K 
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and 1123K. CO2 may thermally split only under a very high temperature (>1700K) 

at an appropriate dissociation rate;'"'^ 

3. The adsorbed oxygen anion O" bonding to the Pt substrate is relatively strong. 

Although the bonding energy for O" is unknown, it is at least 340-417 kJ/mol, 

which is the bonding energy for an O atom on the Pt surface. This energy is much 

bigger than the bonding energy of CO on the Pt, which is 220-230 kJ/mol.'"'''"*^ 

Therefore, O is assumed not to desorb into O2; 

4. CO; is metastable against the autodetachment of the electron reaction. Either COj 

will dissociate into O through the bond cleavage between carbon and oxygen, 

leaving the adsorbed CO and O' species if there are plenty of open adsorption sites 

available on the Pt surface, or COj will dimerize with a neutral CO2 molecule, 

forming a stable entity CO, • CO,. Such stable entity need further stabilize by 

following two possible paths. One possible path is to dimerize into an oxalate by 

combining two COj^CO" entities. However, the probability of two CO" anions 

meeting each other is small, and two negative charged entities repel each other 

strongly because of a Coulomb force. Thus, the dimerization into oxalate is 

unlikely happening;"" 

The second possible path is that the stabilized CO, anion could react with any 

oxygen anion, as shown in equation (4-1), forming a stable carbonate specie 

(003"^^) p) and leaving a free adsorption site available on the Pt surface (Sp) if there 



are not enough free sites available on the Pt surface.'"^ This carbonate entity will 

continue dissociating into O"' and CO2 gas as in reaction (4-2). However, this may 

not be a plausible path either because there is no CO produced, which conflicts 

with the experimental observations, which CO is detected in the product; 

COj • CO, +0|,j|p ^ CO3 p +Sp (4-1) 

C^3,u),r ^ ®(a),p (4-2) 

Carbon monoxide is adsorbed on and desorbed from the Pt surface molecularly 

because its atomic adsorption is kinetically forbidden."^"'"'' Although a recent 

paper presumed the possible dissociation of CO on the Pt surface at higher 

temperatures, with the help of the kink sites on the Pt substrate,"^ no clear 

evidence can support it; 

All the chemical and electrochemical reactions are occurring only at the Pt surface 

and the Pt-YSZ electrolyte interfaces. CO2 and CO gases are assumed not to be 

adsorbed on the YSZ surface. Being a pure ionic conductor, YSZ could not provide 

any free electrons to the gases to assist the gas electrolysis; 

All chemisorption sites on the Pt surface are equivalent. There is no difference 

among the differently oriented Pt crystal surfaces. A polycrystalline surface 

exhibits and averages all the adsorption sites of the different crystal faces; 

All adsorbed species follow the simple Langmuir adsorption isotherm by assuming 

thai a particle is adsorbed only if it strikes a free adsorption site from the gas phase. 
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There is no competition and interactions between the different adsorbed species, 

especially under low surface coverage of the species; 

9. An 8YSZ electrolyte is a pure ionic conductor following the Ohm's law. Only the 

electric field controls the O^ or V; migration with their concentrations in the YSZ 

electrolyte constant; 

10. The cell current distributes evenly along the interface of the Pt block and the YSZ 

electrolyte. There is no current flowing across the interface of the pore and the YSZ 

electrolyte. 

Based on the above assumptions, the overall system's plausible kinetics, such as 

mass transport and surface reaction, are summarized as the following steps. 

Gas diffusion: 

C02,(g) (free stream) —>  CO,,^, (Pt top surface) (4-3) 

CO^^g) (Pt top surface) ) COj,^, (TPB) (4-4) 

C O ( g j  ( T P B )  — C O ( g j  ( P t  t o p  s u r f a c e )  ( 4 - 5 )  

CO(g) (Pt top surface) —>  CO,^, (free stream) (4-6) 

Adsorption/desorption: 

CO,,,, + e- + 2Sp 0-,,p + CO^^.p (4-7) 
''coa 

CO(,,p^=^CO(^)+Sp (4-8) 
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Adsorbatc surface diffusion; 

CO,.,,, (TPB) ) CO,,,p (Pt) (4-9) 

o;,, (Pt) (TPB) (4-10) 

Interfacial reaction: 

0<.,.,+V,+e-^4!=iO;+S, (4-11) 

where kai is an adsorption rate constant, kdi is a desorption rate constant, A is a 

coefficient of a bulk diffusion or surface diffusion, subscript i represents any species, 

such as CO2 and CO. S is the free adsorption site on the Pt surface. The subscripts in the 

parentheses 'g' and 'a' refer to the gas phase and the adsorbed phase respectively, while 

the subscript 'P' denotes the Pt electrode surface, and 'Y' denotes the interface between 

the Pt and YSZ. 

The overall reaction at the cathode side is expressed as: 

CO,,,) + 2e- + V„ CO,,, + O: (4-12) 
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4.1.2 Mathematical description of CO2 electrolysis 

Electrolyte (YSZ) 

Porous electrode 
A typical TPB 

2 jam 

Figure 4-2; SEM of the typical triple phase boundary 

Figure 4-2 is a typical SEM of the porous Pt electrode. The electrode can be viewed 

as numerous cylinder-shapcd pores surrounded by Pt blocks. A One-dimensional 

mathematical model can be set up by assuming the species concentrations in the radius 

direction of a pore are uniform, and the concentration gradients only exist along the x or 

vertical direction, as shown in Figure 4-3. The thickness of the Pt electrode is and the 

pore radius is rp. ty is the electrolyte thickness. Other structural parameters used in the 

mathematical model are also shown in Figure 4-3. The Pt electrode porosity £ is defined 

as the void volume fraction, and A„ is the electrode physical surface area of the 

electrode. Figure 4-3 also shows the plausible reactions along the Pt electrode at the 

cathode side according to Chapter 4.1.1. 
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Figure 4-3; One dimensional model at the cathode 

4.1.2.1 Adsorbed species mass conservation on the Pt surface 

r production rate 

Figure 4-4: Finite differential control electrode surface 

Figure 4-4 illustrates a differential control ring of the Pt electrode with the radius of 

fp and the infinitesimal thickness of Ax. Along the Pt electrode pore wall, G. is the 11 ux 
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of the adsorbed specie i within a single pore. The adsorbate flux within each pore can be 

expressed as: 

G, = 2nr, ] (4-13) 

where x is the distance along the electrode, t), is the mobility of the charged adsorbate, 

and E (A) is the electric field. such as and [s], are the 

surface concentrations of the adsorbates and the free adsorption sites. The delta function 

5. equals to 1 as the specie i in the subscript is p, otherwise it equals to zero. 

There arc two kinds of flux in equation (4-13), the surface diffusion flux under the 

concentration gradient and the migration flux under the electrostatic potential gradient. 

Being a negative charged entity, is accelerated by the electric field toward the 

interface of the electrode and the electrolyte. 

Under a steady state assumption, the mass conservation gives: 

(4-14) 

where is the production rate of the adsorbed species i within a single pore. The 

production rale can be expressed based on the adsorption/desorption reactions (4-7) and 

(4-8) as: 

b] - Kico, [®(a),P ] [CO(a),P ]] (4" 15) 
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'CO^.P - 2^?; {^ACOJ-^COY,, [^] ^uco, [0(A),P ] [CO(,)_P ] + PCO,,, U] K^o [^^(A),? ]| (4" 16) 

where r^. and are 0,r.,,,p and CO,^,p production rates, respectively. and P^q 

are the partial pressure of COo and CO. Substituting the flux and the production rate into 

the mass balance equation (4-14) results in the following: 

^i^TCO^pl 2 r nr n 

'^K^:fco,„ [^®W.F] 

One can introduce 0. as the fractional surface coverage of different surface species: 

[cl 
0.=^ (4-19) 

K 

where Ng is the total number of surface adsorption sites whose typical value is 1.74x10'^ 

mol/m^ (1.05x1 ()''' paiticle/m") for CO and O on the Pt surface.'"^' 0. has a value between 

0 and 1. The total fraction of surface coverage 0^ is thus: 

^p=^n- +^co (4-20) 

and 

0^+e,=i (4-21) 

where 0g is the fraction of the free adsorption sites on the electrode surface. The 

equations (4-17) and (4-18) can therefore be expressed as: 



0 - D. - + - l%- %- E{x) 

|2 

dx^ tlx 
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(4-22) 

'f»2 U<,),p 

d ©CO r i2 
0 = D™ ^+Nk Rq l -0p 0CO ®n-

'-"(a) ^JJ.2 " toj <-02,(g) 1- r J O rfc02 0,J,,|. (4-23) 

+^aeo ̂ C0„) [1""" ] " ̂</co ®C0,,„. 

The electric field E (x) in the equation (4-22) can be described by the Maxwell 

equation: 

and 

£(x)=-V0 (4-24) 

V'0 = - (4-25) 

where, Eo is the permittivity of free space, and p is the charge density which can be 

written as: 

p = - N B F  (4-26) 

Therefore the electrical potential (j) and the electric field E (x) can be calculated by 

solving the following equations: 

V'0(x) = 
d^<p{x) _ 

d^x e„ 
(4-27) 
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= = (x)dx 
ax e 

NF 
f'0„. (x)dx 

(4-28) 

To obtain a unique solution, two second-order ordinary differential equations need 

four boundary conditions, which are defined as the following. At the interface of the Pt 

electrode and gas free stream x-0, it is assumed that the exchange rate of the adsorbed 

species is negligible and CO2 adsorption is under equilibrium which the CO2 adsorption 

and dcsorption arc at the same rate. Therefore, the first and second boundary conditions 

at the top Pt electrode surface can be: 

(4-29) -^n- ^CO -^co ^ = 0 Ow,p 0(1),P 

where 9'^. and are fractional equilibrium concentrations of the adsorbed species 

p and p . 

At x=tp where it is the TPB with a thickness of ?tpb, the boundary condition can be 

obtained based on the mass conservation between the species diffusion flux and the 

production rate. Because of the difficulty of visualizing the thickness of the TPB, 10 nm 

is assumed for the current cases 80 

Referring to Figure 4-4 at the TPB, for the adsorbed specie y > the inlet diffusion 

flux could be expressed as; 

de^ 
G :.2;rrp<|-D ^ 

dx 
(4-30) 
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The outflow is carried by the current flow through the TPB, and is expressed based 

on the charge balance; 

1 KV' 
G  (4-31) 

0(a).P.»w YlP 

/ is the total cell current written by the charge balance at the TPB as; 

I = } (4-32) 

where c is the concentration of the oxygen vacancy of the YSZ electrolyte, and c is 
i 

the concentration of oxygen ions in the YSZ electrolyte lattice. ko\ and kn are oxidation 

and reduclion rate constants at the cathode side, respectively. 

The total production of fonned from the CO2 adsorption at the TPB is; 

r 2^^P^tpb [Kco, '^C02,„.y ^0 [1 Kco, Y } (4-33) 

Under the steady state assumption, the third boundary condition is the flux of y 

at x=tp: 

_ 1 r. 

d x  [ n F ] D ^ _ N ^ 2 £ \  
at X = fp (4-34) 

0(a) 

The equation above clearly shows that the inlet flux of 0",,^ at the TPB is balanced 

by two mass sinks; the cell current, as well as the CO2 desorption. 
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The flux of the adsorbed specie y is balanced by the production of CO2 and 

CO based on the surface reaction (4-7) and (4-8). The flux and production at the TPB is 

written as; 

-"CO,, = 27tK,\-Dnr. N, 
dd. co„ 

COf,,-L o dx 
(4-35) 

f zz OtIV t IV * 
^CO„,,v » 

N  k  R „  h - e ^ f - N k ,  ft,, 0 " "C02 L y J o co,„y o;.| V 

'^CO„„v [^ ~ ] "" ^drn ̂ c0„„ 

(4-36) 

Under mass conservation, the fourth and final boundary condition is the flux of 

CO(jjY 

de, 
CO, <a).Y _ "TPB 

dx Dr. 

KK Pco U-oJ'-Nk, d 

-^co ®co (Icq CU(g) L Y J dcq Y 

at X = tp (4-37) 

4.1.2.2 CO2/CO gas diffusion within the pores 

Figure 4-5: Finite differential control volume of a pore 
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COn and CO gases form a binary diffusion through the porous Pt electrode under the 

constant total pressure. Based on the same mass conservation discussed above, the 

differential control volume shown in Figure 4-5 gives the following governing equations: 

r^Dco, ^ Pco Q Nl[l-B^tPco =0 (4-38) 

+ k N^e^o -K =0 (4-39) 

Using the fact that P^-.^ + is equal to the total pressure, which is assumed 

constant, equation (4-38) and (4-39) can be reduced to one equation. Therefore only two 

boundary conditions are needed. 

It is reasonable to give the CO2 pressure at the free stream as the first boundary 

condition: 

^co,,„ = •« = 0 (4-40) 

At the TPB interface, the CO2 diffusion flux and production rate are given by; 

^CO (4-41) CO,,,. ' grr dx 

'CO = 2/Tr^r,,.,,,V:{-A-„ +A., <9^. ft-o I (4-42) Ifti o '-'J2,(g).Y L 1 J "CO2 0,3, y "-OjjjyJ ^ ^ 

By mass conservation, the second boundary condition for the partial pressure 

gradient of CO2 is: 

dx rpDco^ 
-{-^ac„/co,,,Jl-^Yf+V^o„/co,,4 x = t, (4-43) 
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4.2 Model of O2 production at the anode side 

4.2.1 Physical description of Oi production 

At the anode side, an oxygen ion in the electrolyte lattice forms an oxygen atom by 

getting rid of two electrons to the Ft electrode, and an oxygen vacancy to the electrolyte 

at the TPB. The oxygen atom is adsorbed on the Pt surfacc and diffuses along the 

electrode away from the TPB under the concentration gradient. At the same time, the 

adsorbed oxygen atom combines with another oxygen atom and desorbs into the pore, 

forming an oxygen molecule. The oxygen molccules diffuse into the free stream, and are 

flushed out by the air. 

Gas diffusion: 

02,(g) (Pt-YSZ interface) —(Pt top surface) (4-45) 

Adsorption/desorption: 

02(g) (Pt top surface) —)  ^2(g) stream) (4-44) 

(4-46) 

Adsorbate surface diffusion: 

(TPB) (Pt) (4-47) 

Interfacial reaction: 

Oo+SyHr^O(a),P + Vo+2e- (4-48) 
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The microstructure of the anode is treated the same as the cathode, because of the 

same preparing method and procedure, as described in Chapter 3. 

The overall reaction at the anode side can be written as; 

(4-49) 

4.2.2 Mathematical description of O2 electrolysis 

Since O2 electrolysis has obtained more attention in experiment and modeling than 

CO2, a model is set up using the results of O2 adsorption behaviors obtained by other 

researchers.Like the derivation of the governing equations for the CO? electrolysis at 

the cathode side, the governing equations for the adsorbed oxygen and oxygen gas can be 

obtained based on the mass conservation over the differential control element: 

0 = -
d'-a 

dx" 
- + 

Dn -'2,{g) 
1-^n 

2 

Dn 
(4-50) 

0 = -
d'P,. -*2,(8) k, N:2%T 

"O2 
dx r D,, 

P 02,(g) 

-e' -
k Nl2%T "09 " 1-a, 

with the boundary conditions: 

(4-51) 
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K In t O P FJPQ _ 
r 

dx D, 

at .1- = + ty (4-52) 

k N i i m , ,  

at x = 2/p + (4-53) 

As shown in Figure 4-1, .r = is the TPB at the anode side and x = 2r,, -I-is the 

interface of the anode and the air free stream. Dy is the adsorbed oxygen surface 

diffusivity, while D,, is the oxygen gas bulk diffusivity. 

4.3 Electrode potential 

The driving force for CO2 electrolysis is the electrochemical potential difference 

between the anode and the cathode. The applied cell voltage could be written as 

following: 

where (J:) is the electrochemical potential of the electron. The value in the 

parentheses, x, represents the position on the electrode. Such form of expression is 

(4-54) 



150 

adopted through out this chapter. Thermodynamically, the electrochemical potential /i, is 

defined by; 77 

jl̂  = ji" + %T\n C; + nF<j>- (4-55) 

where f i " ,  c .  and ( f ) .  are the energy at the reference state, concentration and potential of 

species i, respectively. 

The activation overpotentials of the anode {rj^ ) and cathode (), which define 

the degree of departure of the interfacial electrochcniical reactions (4-11) and (4-48) from 

their thermodynamic equilibrium, can be expressed as: 

^act,c 
1 

IF 
MQ" (^P ) (^P ) Ag- (^P ) A^V ^ (4-56) 

1 

2F 
P-Q- (^P + ) + fisy (^P + ̂ Y ) ~ (^P + ̂ Y ) ~ (tp+ty) (4-57) 

where and ?Y+^P in the parentheses are the positions of TPB at the cathode side and the 

anode side, respectively. 

The total activation overpotential ,„,) due to the charge transfer reactions for a 

full CO2 electrolysis reaction is; 

^act,lot /-» i-t 
IF 

_1_ 

IF 

1 

(^P ) /^v ^^P ^ + -
IF 

(^p "'"'Y )"'' /^Sv (^P ^Y ) 

+ 

+ -

2F 

Ag- (^p ) (^p 'y) "^ MQ;,,, y ^^P ̂  fi&r (^P ) 

/^o" ^^P ^Y )"~ Pty- (^p ) 

(4-58) 
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By assuming that at the top position of the cathode electrode, or x-0, the 

adsorption/desorption reactions of CO2 and CO arc under equilibrium, while at the 

bottom position of the anode electrode, or A-2;P+/Y, the adsorption/desorption reaction of 

O2 is also under equilibrium, and based on the electrochemical potential definition, 

equation (4-58) gives: 

^actjot " ^^YSZ ^ 

H In 
2F 

1 
+ -

2F 

^OW.1- ) l-0y(/p +ty) 

(^p +^Y) 1 - 0p (2?P + ?Y ) 

1 _ 

9 v r ,  
+ In 

2F 

Oo (^p)[l-0p(O)] 
^(a),P 

00 ,(O)[l-0y(?p)] 
(4-59) 

Mco, (g, (®) fico^ (0) 2 ^Y) 

, JR^ and /i?Ysz olimic losses of the anode, cathode and YSZ electrolyte, which 

are defined as: 

^Kn - ̂e- + ̂ Y ) - ) 

"Co- C) (4-60) 

•^-^YSZ — '/'v•• ) 

The last term of the right hand side of the equation (4-59) is the negative open circuit 

voltage, which can be obtained under the equilibrium condition: 

Vr ocv 
1 

2F 
P'co^^ (®) 2 ^02.(s) 'Y ) (®) (4-61) 

By using the open circuit voltage equation (4-61) in equation (4-59), the applied cell 

voltage V\, is derived as: 
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act.tot + ^^YSZ ^OCV 

91T 

2F 
In 

1-0,(0) 

0-, (0) l-0y(?p) 

9tr 

2F 
In 

^0(,y. (2^p + ) 1 — 0Y (fp + fy ) 

^O, , V ) 1 •" 0|> (2^|, + ) 

(4-62) 

The above derived equation is an explicit theoretical form of the applied cell voltage 

for the full CO2 electrolysis cell reaction. It consists of the open circuit voltage that is a 

reversible energy, and three other energy losses. These losses arc activation overpotential 

and concentration overpotential on the cathode and anode side, and ohmic losses of the 

anode, cathode and electrolyte. The activation overpotential is caused by the charge 

transfer, while the concentration overpotential is caused by the adsorbed species surface 

diffusion under the concentration gradient. 

4.4 Electrode kinetics 

4.4.1 Charge transfer at the cathode side 

It is generally believed that only the charge transfer reaction (4-11) at the TPB can 

form the Faraday current. The cathodic and anodic current density at the cathode side, ia,c 

and ic,c respectively, can thus be expressed based on the electrochemical kinetics at the 

TPB: 

A-;; exp ,5^1 
SIT ' 

-<t>y] (4-63) 

0^a,cF 

SiT 
(4-64) 
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where Uax and o^.c are the anodic and cathodic transfer coefficient at the cathode side, 

respectively. The cathode activation overpotential equation (4-56) can be re-written as: 

-gtrin 

+9trinc + 2F[(/),,-0y] 

- K -^0 ^(a),Y *0 

e. 

Ow.v 
1 - a  

-9^7'hic (4-65) 

While under the equilibrium condition, the reference energy is obtained as: 

-K = 2F[(l);-(t)y]-SiT]n 

-9trinc,, -i-Sirinc,, 

0„ 

l-Ov (4-66) 

where the superscript * represents the equilibrium state. The equilibrium concentrations 

of carbon mono.xide and oxygen anions can be derived from the reactions (4-7) and (4-8): 

9. 

k.. P.. 1 
CO,,,, 

kj + k„ 1 + A, ciqq CO, (s) 

el 
0[»\ 

A 
1 + yl| 

(4-67) 

(4-68) 

where the parameter .41 has the form of 

A-
K \ y "C02 

'CO, 
p 

^:o 
-I- k„ "CO ^co CO(g) 

(4-69) 

By substituting equations (4-65) and (4-66) into current density equations (4-63) and 

(4-64), and applying the equilibrium potential difference: 
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0P 0Y 
SiT 

K,c+«.,c]^ 
In 

h-" c G V:- 07, 

K. V 1-^v 
(4-70) 

the net current density 4 at the cathode is derived as: 

h = io,c i exp 
a.. 

SiT 
Fn. acl,ca -exp 

«..c 

I —I 
0,C 0,C 

( e .  ]  2 (1-0Y ^ 

e' 1-0; 
V V ^ J 

^ a ^ 
-„£i£ P f l  

lact,ca 

5^ 
2 

(4-71) 

(4-72) 

where a,, ̂  -f- ^ = 2 . Oy is the fractional surface coverage at the TPB of the cathode, 

which is By =9^. +®cov • Cc is the apparent exchange current density. The exchange 

current density (io,c) has the form of: 

01 [1-0;]^" (4-73) 

Equation (4-71) is the Butler-Volmer equation derived based on electrode kinetics by 

considering the reactant concentration effect at the TPB. The cathode exchange current 

density is a function of reduction/oxidation rate constants, which characterizes the 

electrode catalytic behavior. The faster reduction/oxidation reaction the electrode has, the 

larger the exchange current density will be, and the better the electrode is, as described by 

equation (4-73 ). 
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4.4.2 Charge transfer at the anode side 

As done for the cathode side, the Butler-Volmer equation for the anode side is also 

obtained by introducing the anodic and cathodic current density as: 

c,a = exp 
ry 77 

1-ft K i  e x p  

(4-74) 

(4-75) 

where ^ and a,..,, are the anodic and cathodic transfer coefficients at the anode side, 

respectively. Therefore the Butlcr-Volmer equation for the anode is derived as; 

la - lo.a 1 eXp —77 '1 act,an -exp .^1 tact,an 

I — I o,a o,a 

'^0 1 2 
^(a).Y 

'-'{a),Y ^ ^(a),Y _ 

(4-76) 

(4-77) 

where = 2 , /* ̂  is the apparent exchange current density of the anode, and the 

anode exchange current density (^) is; 

0n 1 - a ,  (4-78) 

This Butlcr-Volmer equation (4-76) of the anode has the similar form as that of the 

cathode equation (4-71). These two Butlcr-Volmer equations conclude the electrode 

kinetics for the full CO2 electrolysis cell. 
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4.5 Kinetic rate constants 

Electrolyzing CO2 to produce O2 involves mass diffusion, surface reactions and 

electrochemical reactions at the TPB. Through equations (4-22) to (4-78), there are more 

than fifteen rate constants, which are essential to the reaction and need to be known to 

simulate the CO2 electrolysis. All information necessary to obtain those rate constants is 

to be researched and discussed in the following sections. Some gases have been well 

studied by surface scientists, such as oxygen'"' "^ and carbon monoxide."^""'' However, 

the study of CO2 has been done little because of the experimental difficulties and 

thermodynamic stability. 

4.5.1 Adsorption reaction rate constant k„ 

For any diatomic molecule adsorption reaction (4-79) on a metal surface, the 

adsorption could be either molecular adsorption or dissociative adsorption, depending on 

the bond strength formed between molecule and the surface: 

or (4-79) 

The rate of adsorption is given by; 

=  N — ^ s " ' > i 0 ) F  
dt (4-80) 

l ( « )  
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where n^a) is the density of the adsorbed specics in moi/m'. The sticking coefficient 

^(a)94 -J, probability of adsorption, a function of the fractional coverage 6. The 

superscript a is either 1 for non-dissociative or 2 for dissociative adsorption. If the 

adsorption follows the simple Langmuir model,'''^ the sticking coefficient could be written 

as; 

/"'(0) = 5'"^(O)[l-0f (4-81) 

where 5'"^ (0) is the initial sticking coefficient at zero coverage. Adsorption experiments 

have shown that (0) is a function of temperature and dependent on the crystal surface 

orientations. 

F is the flux of molecules striking the surface of unit area at a given ambient 

pressure PAB (in Pa) of gas AB(g). Based on the assumption that a particle, as long as it 

hits and is adsorbed on a solid surface, stays on that surface indefinitely, F is then given 

.94 by;' 

~ P F = 
yjlTtMRT 

24 ^ (4-82) 
_ 2.63x10^^ 

y/m 

where M is the average molar weight of the adsorption gas AB(g), g/mol. Na is 

Avogadro's constant. Thus the equations (4-80), (4-81) and (4-82) lead to the adsorption 

reaction rate constant ka as: 
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t,=4.367."«(0)^^ (4-83) 

As long as the initial sticking coefficient and either molecular adsorption or 

dissociativcly adsorption behavior are known, the species adsorption rate constants at the 

different temperature can be estimated. 

4.5.1.1 COo adsorption rate constant 

As already described above. CO2 can not be adsorbed on a pure, clear Pt surface 

above room temperature, although non-dissociative molecular adsorption is detected at a 

surface temperature of below 80K. CO2 adsorption on a metal surface could happen only 

with a lowered surface work function, which could be induced by electron donation from 

a donor, such as the alkali metal.Such a partial charge transfer from the metal to the 

CO2 molecule can lead to a change in structure and bonding. The consequence of 

strengthening of metal-carbon bond and rupturing of C-0 bond makes CO2 easy to 

dissociate. An extensive collection about CO2 desorption/adsorption behavior on various 

metals and oxidation surfaces has been summarized by Freund et Nevertheless, very 

little information is available concerning CO2 on the Pt surface, such as the initial 

sticking coefficient, desorption energy, etc.. 

A nondissociative initial sticking coefficient (So) of CO2 on the Pt( 111) surface had 

1 ns 
been measured by Kulginov. Their trajectory study showed that, on a 85K Pt surfacc, 

Sa is both a function of incident energy and incident angle. The measured So behavior 



has a slow decline from 0.6 at 60 meV of incident energy, toward 0.1 at the highest 

incident energy of 1.2 eV. 

Other than 85K, the CO2 adsorption .sticking coefficient on the Pt surface is 

unavailable. Considering the similarity among Pt, Pd and Rh, which all are column VIU 

elements in the element period, the Pt initial sticking coefficient is estimated in a range 

based on the experimental re.sults of Pd and Rh. A few researchers had published their 

results on those metal surfaces. By thermal desorption (TD) measurements, Solymosi"^' 

found that the CO2 initial sticking coefficient changes from 0.01 to near 1 as the surface 

coverage of the predosed potassium on the Pd surface increases from 0.01 (clear surface) 

to 0.15. There is a drop to 0.5 as the Pd coverage reaches 0.42. There has been a big 

dispute about the CO2 dissociation on Rh surface between Somorjai's group"*' and 

Weinberg's group'". Via temperature desorption spectroscopy (TDS), low electron 

energy diffraction (LEED), and High-resolution electron-energy-loss (HREELS) 

techniques, Somorjal"" reported that CO2 can dissociate on the different Rh single crystal 

surfaces and Rh foil with 0.1 dissociation probability at room temperature. By calculation 

using kinetic and thermodynamic parameters, Weinberg questioned the results of 

Somorjal. and pointed out an extreme low dissociative probability of CO2 adsorption on 

the Rh surface at low pressure and room temperature. Goodman's"^ experimental results 

supported Weinberg's argument by showing that the CO2 dissociation probability is only 

-13 10" at room temperature; however, the linearity of the Arrhenius plot suggests a higher 

dissociation probability at a higher temperature. Due to different measuring techniques 
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under different test environments and sample preparations with impurities or hydrogen, 

there is a wild range of the available of COi sticking coefficient on the Rh surfacc. 

Therefore, the sticking coefficient on Pt is chosen to range from 10"' to 1()''\ 

By the equation (4-83) at 1023K, the CO2 adsorption rate constant can be estimated 

from 1.183X10^ to 1.183x10'Wmol-s-Pa. 

4.5.1.2 CO adsorption rate constant 

The adsorption of CO on the Pt surfacc has been heavily studied over the last fifty 

years. CO has been reported to be adsorbed on the Pt surface in two preferred locations, 

on top sites directly above the Pt atoms at low coverage, and on bridge sites between two 

Pt atoms at high coverage. Adsorption of CO is normally treated to be non-activated, 

because the initial sticking coefficient was found to be independent of the temperature. 

The So of CO was reported to be fairly constant at 0.9 between 160K and 430K, and about 

0.8 between 400K and 773K."'^''''* A recent paper reported the dissociation of CO on the 

Pt surface at higher temperature with the help of kink sites on the Pt surface. 

Based on equation (4-83) and So, the estimated CO adsorption rate constant is 

about 1.5x10^ /s-Pa at 1023K. 
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4.5.1.3 Oi adsorption reaction rate constant 
^02 

The characteristics of oxygen adsorption on Pt surfaces, as well as on group VIII 

metal surfaces, have been studied extensively via various modern surface analytical 

techniques.'"'""^ It is more complex than CO adsorption behaviors described above 

because the oxygen adsorption is highly dependent on the surface temperature and 

pressure. There are three possible adsorptions; molecular adsorption, dissociative 

chemisorption, and oxide formation. 

Molecular adsorption has been detected at temperatures below lOOK with a sticking 

coefficient of unity and low adsorption heat of 37 kJ/mol."^'"^ Heating the surface above 

170K results in the formation of adsorbed atomic oxygen. At room temperature, oxygen 

exists in the atomic form, adsorbed on hollow sites with a low sticking coefficient of 0.1. 

Based on equation (4-83) obtained by assuming the simple Langmuir isotherm and no 

significant lateral interaction, the oxygen adsorption rate constant comes to be 

6.95x10' nr/mol-s-Pa at 1023K. 

Mitterdorfer et al}" obtained an oxygen adsorption rate constant empirical function 

of surface coverage and temperature. Their impedance spectra data fitting for 

0=[O.2,O.75] yields; 

5' 
^ k J O )  c x p  

RT 
(4-84) 
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where the pre-exponential factor (0) = 1.23xlO"^m"/ mol - s - Pa, and the interaction 
"O; 

energy parameter 5' = -55.6kJ/mol. This equation gives from 9.14x10" to 3.33xlf/ 

m^/mol-s-Pa as the oxygen surface coverage increases from 0.2 to 0.75 at 1023K. 

4.5.2 Desorption rate constant kd 

An adsorbate can desorb by heating up its substrate using a laser or an electron beam 

in a relatively large vacuum chamber, such as laser induced thermal desorption (LITD) 

and electron beam induced desorption. By assuming that the surface specie residence 

time depends exponentially on the substrate temperature, the surface concentration can 

therefore diminish quickly with increasing temperature without gas re-supply. 

The desorption rate can be described a.s:'~'^ 

'd 
dt 

f z? (a\ ^ 
= n,(^)exp [N,e] 

(4-85) 

where v„ is the pre-exponential factor (1/s), E,i is the desorption activation energy, and m 

is the reaction order of the desorption process. From equation (4-85), the desorption rate 

constant can be derived as: 

EA^y 
K =v„(^)exp (4-86) 

9tr 

By knowing the desorption activation energy and the pre-exponential factor, the gas 

desorption rate constant can thus be estimated. 



4.5.2.1 CO; desorption rate constant 

Because of its thermodynamic stability, like CO2 adsorption, CO2 associative 

desorption behavior on the Pt surface has been little studied, and few data is available. 

Nevertheless, catalytic oxidation of CO has received extensive attention on single crystal 

surfaces, as well as polycrystalline and Pt foil in the past. The two well-accepted 

mechanisms of oxidation of CO are via the Langmuir-Hinshelwood model between 

adsorbates of CO and O, and via the Eley-Rideal model between an adsorbate and gas."'' 

The CO oxidation rate increases with temperature up to BOOK, then decreases slowly to a 

small rate at high temperature. The reaction probability of CO drops sharply over 

700K.'"" Temperature programmed desorption (TPD) studies have shown the product 

CO2 desorption peaks at 210-260K and 310-330K.'~'"'" The activation energy depends 

greatly on the surface coverage of the adsorbates, varying from 101 kJ/mol at low CO 

and O, to 50 kJ/mol as the Pt( 111) surface saturates with O.'"^ The decrease in Ed is 

attributed to a decrease in the heats of the adsorption of CO and O due to repulsive 

119 interactions. 

1 'yA 
Vary recently, Han et al. reported their measurements on CO and O reaction on 

the Pt(lll) surface, producing a COo precursor species with 46± 3 kJ/mol desorption 

activation energy in the following pathway: 

CO(^) + 0(^, -> CO, ,^, CO, (g) (4-87) 

1 
Via TPD measurements, Liu found that strongly adsorbed CO2 desorbs above 

600K with a peak temperature of 660K on the potassium predosed Pt surface. The 
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desorption peak temperature shifts to a higher temperature with a higher K coverage. The 

aciivalion energy of CO2 desorption is obtained to be 46 - 167.8 kJ/mol. The typical pre-

cxponcntial factor Vo in equation (4-86) is taken as lO'"^ ra~/mol-s. With these values, the 

CO2 desorption rate constant is estimated to be 2.71x10'^ - lO'^ m"/mol-s. 

4.5.2.2 CO desorption rate constant 

Guinn"^ performed CO thermal desorption from a polycrystalline Pt surface over a 

wide range, such as the adsorption equilibrium temperature from 400K to 600K, CO 

pressure from 10'® to 10'' Pa, and a fractional surface coverage from 10"^ to 1. The 

Langmuir-Freundlich isotherm fitting gave the activation energy of desorption at 170 

kJ/mol for a clean surface and 51 kJ/mol for 0.9 surface coverage. This energy value is 

very close to Seebauer et a/.""* results of CO desorption from the Pt(111) plane. Laser-

induced thermal desorption reveals that the activation energy declines as the coverage 

increases from the initial value of 133.95 kJ/mol to 67 kJ/mol. Their results also show-

that the pre-exponential factor stays almost unchanged at s"' as B is within the 

7 ^ 1 
range of 0 to 0.3, and drops to 10 ' s' near saturation at 0.6. Therefore, an estimated CO 

desorption rate constant is set to be 10'^ - 10^ s'' based on equation (4-86). 
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4.5.2.3 02 desorption rate constant 
02 

TPD of oxygen on the Pt surface has been studied extensively both experimentally 

and numerically. Under the adsorption/desorption equilibrium, Kuzin'^^ obtained the 

oxygen desorption activation energy of 171 ±5 kJ/mol with 0.35 and 0.5 of surface 

coverage. This activation energy is close to the result obtained by Norton and 

Barteau. ' Zhdanov extracted the desorption activation energy from the TPD 

spectra, and shows a decrease of Ed, as well as maximum desorption rate temperature, 

with an increase of initial oxygen surface coverage. By neglecting the correlations in the 

arrangement of adsorbed particles, he obtained the simplified mean-field (MF) equation 

of desorption kinetics at a low surface coverage; 

de 
- = -v„exp 

E " ^ - B d  
0' (4-88) 

RT 

where is the activation energy for desorption at low coverage, and 5 is a constant 

related to adsorbate-adsorbate interaction. Comparing to equation (4-86), MF equation 

(4-88) takes into account the interaction between adsorbates. By fitting the oxygen 

adsorbate on the Pt (111) surface TPD spectra, v, E^ and B are found to be lO'^ /s, 230 

kJ/mol and 125.6 kJ/mol, respectively. 

80 Mitterdorfer et al. impedance spectra data reveals the surface coverage dependence 

of the oxygen desorption rate constant which behaves exponentially: 

e'e' 
=^</(0)exp 

RT 
(4-89) 
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where A_,(()) = 1.25* 10'' m^/mol-s and the interaction energy parameter (e') is 51.0 

kJ/mol. 

based on the desorption energy and the pre-exponential factor published by the above 

authors. 

4.5.3 Electrochemical reaction rate constants k^. and 

Charge transfer rates at the TPB cannot be controlled by simply separating the 

electrochemical reaction from the other steps, such as the gas adsorption/desorption and 

diffusion. The charge transfer rate is affected by the reactant concentrations at the TPB. 

Therefore, the charge transfer rate constants are estimated based on the experimental 

results obtained in Chapter 3 in the range of reactant concentrations at the TPB. 

As the charge transfer reaction equation (4-11) at the TPB of the cathode side is 

under equilibrium, the oxidation current density should be equal to the reduction current 

d e n s i t y ,  a n d  e q u a l  t o  t h e  e x c h a n g e  c u r r e n t  d e n s i t y .  T h e  e q u i l i b r i u m  p o t e n t i a l  ( T ,  )  

at pressure P and temperature T can be calculated by: 

In order to calculate the equilibrium potential at any (T,P), a reference potential is 

needed, which can be defined at an arbitrary pressure and temperature. To make the 

The oxygen desorption rate constant is thus calculated to be 10^ to lO'" m'/mol-s 

r, C. 
(4-90) 
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calculation simple, a reference equilibrium potential can be set to zero at 7o=1023K, and 

P„=l atm. The equation (4-90) gives: 

(4-91) 

The exchange current density can be derived from equation (4-63) and (4-64) as: 

i,.,=nF[\-e\N^c^ el. K, = n F [ \ - e ] N „ c ^ ,  (4-92) 
* 0 ^(a),Y '-'o -J 

By knowing the exchange current density obtained from experimental results, the 

reduction rate constant and oxidation rate constant can be estimated. However, the 

reduction/oxidation rate constant is affected by the equilibrium fractional concentration 

of 0^3) Y the TPB. The only thing that can be done is to estimate the rate constants at a 

range of d* from 0.1 to 0.001. These estimated rate constants are listed in Table 4-1 

for 1023K. The estimated rate constants for the charge transfer reaction equation (4-48) at 

the TPB of the anode are also listed based on the experimental results described in 

Chapter 3. 

Table 4-1; Reaction rate constants 

e k ° ^r1 koi° l<02° 

xlO"* m^/mol-s x10 ® m^/mol-s x10"^ m^/mol-s x10'® m^/mol-s 
0.001 315 - 567 3.33 - 6 831 - 1420 0.732 - 1.252 
0.01 31.5-- 56.7 3.37 - 6.1 83.1 - 142 0.732 - 1.256 
0.1 3.15- 5.67 3.15- 6.8 8.31 - 14.2 0.122 - 1.464 

io (A/m^) 0.25 - 0.45 0.55 - 0.94 
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4.5.4 Diffusion coefficient through porous electrode 

The total pressures of the cathode and anode gases are kept constant. Gas diffusion 

through the electrode can be treated as binary diffusion because there is no total pressure 

gradient, which drives bulk flow in the pore. Gas diffusivilies can be estimated either 

based on the form of diffusion in a porous media or Knudsen diffusion, depending on the 

ratio of the molecule mean free path and the pore diameter. Diffusion in porous media is 

more afTected by the porosity and tortuosity, while Knudsen diffusion is a more 

physically selective diffusion and is more affected by collisions between the molecules 

and the pore walls. 

4.5.4.1 Knudsen diffusion 

Knudsen diffusion refers to when the gas interacts only with the pore walls. It is 

dominant whenever the mean free path is greater than the pore diameter. The ratio of the 

mean free path over the pore diameter is defined as Knudsen number (K„)\ 

where is the gas mean free path, an average distance traveled by a molecule between 

(4-93) 

two successive collisions, and can be calculated by:'"" 

/ - KT I = IS: 
-JlTtalp 

(4-94) 
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in which cr,.,. is the radius of collision molecule.' " If the Knudsen number is small, the 

diffusion will be strongly affected by the tortuosity and porosity, which are 

characteristics of diffusion in porous media. If the Knudsen number is large, the flow will 

be dominated by collision with the boundaries. 

The average radius of the CO2 and CO molecules is 3.793 A. Based on equation 

(4-94), the calculated mean free path at 1 aim and 1023K is around 0.218p.m. The typical 

pore diameter is about 0.5 |im, therefore the K„ number in equation (4-93) comes out to 

be 0.218. This number has a small value, implying that CO2 gas diffusion through the 

pores is mostly affected by the porosity and the tortuosity, but less affected by the 

molecular collision with the pore boundaries. O2 gas diffusion at the anode side has the 

same characteristics as CO2 and CO gas diffusion. Therefore CO2, CO and O2 gas 

diffusion through the Pt electrode are treated as diffusion in the porous media. 

4.5.4.2 Diffusion in porous media 

In the case of gaseous diffusion through a porous media, the gas is impermeable to 

the media, and the diffusion takes place only through the cramped and tortuous media. 

The effective diffusivity can be calculated in the following form by taking into account 

the effects of tortuosity r and porosity e. 

D „ = e ^  ( 4 - 9 5 )  
1/ 
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where D is the normal gas diffusivity, £ is the porosity or void fraction which is roughly 

about 0.5 for the Pt electrode based on the SEM results, and r is the tortuosity ranging 

between two and six and averaging about three.In the case of binary diffusion, the 

binary diffusivity of gases A and B can be calculated accurately by the Chapman-

131 Enskog formula based on kinetic theory of idea gases: 

=0.0018583 

r' 
^ 1 1 ^ 

\ ̂  .\ J 
( 2 ^ cm 

V ^ y 
(4-96) 

where P is the total pressure in atm, and is the collision radius of Lennard-Jones 

parameter in Angstroms. is a dimensionless function of the temperature and the 

intcrmolecular potential field, depending on an integration of the interaction between two 

species which is given by CJAB: 

<7AR =-(fA +C''R) 
2^ ^ (4-97) 

As long as this two-energy quality in equation (4-97) is known, ODAB can be 

obtained by a look-up table.^ The estimated binary diffusivity of CO2-CO and O2-N2 are 

listed in Table 4-2 with 0.5 porosity and 3 tortuosity. 
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Table 4-2: Binary diffusivity 

M a E/KG ''A-B EA-B ^A-B DA-B 

g/mol A °K A °K 1023K x10 ® m^/s 

o
 

o
 

ro
 44.01 3.996 190 3.793 144.57 0.7882 2.161 

CO 28.01 3.59 110 

02 32 3.467 106.7 3.633 87.283 0.7291 2.725 

N2 28 3.798 71.4 

4.5.5 Surface diffusion coefficient 

Surface diffusion can be viewed as a site-to-site hopping process because of the 

bonds between the adsorbed specie and the substrate. The surface diffusivity 

characterizes the surface diffusion. The surface diffusivity measurement and prediction 

have been well developed over the last 60 years in the surface science arena. 

There are about fifty methods that have been adopted to measure the surface 

diffusivity.'^" Most of them can only be used in a restricted condition. However, field 

emission microscopy (FEM), photoemission electron microscopy (PEEM), laser-induced 

thermal desorption (LITD), helium scattering, and nuclear magnetic resonance (NMR) 

are most commonly used successfully to study the carbon monoxide and oxygen surface 

diffusivities on metallic substrates. Typically the surface diffusivity £)., obeys Arrhenius 

behavior; 

( E \ 
D,=D,„exp (4-98) 

V RT 



where Ed is the total surface diffusion activation energy, A„ is the pre-exponential factor. 

Both Dso and Ed are surface coverage dependent, as well as metal crysialic dependent. As 

long as Dso and Ed are known, the surface diffusivity can be obtained. 

4.5.5.1 p surface diffusivity 

Table 4-3: Carbon monoxide surface diffusivity 

Pre-
exponential 

Diffusion 
activation 
energy 

Calculated 

surface 

diffusivity 

Temperature Coverage Pt surface Reference 

Dj„(m^/s) £:D(kJ/mol) D, (mVs) K 0 
1.5x10"^-"''' 54.84+/-0.84 2.6x10'"-

2.2x10'^ 
318-438 N/A (110) [133] [134] 

46,46+/-2.51 3.4x10"^-
1.9x10® 

318-438 N/A (001) [133] [134] 

5xlO-'""'' 41.86+/-
1.67 

3.0x10''"-
4.4x10'^ 

318-438 N/A (110) [133] [134] 

7xio-»+/-i 37.26 +/-
2.51 

6.53x10'" -
1.2x10'^ 

318-438 N/A (001) [133] [134] 

1x10"'' 29.3 3.2x10'" 145 -185 N/A (111) [135] 

2x10-'" 18.42 2.3x10"^ 95 -195 N/A (111) [136] 
(0.9+/-

0.3)xl0"'* 
52.33+/-4.19 7.8x10"'' -

4.2x10'^ 
320 - 360 0.1 (111) [137] 

T.SxlO-^"^'"' 52.4 1.6x10'-
1.6x10'^ 

280 - 420 0.25 - 0.5 (111) [138] 

ixur 60.7 7.97x10'" N/A All poly [111] [139] 

10"' - 10"' 10.47 2.9x10'^ -
2.9x10"'' 

N/A 0 (110) [140] 

6x10" 27.21 2.45x10''^ N/A 0.3-1 (111) [141] 

There are lots of published papers about CO surface diffusion behavior on the Pt 

surface based on different measurements, and the calculated dilTusivity therefore varies in 

a magnitude of 10"*. Table 4-3 lists the calculated CO surface diffusivity based on the pre-

exponential factor and surface diffusion activation energy collected and calculated from 



173 

different reports. Other information, such as the experiment condition and the references 

are also listed in above table. 

4.5.5.2 p surface diffusivity D^. and 

A successful study on the surface diffusivity of oxygen can be tracked back to 1968 

by R. Lewis.He integrated the surface diffusivity with an enthalpy and entropy change 

in the following expression; 

D,=Ya'e^e (4-99) 

where a is the mean jump length, and yis the attempt frequency for jump. Comparing 

equation (4-99) with equation (4-98), it shows that the pre-exponential has the form of 

Ai" 
/J, = ya^e^ ^ can be calculated by knowing £)„, and Ed. Since it is very difficult to 

estimated the surface diffusivity of the oxygen anion O", I) is treated the same as the 
^(a) 

oxygen surface diffusivity ^. In fact, at the cathode side, negative charged O,,,, is 

driven under both the concentration gradient and the electric field which both are in the 

same direction. The electric field accelerates the O"^, movement toward the TPB from 

the Pt electrode top surface. By counting such effects into the surface diffusion, D 
®(a) 

should be larger than obtained at the anode side. The data of oxygen diffusivity on 
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the Pt surface, as well as the references and surface coverage, have been collccted in 

Table 4-4. 

Table 4-4; Oxygen surface diffusivity 

Pre- Diffusion Calculated Temperature Fractional Pt surface Reference 
exponential activation 

energy 
surface 

diffiisivity 
coverage 

A„ Efi (kJ/mol) Ds (m^/s) K e 
4.64x10"'' 113 7.9x10'" <500 N/A (111)(100) [142] 

4.64x10"* 142 2.61x10"" >500 N/A (111)(100) [142] 
(9.3+/- 78+/-25 2.18x10"^- 1435- 1504 N/A Pt tube [143] 

1.8)X10''' 4.14x10"'^ 
2x10"'^'-' 125.58 3.88x10"'-

3.88x10"' 
606 - 668 0

 
1 0
 

i 
K

) (111) [133] 

2x10'^'"' 167,44 5.66x10"^ 
5.66x10"' 

606-668 0.2-0.7 (111) [133] 

1x10-'" 41,44 7.66x10"'^ N/A N/A N/A [144] 

2x10"' 113.02 3.4x10'"' N/A 1 N/A [141] 
N/A N/A 7.7x10-" 975 N/A N/A [80] 

4.6 Numerical solution of the governing equations 

At the cathode side, the diffusion equations (4-22), (4-23) and (4-33) are first non-

dimentionalized by introducing which is a ratio of the position over the Pt electrode 

thickness. <§=0 represents the interface of the Pt electrode and CO2 free stream, and ^1 

represents the location of the TPB. Neglecting the migration term in equation (4-22), the 

non-dimentionalized governing equations are; 

Q — " "CO2 
D 

1 — Q — 
0(a),P 

2 Nk,,__ t 
" dco (4-100) 0,.,« V 

Ow 0;;, 
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d^e, CO,, N k ,  t l W  

^oKjl 

A 
•Pr CO 

CO,. 

k„ t 

-0CO 

A C0,,„ 
'-'-'(a),I' 0,„J r\ C0,„ 

C0„ 
0^!lV 

-0, CO,, 
k. U 

(4-101) 

D. 
co„ 

o = -
A:, Nliml 

}A 1̂. _}_ 0 e 
r D J O ^  P 2 

K Nliml "COj " 1 

(4-102) 

r F) 
P 2 

i _ 0  _ 0  
0(a),P ™(aW 'CO. 2.(8) 

with the boundary conditions as: 

(9 = 9  f )  = B  P  -  P  
o<;,,p /co,,„ ^co,,„ at ^ =0 (4-103) 
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^^0- ^oK ^plO't 
U(h),Y _ " "coz » h'PB p = + -

n / ^°2,(g) 
O- P ^(a) -'(a) 

^2 
h t 0 tfcO; ^ ^TPB g Q 

1-0,, - Qr 
\a),Y 

/ Tp^p 

Z)„ 4 [«F] D /V„2fc-4, 
'Om P 

' p l O '  t  
'-^(a).Y _ " "002 ^ 'TPB P 

D, CO(a) 

f COj(p,Y 
••D 

1 — 6 — 0po CO(„),Y 

N k .  t ;  t  k ,  t p  t  o rtco, ^ t -TPB. Q 0 _ "CO P ' 

2 

''co'P 'TPB g 
n f "'-"w.Y" 0^„_Y n / 
C0(,) 'p CO,., 'p 

^av,^p U + ''"co^p "TPB 

-^C0,„ ^P 
1-P. CO, 1-0 -a.(, 

0(a),Y CO(j,,Y 

dPr CO 2.(E),Y _ "C02 
k, Nlimt; t "m-, ^ r t-TPB 0 0CO 

r D 10^ t 

^co? TPB 

^p-^COj ^P 
1 — 0 — 0f,n 

0(a),Y 0O(j,,y 

at ^ =1 (4-104) 

'CO. 2,(S).Y 

where x = qtf, and the pressure is also non-dimentionlized by dividing the total pressure 

at 1 atm (10^ Pa). 

While for the anode side, another parameter is introduced as g = —— . ^=0 is 

the location of TPB, and Q=l is the location of the Pt electrode and air free stream 

interface. The non-dimentionalized diffusion equations are; 

0 = 
d% KK ^plO' r 12 N^k, tl , 0(j).p , " «02 P n 1/1 " "02 ^ nl 

Pn 
dq' 

• - H  Pq 1-0. -'(a),? Dr. 
(4-105) 
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0: 
cfPr. K Nll%Tr 

•si "O, 
Q2.(8) ^ " • 

dg' rJX, W P Oyg, 

^2 ""2 
k N;2mtl 

r D , .  P 02,(g) 

1-ft 0„, 

with the boundary conditions as: 

dd^ N k  t l U f  - f l o j ' - p ^ ^  t .  

dg D. 0,a, 
2 

TPB p 
f 02,(g),Y tp 

l-0r. 

41 ^ 0 dp, f I^pg ^2 /"p?p 

Dn 

dK 
-'l.igXY 

k, N~2%Tt; t «q2 f r t' TPB gl 
O,, 

rOr. 10' u p 02 

+ -
k ^  N l i m l t  "O2 ^ r TPB 1-0O 

®2,(g) 
(4-106) 

n F  D . N J e A „  

at g = 0 (4-107) 

00 =^0 Po =0.21 ^(a).P ^(a),P ^2,(g) at ^ = 1 (4-108) 

The diffusion equations for both the cathode and anode sides fonn a set of coupled 

nonlinear second order differential equations, with well-defined boundary conditions. 

There are two different techniques to solve such equations mathematically. The first 

method is to transform the higher-order equations into a system of first order differential 

equations, and apply Rungc-Kutta method. But as far as the famous Runge-Kutta method 

works well for the initial value problems, the shooting method is adopted as well to solve 

the present boundary value problem. The shooting method is based on replacing the 

boundary value problem with an initial value problem by assuming the missing initial 

values, and trying to adjust the approximation by choosing another elevated initial values, 

until getting sufficiently close to the real value. This technique works well if the 
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coefficient matrix is well defined. However, sometimes it cannot work without an initial 

guess closc to the real solution if the matrix is stiff. 

The second technique is to use finite difference method by replacing any derivatives 

in the governing equations with an appropriate difference quotient approximation. The 

difference quotient is chosen to maintain a certain order of truncation error, such as 

central difference approximations for the second order derivatives: 

^ ^ y { x  +  A . ) - 2 y { x )  +  y { x - ^ )  

dx"- Ax-  ̂ ' 

In order to maintain the order of Ax^ accuracy, the improved forward difference and 

backward difference are used for the first derivatives; 

dy - y (.V + 2 Ar) + 4 v (jc + At ) - 3 >' ( a* ) 

dx Ax' 
- + 0{Ar) (4-110) 

^ J y ( x ) - A y { x - A x )  +  y ( : c - 2 & x ) ^ . , .  

dx Ax~ ^ > 

Both numerical methods have been tried. Runge-Kutta method was first tested by 

programming in the Matlab. using the Matlab built-in functions '0ED15s' and 'fsolve'. 

'ODE 15s', which uses Runge-Kutta integration method and is a good candidate for a stiff 

problem, can numerically integrate a system of ordinary differential equations (ODEs), 

while the function 'fsolve' can solve the numerical solution of a system of non-linear 

equations by assuming a initial value. The initial test results were not satisfactory becausc 

of the coefficient matrix is very stiff and the solution is very sensitive to the initial value 

assumed. Without the very close solution at hand as an initial guess, the problem could 
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not be solved in such way. Therefore, the finite difference method is programmed in 

Fortran 90, and the Matlab program using the Runge-Kutta method is used to verify the 

results obtained from the finite difference method in some cases. 

Since subroutines are available for solving the coupled, linear, second order 

differential equations, the governing equations (4-100) through (4-106) are first 

linearized on the basis of a trial solution. The linearized equations can be solved 

iteratively using the BAND subroutine generated by Newman^^ until a desired accuracy 

is met. The diffusion equations of the cathode and the anode have been solved 

simultaneously by giving different current densities. Once the concentrations of the 

adsorbed species and the partial pressures of gas distributions along both sides of the 

electrodes are obtained, the concentration overpotentials can be calculated. The activation 

overpotentials of the anode and the cathode are also calculated by solving the derived 

Butler-Volmer equations (4-71) and (4-76) using the Newton-Raphson method. The open 

circuit voltage is calculated based on the thermodynamic analysis in Chapter 2. Because 

of lacking information on the electrical conductivity of the porous clectrodes and the 

potential field of the SOEC whose electrodes are no longer treated as equipotent, the 

ohmic losses of the electrodes and the electrolyte are estimated based on the experimental 

result obtained in Chapter 3. The cell voltage Vi is thus predicted by knowing all above 

values at given current densities. 
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4.7 Numerical results and discussions 

Table 4-5: Constants used for the model 

Parameters Unit Value 
mol/m'' 3.92x10' 

mol/m^ 4.45x10^ 

F C/mol 96485 

n 2 

P CO2 atm 0.95 

P ^02 atm 0.21 

Si J/mol-K 8.3143 

rp m 5x10^ 

T K 1023.15 

tp m 5x10"^ 

h m 300x10" 

hm m q
 

oc
 

Nco, mol/s 1.325x10'^ 

mol/s 6.81x10'" 

£ 0.5 

t 3 

As stated previously. CO2 electrolysis consists of gas diffusion, surface reactions and 

interfacial charge transfer. Those different processes form a complicated system whose 

components affect each other. Furthermore, lacking the exact rate constants makes the 

investigation of CO2 electrolysis mechanisms even more difficult. Therefore, two 

extreme cases are studied: fast CO2 dissociation and slow CO2 dissociation on the Pt 

surface. Different mass transfer rates and charge transfer rates are also studied under 

these two extreme cases. The constants and the different rate constants used in the model 

are listed in Table 4-5 and Table 4-6. In order to compare the numerical re.sults with the 
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experimental results obtained in Chapter 3, the real experimental conditions are used in 

the numerical modeling, such as the CO2 and air inlet flow rate and O2 partial pressure, 

2 • • etc.. The current density used for the simulation spans from 0 to 100 mA/cm withm a 

reasonable interval. 

Table 4-6; Various rate constants used for modeling and the equilibrium values 

Parameters Unit Value in case 1 Value in case 2 

A;o; m^/s 2.15x10-' 2.15x10"' 

m^/s 2.73x10"' 2.73x10"' 

m^/s 5.66x10 ' - 10"' 5.66x10"'- 10"' 

Do m^/s 5.66x10"'- 10"' 5.66x10"'- 10' 

m^/s 2.6x10"' - 10"' 2.6x10"' - 10"' 

m /mol-s-Pa 1.18x10- 1.18x10-

m^/mol-s 7.16x10' 1.08x10' 

Ko 
1/s-Pa 1.34x10' 1.34x10' 

"CO 
1/s 5.35x10' 6.65x10' 

K 
m^/mol-s-Pa 4.03x10^ 4.03x10' 

"02 
m^/mol-s 6.86x10"' 8.29x10'" 

k" m^/mol-s 3.15x10"'- 10"' 3.15x10"'- 10'^ 

k" m /mol-s 6.65x10"' - 10"' 6.65x10"'- 10"' 

k" m /mol-s 1.42x10 ' - 10"' 1.42x10"' - 10"' 

k" "-0 2 m^/mol-s 1.22x10"'- 10"" 1.22x10"'- 10"" 

e\ 
0(a),P 

0.1 0.01 

^CO 0.1 0.01 

So 0.1 0.01 
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4.7.1 Fast CO2 dissociation 

A fast CO2 dissociation means the reaction (4-7) is fast enough to produce 

adsorbates, and the equilibrium fractional concentration of p has a large value, for 

example of 0.1. The calculated typical concentrations of and CO|^,p on the 

cathode side are plotted in Figure 4-6 at different current densities. The fractional 

concentration of and does not exceed 0.5 which is consistent with the 

Langmuir adsorption assumption. 

0.1004 

4.5i 'cm' 'cm 
0.1002 -

® 0.0998 -- 4.5mAyem' 

£ 0.0996 -

45mA/cim' r 0.0994 -

0.0992 -
Current density 
i=100mA/cin^ 0.099 -

0.0988 ^ 

0.0986 -I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.9 1.0 0.7 0.8 

Position ^ 

Figure 4-6: Oj^^,p and CO,^,p concentration distributions at the cathode 

In Figure 4-6, the filled symbols and unfilled symbols represent the concentration 

distributions of the adsorbates 0(',,,p and CO,^)p along the cathode electrode. 



respectively. As expected, the adsorbate ,, gradually decreases along the electrode 

towards the TPB, while , behaves in an opposite way, because the charge reaction 

at the TPB acts as a sink sucking 0",,,, into the electrolyte. At the same time the reaction 

pushes CO2 dissociation into the forward direction and causes a large concentration of 

at the TPB. The higher the current density, which removes , the larger the 

slope of the concentration profile is. 

When the current density is small at 4.5 mA/cm^, the concentrations of the 

adsorbates and CO,^,p are almost unchanged, and very close to the equilibrium 

values. It shows that the gas adsorption/desorption reactions (4-7) and (4-8) are almost 

un-perturbed under the equilibrium state. When the current density increases by 22 times 

that of the initial value to 100 mA/cm^, the adsorbate concentrations are still close to the 

equilibrium values. At the TPB, the concentration of p only decreases by 1.2% of its 

equilibrium value. Because the CO2 dissociation and 0~jp surface diffusion are fast, 

OjT^jp removed by reaction (4-11) at the TPB can always be replenished from either the 

0^3)p diffusion or from CO2 dissociation. Assuming a linear O",,,. concentration profile 

as suggested by Figure 4-6. the maximum current density can be estimated without 

considering p, supplied from the CO2 dissociation at the electrode. By the porosity e 

definition, the number of pores (Npore) is to be counted as: 
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P A 
(4-112) 

TCTy 

By forcing the production from CO2 dissociation to be equal to zero at the 

electrode, the Faraday current can be calculated from equation (4-13) as; 

1 - tiFlnr^, Npor. (4-113) 0<a, " ^ 
V / 

Under the extreme case that the concentration 0" is zero at the TPB, and by the linear 

assumption of O^^jp concentration distribution along the electrode, equation (4-113) 

becomes: 

, f A. I  = nF2- D w 
0(ii) f 

V - y 

(4-114) 

For faster CO2 dissociation 9* =0.1, with D = 5.66x10 ^ m7s, the limiting 
^(a).P 0(a),P 

current density is estimated as 7.6 A/cm", which is much bigger than the present current 

density range used for the simulation. 

On the other side of the cell, the concentration profile of the oxygen adsorbate is 

shown in Figure 4-7 at different current densities. At the TPB, ^=0, there exists the 

highest concentration of p. The concentration gradient moves the adsorbate toward 

the interface of the electrode and the air free stream, ^=1. At the higher current density, 

the driving force of O,^,,, will be much bigger causing the steeper slope of the 
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concentration profile. However, the concentration gradient is also small and close 

to the equilibrium value obtained from equation (4-46). 

0.10045 

0.1004 
Current density 
j=100iiiA/cm^ 0.10035 
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0.10005 -

0.09995 
1 0.1 0.3 0.4 0.5 0,6 0.7 0.8 0.9 0 0.2 
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Figure 4-7: ,, concentration distribution at the anode 

The partial pressure profiles of CO2 and O2 along the Pt electrode have the same 

characteristics as ,, and CO,.,, p, but are not shown here, since the pressure gradients 

are very small. However such small gradients are not negligible because they are the 

driving force for CO2 and O2 flow through the electrode pores. 

The effect of the adsorbates' surface diffusivities on the concentration distribution 

has been studied. Figure 4-8 and Figure 4-9 show the Oj^,p and concentration 

profiles along the electrode at different surface diffusivities, under the same current 

density of 45 mA/cm^. 
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Figure 4-8: O,',) p concenlration distribution at different surface diffusivities at the 

cathode 
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Figure 4-9: p concentration distribution at different surface diffusivities at the anode 
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— 7 2 On the cathode side, as the O,^, ^ surface diffusivity decreases from 5.66x10' m /s 

to 5.66x10"^ m^/s, or by two orders of magnitude, the slope of the concentration 

distribution increases, causing a larger concentration gradient along the electrode, and 

becomes steepest as ^approaches 0 at TPB. The same behavior is observed for the 

distribution at the anode side in Figure 4-9. Figure 4-9 also shows that the oxygen 

concentration is close to the equilibrium value along of the anode, except for in the 

vicinity of the TPB. There is one common feature of both 0,"^,p and concentration 

distributions. The closer to the TPB the position is, the steeper the slope is. That says the 

role of adsorption/desorption is more important at the TPB than at the interface of the 

electrode and the gas free stream. These concentration gradients may introduce the 

concentration overpotential as shown in equation (4-62). However, under this case of fast 

CO2 dissociation with reasonable current density, the slow surface diffusivity does not 

introduce too much concentration overpotential, as it will be shown in the following 

plots. 

Figure 4-10 shows various potentials obtained from the numerical calculation, 

including their summation. The cell voltage takes off from the point of the open circuit 

voltage. It is the minimum voltage required to electrolyze CO2, which is about 650 mV 

for the current case. The interfacial charge reaction related to the activation overpotential 

overwhelms the total losses. The ohmic loss is large. The cell total ohmic resistance is at 

an average of 4 O at 1023K, which is typical for the crucible cell having a spiral 
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interconnector as described in Chapter 3. Such an electrode assembly introduces a large 

contact ohmic resistance. 

O 
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E 
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Figure 4-10: Various potentials vs. current density under fast CO2 dissociation 

The total cell voltage and the anode and cathode activation overpotentials are almost 

unaiTccted by the surface diffusivities as plotted in Figure 4-11 and Figure 4-12. Because 

the CO2 dissociation is fast, whenever the sucking effect at the TPB changes caused by 

pumping oxygen rate, 0,^,, p can always be supplied from the CO2 dissociation without 

being affected by the slow surface diffusion. Therefore, the p concentration gradient 

along the electrode is not steep, and has a weak affect on the activation oveipotential as 

equations (4-71) and (4-76) described. 
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Figure 4-11: i-V curve at different surface diffusivities under fast CO2 dissociation 
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Figure 4-12: Activation overpotential at the different surface diffusivities under fast CO2 
dissociation 
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Figure 4-10 and Figure 4-11 also show that the cell voltage V\ is within 1.0 - 1.2 V 

as the current density is around 2-5 mA/cnr. This value is very close to the 

experimental results measured in Chapter 3, which marks the starting point of COj taking 

part in the reaction. The discrepancy between measured Vi and the theoretical open 

circuit voltage is induced from the activation overpotential of the anode and cathode due 

to electrolyzing O2 as explained in Chapter 3. 
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Figure 4-13; Rate constants affect on the activation overpotential at the cathode 

Activation overpotentials are affected mostly by the oxidation or reduction rate 

constants as Figure 4-13 and Figure 4-14 show. Figure 4-13 demonstrates how the redox 

rate constants affect the cathode activation overpotential, while Figure 4-14 shows the 

affect on the anode activation overpotential. A decrease in the oxidation or reduction rate 
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constant will increase the activation overpotential. The magnitude of the activation 

overpotential is more than doubled as the redox rate constant decreases by a magnitude of 

order two. Therefore, one efficient way to improve the CO2 electrolysis cell performance 

is to find a better catalyst with a fast oxidation/reduction rate constant to reduce the 

activation overpotential. Both the anode and cathode activation overpotentials follow the 

Tafel behavior, and the charge transfer at the TPB controls the reaction. 
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Figure 4-14: Rate constants affect on the activation overpotential at the anode 

4.7.2 Slow CO2 dissociation 

Slow CO2 dissociation refers to reaction (4-7) in which there is a small amount of 

on the Pt surface under the equilibrium condition. The equilibrium fractional 
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concentration of , p is set to 0.01 in this case. The typical concentration profiles of 

0~) p and p on the cathode side and of 0,^, p on the anode side are similar to those 

of fast dissociation at the different current densities, when surface diffusivity is 

fast. 

The effect of the adsorbates' surface diffusivities on the concentration distribution is 

also studied. The concentration profile of 0,~„,p along the electrode is plotted in Figure 

4-15 at different surface diffusivities under the same current density of 7.5 niA/cm . 
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Figure 4-15: p concentration distribution at different surface diffusivities 

These concentration profiles are similar to the ones shown in Figure 4-8, with the 

steeper slope corresponding to the smaller O^^^p surface diffusivity. However, there are 



two big differences between these two figures. The first difference is that the slopes in 

Figure 4-15 are almost linear, where as in Figure 4-8 they are not. The second difference 

— 0 9 — 
is when the diffusivity is set to 5.66x10" m /s, the concentration of at the 

TPB is nearly zero in Figure 4-15, even under a small current density of 7.5 mA/cm~. As 

the current density is further increased, there is no numerical solution. Based on equation 

(4-114) with a nearly linear p concentration distribution, the estimated limiting 

current is around 7.6 niA/cm . This shows that at the TPB the reaction is limited by the 

p concentration. Whenever the cell voltage increases, the current cannot increase any 

further, as shown in Figure 4-16. As the 0|"^,p surfacc diffusivity is larger than 5.66x10'^ 

m /s, the ccll current density increases with cell voltage, which agrees with the behavior 

observed for most experiments described in Chapter 3. However as the surface 

9 2 diffusivity decreases to 5.66x10' m /s, the cell current does not increase with increasing 

the cell voltage. The current density reaches a plateau, shown in Figure 4-16. At this point, 

a large concentration gradient forms and causes an increase in the concentration overpotential. 
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The concentration overpotential is no longer negligible at this point, as shown in 

Figure 4-17. The concentration overpotential, which is dominated by the cathode, 

increases fast as the current density increases. The cathode activation overpotential 

increases also and it departs from the Tafel behavior as the shown in Figure 4-18. At the 

TPB, not enough could be supplied to the charge reaction (4-11) because of the 

slow diffusion. Furthermore, the CO2 dissociation is too slow to provide enough to 

the charge reaction at the TPB. Therefore the whole CO2 electrolysis rate is limited by the 

— 8 2 slow surface diffusion. As the O ,p surface diffusivily is greater than 5.66x10" m /s, the 

cathode activation overpotential still follows the Tafel plot. 
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CO2 dissociation 
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The diffusivity at the anode side which changes within the range hsted in 

Table 4-6 does not have a significant effect on the polarization behavior for either fast 

CO2 dissociation, or slow CO2 dissociation. The ,, concentration is under the 

equilibrium condition on most parts of the Pt electrode, except for in the vicinity of the TPB. 

At the TPB, the Faraday current is contributed from the adsorbate surface diffusion 

and the CO2 dissociation at the cathode side, as equation (4-34) expresses. The numerical 

results show that the surface diffusion of the adsorbates dominates the whole flux over 

the gas dissociation for both cases. Even under the condition of slow diffusion, the CO2 

dissociation at the TPB is only attributed to less than 5% of the overall current. 

Therefore, the boundary condition of the adsorbates at the TPB could be simphfied to 

obtain a quick solution, by neglecting the gas dissociation/association effect. 

4.7.3 Comparison between the experimental and numerical results 

The numerical results of two extreme cases have been compared with the 

experimental data obtained in Chapter 3. The comparisons are conducted in total cell 

voltage, as well as activation overpotentials for the anode and cathode. The results of the 

first case with the fast COi electrolysis are first compared with experimental data of four 

independent cells, as shown in Figure 4-19 and Figure 4-20. 



197 

800 
' Fast CO2 dissociation Slow reduction 

600 

• P •! > 400 --
E ; 

Fast reduction 

200 -4  ̂C o 
o Q. 

w 
c 
o -200 -

Fast reduction CO 
> 

o < -400 -

Exp Cells Cells Cell 9 Cell 10 
Anode B ^ # A 

-600 -

Slow reduction 
-800 

Current density (mA/cm^) 

Figure 4-19; Fast CO2 dissociation: Activation overpotential comparison between the 
experimental and numerical results 

Figure 4-19 is the Tafel plot of the activation overpotential vs current density, where 

the solid lines are numerical results calculated at different reduction/oxidation rate 

constants listed in Table 4-1, and symbols are experimental measurements. As the Tafel 

behavior has been discussed previously, the activation overpotential for fast CO2 

dissociation is affected mainly by the reduction/oxidation rale constants, rather than by 

the surface diffusivities. Because of the lack of accurate values for the 

reduction/oxidation rate constants, two sets of the reaction rate constants listed in Table 

4-1 are tried in different combinations, in order to get the activation overpotential limits. 

However, it should be noted that the oxidation rate constants are nearly constant in the 

table, but not the reduction rate constant, which changes by two orders of magnitude. 
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For the fast reactions (4-11) and (4-48) at the TPB, the oxidation and reduction rate 

constants are chosen as - 5.0x10 " and = 6.65x 10"mVmol-s for the cathode, and 

= 8.3x10 "^ and =1.22x10"'' mVmol-s for the anode. Based on the equations 

(4-73) and (4-78), the exchange current densities are larger with the larger 

reduction/oxidation rate constants. Therefore, the activation overpotentials are smaller. 

The charge transfer resistance {Rct.d at the equilibrium state can be defined from the 

Butler-Volmer equation (4-71) or (4-76): 

\-i 
%T 1 

Kt:, = 
2F 

V„aj=° 

(4-115) 

where rjacu is the activation overpotential and the subscript i represents the anode or 

cathode side. Increasing the exchange current density reduces the charge transfer 

resistance, and reduces the activation overpotential at the same current density. By 

decreasing the reduction rate constant by an order of magnitude for both the anode and 

cathode sides, the magnitude of the activation overpotential increases, and is larger than 

the experimental results. This set of data is also plotted in Figure 4-19, annotated as slow 

reduction. Therefore, by investigating a different range of reduction/oxidation reaction 

constants, the experimental results of the activation overpotentials are bounded between 

the numerical results, which are of the fast reduction and slow reduction at the TPB. 

In Figure 4-19. the measured anode activation overpotentials are bounded well 

between the numerical results, and the trends or slopes of each set of experimental data 
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are parallel to each other. This is consistent with observations during the experiments. 

For oxygen oxidation at the anode side, the anodic and cathodic transfer coefficients are 

nearly constant, which are close to 1 for different cells. However for CO2 reduction at the 

cathode, the anodic and cathodic transfer coefficients extracted varies from 0.8 to 1.2, 

which give different slopes in the Tafel plot. At the cathode side, when the current is 

small, there is a transition from O2 electrolysis to CO2 electrolysis because of a O2 

impurity in the CO2 gas source and/or a small system leakage, as described in Chapter 3. 

Thus, the activation overpotential at the cathode side is affected from both the O2 and 

CO2 electrolysis. Furthermore, the impurity of O2 is pre-dosed on the Pt electrode 

possibly affecting the CO3 adsorption. 
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Figure 4-20: Fast CO2 dissociation: i-V comparison between the experimental results 
and the numerical simulations 



200 

The total cell voltage vs current density is plotted in Figure 4-20 for experimental 

results and numerical simulations. The symbols represent the experimental results and the 

solid lines arc numerical results calculated at different reduction/oxidation rate constants. 

As expected, all the experimental measurements are also limited by these two numerical 

results, the same as shown in Figure 4-19. However, the real applied cell voltage 

measured is smaller than the numerical results at the given current density. This is caused 

by the difference of the open circuit voltage between the measured value and the 

numerical results. The calculated open circuit voltage is somewhat larger than the 

measured one by about 10% of the theoretical value, which may be caused by current 

leakage through the reference electrodes or concentration gradients between the working 

electrode and the reference electrode. Figure 4-21 shows the open circuit voltage 

comparison between numerical results and experimental results obtained from different 

cells, which are shown in a solid line and symbols, respectively. The experimental results 

follow the same trend as the numerical results. As the current density increases, the open 

circuit voltage increases monotonically. 
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Figure 4-21; Open circuit voltage comparison between the numerical results and the 
experimental measurements 

According to the four-electrode experimental set-up described in Chapter 3, the 

voltage difference between the two reference electrodes measures the open circuit 

voltage, Vocv- During CO2 electrolysis, the cathode side is rich in CO gas and the anode 

side is full of O2 and N2. As the reference electrodes are exposed to such environments, it 

is in fact in a fuel cell mode. The reference electrode at the anode side becomes the 

cathode, while the reference electrode at the cathode becomes the anode. When the 

voltmeter connects these two reference electrodes, current starts to flow between the 

reference electrodes. The O* in the YSZ lattice moves from the reference electrode at the 

anode to the reference electrode at the cathode, the O* flux is in the opposite direction of 

the CO2 electrolysis flux. These two different flows are illustrated in Figure 4-22. 
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However, the current flowing in the references should be very small because of the large 

ohmic impedance of the voltmeter. In fact, this is consistent with experimental 

observations. As the reference electrodes are connected to the multimeter, the voltage 

reading decreases by tens mill volts from the original value within the first few seconds, 

and then stabilizes. The second possible cunent leakage may be due to the electrons 

inside the electrolyte. Although the YSZ electrolyte is assumed to be pure ionic 

conductor, it still has free electrons, which move under the electric field generated 

between the two reference electrodes. 

COj/CO 
W.E., R.E., 

W.E.. R.E. 
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Figure 4-22: Deinonstration of oxygen ions transport in the YSZ 

The species concentration difference between the working electrode and the 

reference electrode may also contribute to the discrepancy. For example, at the cathode, 

the concentration of CO at the working electrode is always larger than that at the 
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reference electrode, while the oxygen concentration is in the opposite way. This 

concentration difference lowers the open circuit voltage. In fact, the theoretical value of 

Vocv calculated by equation (2-19) is just an average voltage because it applies to a 

SOEC, which has a uniform concentration along the electrode at one current. However, 

the concentration is always changing along the electrode surface and the current is an 

average value. 

In the case that CO2 flow is in parallel with the electrode plane, such as stacks, the 

concentration differcncc between the working electrode and the reference electrode is 

much larger than the current impinging flow. Two pairs of reference electrodes may be 

needed to measure an accurate Vocv- One is placed at CO2 upstream, and another one is 

placed at CO2 downstream. The average of upstream and downstream is taken.®^'®^ 

The same comparison is also made for the case of slow CO2 dissociation. The results 

are shown in Figure 4-23 for the activation overpotential, and Figure 4-24 for the cell 

voltage. Solid lines are activation overpotential calculated using different 

reduction/oxidation rate constants. Two sets of solid lines in the plots bound the 

experimental results. The first pair of solid lines is calculated for the fast reduction at the 

TPB. The rale constants are chosen as k"^ =8x10"' and = S-lSxlO'® mVmol-s for the 

cathode, and =7x10 ' and =1.22x10"^ mVmol-s for the anode. The second pair 

of solid lines is calculated for slow reduction by decreasing the reaction rate constants to 

A " ,  = 2 . 1 5 x 1 0 ' '  a n d  A ; ' ' ,  =  6 . 6 5 x 1 0 " ®  m V m o l - s  f o r  t h e  c a t h o d e ,  a n d  = 4 x 1 0 a n d  
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- I mVmol-s for the anode to increase the magnitude of the activation 

overpotentials. For the rate constants corresponding to fast reduction, the calculated 

activation overpotentials are smaller than the experimental results. However, this set of 

rate constants is much larger than the results under fast CO2 dissociation listed in Table 

4-1. If using the limits listed in that table, many experimental data would not be bounded 

by the numerical calculations. 
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Figure 4-23: Slow CO2 dissociation: Activation ovcrpotential comparison between the 
experimental results and the numerical results 

Calculations show that as the surface diffusivity decreases to 5.66x10"^ ra~/s, the 

activation overpotential at the cathode .side no longer follows the Tafel behavior. 



Therefore, the numerical results in Figure 4-23 and Figure 4-24 are calculated based on 

fast p surface diffusion. 
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Figure 4-24; Slow CO2 dissociation: i-V comparison between the experimental results 
and the numerical simulations 

Based on the above comparison and discussion between the numerical simulation 

and experimental results, it seems that CO2 electrolysis prefers fast more than slow 

dissociation, and the overall concentration overpotential is small. However, some future 

work may be still needed. First, more data are needed to detennine the reaction rate 

constants, especially for the interfacial charge reaction rate at the cathode side because a 

proper combination of the reduction/oxidation rate constants can always represent the 

experimental results well. 
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Sccond, a 1-D model may over-simplify the CO2 electrolysis physics. Thus, a 2-D 

model may be needed, especially at the TPB. In the previous 1-D model, when y 

reaches the TPB, it is ionized immediately and evenly spread out along the 

electrode/electrolyte interface, forming the current as Figure 4-25(a) shows. However, the 

true current density has a non-uniform distribution along the TPB, as depicted in Figure 

4-25(b). There exists a two-phase boundary (2PB) region, which is the interface of the 

electrode and the electrolyte. can diffuse along this boundary, and be ionized into 

the current. There are more researchers who suggest such 2PB reaction zones in their 

published papers,although no data showing the "gap" size of the 2PB is available 

so far. However, the magnitude of the size of an oxygen atom is around 1 A , which may 

be smaller than the "gap" of the 2PB. y can allegedly walk along the 2PB under the 

concentration gradient, and be ionized into , as shown in Figure 4-25(b). Therefore, in 

order to establish the local current distribution, the 2-D model can be set-up by 

considering the y surface diffusion along such a 2PB. 
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5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

The mechanism of CO2 electrolysis using a solid oxide electrolysis cell to produce 

oxygen from carbon dioxide has been investigated for the application of human 

exploration Mars missions. A thermodynamic model of CO2 electrolysis was generated to 

analyze the correlation between the thermal energy and the electrical work for a closed 

electrolysis system and an open electrolysis system. The calculated minimum voltage, or 

average open circuit voltage, to electrolyze COi molecules is a function of reactant inlet 

flow rate and concentration at the cathode, air-flushing rate at the anode, temperature, and 

current. However, the cell voltage to electrolyze CO2 departs far away from this 

theoretical open circuit voltage due to highly irreversible processes when the cell current 

flows. Therefore studies on various irreversible processes have been performed 

experimentally and numerically in order to get better understanding of CO2 electrolysis 

mechanisms and improve the SOEC efficiency. 

SOECs with four electrodes have been designed, manufactured and tested. DC 

steady-state experimental results at three different temperatures ranging from 1023 to 

1123K show several distinct features during CO2 electrolysis. Three regions, which are a 

small current region I, constant current region 11, and high current region III, are 

classified based on the current density characteristics in the i-V curves. In order to 

investigate the electrode reaction kinetics and distinguish the charge transfer reaction step 
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from the ohmic loss, the current interruption method has been adopted. Correlating to the 

i-V curves, T]acri curves of a Pi/YSZ interfacial study also exhibit three regions, which 

show impurity O2 electrolysis in region I and II and CO2 electrolysis in region III. In 

region II, the electrochemical reaction is limited by O2 diffusion, while charge transfer is 

the rate-determining step in region III. Anodic and cathodic transfer coefficients at both 

the anode and cathode are obtained from Tafel plots at different temperatures. These 

transfer coefficients are highly asymmetric, signifying that the electrode reaction favors 

the cathodic component at the cathode side. Arrhenius plots of the exchange current 

density suggests that CO2 dissociation at a high temperature {1123K) is more vivacious 

and the electrochemical reaction is faster than at a low temperature (1023K). In the 

Butler-Volmer equation plots in region III. two slopes arc observed because of the 

electrochemical reaction mechanism transitions from the diffusion limiting to the charge 

transfer limiting. Electrode ohmic resistance studies suggest that the ohmic resistance at 

the anode and cathode consists of Pt lead wire resistance, porous electrode resistance, 

electrolyte resistance, and contact resistance. The measured cathode resistance is very 

close to the estimated resistance, which mostly consists of the electrolyte resistance and 

Pt lead wire resistance. However, the measured anode resistance is much larger than the 

estimated resistance. It indicates a large contact resistance and possible oxidation of the 

Pt electrode at the anode. Higher temperatures and electrode local heating can help to 

heal the anode by reducing the contact resistance and alleviating the electrode oxidation. 



In order to minimize losses and maximize the SOEC efficiency, Pt-YSZ cermet 

electrodes have been investigated. The effects of Pt-YSZ cermet sintering temperatures at 

1373K, 1473K and 1573K have been researched. Based on the SEM of the cermet 

electrode microstructure, 1473K is found to be the best electrode sintering temperature. 

At that sintering temperature, particles can develop better bridging to form continuous 

electronic conducting paths and continuous oxygen ionic conducting paths than at other 

sintering temperatures. 

SOECs using Pt-YSZ cermet electrodes have been manufactured and tested to 

electrolyze CO2 at three different temperatures, 1023K. 1073K, and 1123K in the same 

test rig that is used to test SOECs with Pt electrodes. The current interruption method has 

also been applied to investigate the electrode kinetics at the Pt-YSZ/YSZ interface. 

Compared to the results of SOECs with Pt electrodes, similar i-V curves and 7]acri curves 

are acquired. Both have three regions and distinct features are also observed. SOECs with 

cermet electrodes have significantly improved the performance. At 1023K, the current is 

nearly tripled for the cermet electrodes. It is observed that performance improvement 

made by the Pt-YSZ cermet is more significant at a low temperature than at a high 

temperature. Higher performance indicates fewer losses at the same experimental 

conditions. Anode ohmic resistance measurements display that the cermet electrode 

resisiance is greatly reduced by a factor of 2.5 compared to Pt electrode resistance. There 

are two facts attributing to the resistance reduction. First the contact resistance is reduced 

because oxygen ions can continuously migrate into the deep cermet electrode from the 
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elccirolyte. The electrode debonding from the electrolyte is greatly reduced. Second, 

more triple phase boundaries are formed for a cermet electrode. The Pt particles at the 

Pt/YSZ interface remain catalytic. Therefore, more amounts of Pt particles are protected 

from being oxidized. The same facts attribute to the reduced anode activation 

overpotentials as well. The anode activation overpotentials of SOECs with cermet 

electrode have been greatly curtailed compared to SOECs using Pt electrodes. The 

reserved "fresh" Pt particles keep the active catalytic characteristics, which are also 

embodied in the greatly increased anode exchange current density. However, the 

improvement at the cathode is not obvious. At the cathode side, the cermet electrode has 

a larger ohmic resistance than the Pt electrode because isolated Pt or YSZ islands cause 

discontinuous paths. The dead ionic paths wreak havoc on the oxygen ion conduction to 

the electrolyte from the cermet electrode, resulting in large ohmic resistance. The choice 

of electrode does not have a significant influence on the cathode activation overpotential. 

In order to better understand and analyze CO2 electrochemical reaction processes 

that occur during oxygen production, a numerical model was generated by taking into 

account different kinetics: 1) surface exchange kinetics at the gas/electrode interface 

involving adsorption/desorption; 2) mass transfer of the reactants and products involving 

the bulk diffusion and surface diffusion; and 3) electrochemical kinetics involving charge 

transfer at the triple phase boundary. Associated with the above processes, more than 

fifteen rate constants were studied. A numerical simulation was then carried out to 

calculate the adsorbates concentration profile. Cell voltages necessary to electrolyze CO2 
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were predicted by solving the adsorbates concentrations and the reactant/product partial 

pressure distribution. The affects on the cell performances were also investigated by 

changing the different kinetic rate constants. A comparison of SOECs performances 

between the numerical results and the experimental data at 1023K has been made. The 

comparison reveals that charge transfer is the rate-determining step provided that the CO2 

dissociation is a fast process. The open circuit voltage is also compared between the 

numerical and experimental results. Both results follow the same trend along with the 

increase of the current density, and Vbcv increases monotonicaJly. However, the Vbcv 

obtained experimentally is somewhat smaller than the one obtained numerically by 10% 

of theoretical value. Several possible causes are discovered. First, due to the fuel cell 

mode running between the reference electrodes, leading to an un-noticeable current. 

Second, there is a possible current leakage between the reference electrodes due to the 

electrons in the electrolyte. Third reason is caused by the species concentration difference 

between the working clcctrode and reference electrode. The reference electrodc cannot 

perfectly reflect the exact working electrode conditions. 

5.2 Future work 

Unlike oxygen or other gases, electrochemical reaction kinetics of CO2 electrolysis 

at an electrode/electrolyte interface has been less investigated. A great amount of 

knowledge has been collected and made in this work, covering phenomena from mass 
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transport to gaseous adsorplion/desoiption, to electrode reactions. This information opens 

up new possibilities for future work. 

5.2.1 Electrode 

The performance of SOECs with Pt-YSZ ccrmet electrodes has been significantly 

improved compared to SOECs with Pt electrodes, especially for reducing the anode 

activation overpotential and the anode ohmic resistance. However, the analysis on the 

cathode reveals that a proper cermet structure is needed. Credible .solutions may be 

sought. One solution is to use two different sizes of YSZ particles. Large YSZ particles, 

such as YSZ fiber, can be used to form oxygen ion conduction path, while small YSZ 

particles can connect the isolated YSZ islands. In the meanwhile, small YSZ can form 

large TPBs with Pt particles. Another possible solution is to impregnate Pt into a pre-

constructed porous YSZ layer. In order to control porosity of YSZ, pore formers can be 

used during sintering YSZ. 

A systematic investigation on various Pt-YSZ composition effects on CO2 

electrolysis interfacial kinetics could lead to a maximum performance. 

In order to reduce the usage of expensive Pt material, other cermet electrode 

materials should be investigated, such as pcrovskite-type cermet electrode LSM-YSZ. 
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5.2.2 Electrolyte 

The experimental results exhibit that the electrolyte ohmic resistance is more than 

50% of the total resistance. Reduction of the electrolyte resistance can greatly increase 

SOECs efficiency, especially at a low temperature. Therefore, an electrode-supported 

thin electrolyte becomes a great candidate. If the electrolyte thickness is reduced from the 

current thickness of 300 |im to 10 |im, the electrolyte resistance can thus be reduced by 

more than 97%. 

Other electrolyte materials with high ionic conductivity seem more promising to 

work at a low temperature, such as Lao.9Sro.1Gao.8Mgo.2O3 (LSGM), which can possess a 

high ionic conductivity even at 973K. 

5.2.3 Experiments and measurements 

Reference electrodes can successfully measure the open circuit voltage at a certain 

location on the electrolyte. In order to get an average open circuit voltage, more pairs of 

reference electrodes are needed to be allocated at different electrolyte locations. Averages 

of these reference electrode measurements can represent the SOECs' open circuit voltage 

accurately. 

Zirconia-based ceramic crucibles and cement were used in this study. No thermal 

cycling was performed because of the cement sealing problem. Therefore, an easy-

detachable crucible with gas-tight seal is needed. At the same time, the working 

electrodes and reference electrodes will not be affected by new crucible. 
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COz elcctrode activation energy is a good parameter to measure the performance of 

CO2 electrolysis. Test data at a wide temperature range, such as from 973K to 1273K, are 

needed to extract the activation energy from the Arrhenius plots. 

5.2.4 Modeling 

A 2-D model is needed, especially at the TPB because current distribution along the 

Pt/YSZ interface is highly non-uniform. Therefore, two-phase boundary reaction zones 

must be taken into account in the model. 

Simulation and modeling of CO2 electrochemical reaction at Pt-YSZ cermet 

electrode/electrolyte interface seems a big challenge, because of the complexity of the 

cermet electrode structures. Some special mathematical tools, such as Monte Carlo 

simulation, may be needed to generate the ion and electron conduction paths. 

5.3 Wishes 

It has always been the author's endeavors to attain the goal that this dissertation can 

provide both the fundamental and experimental support for future human exploration on 

Mars. If the results obtained and suggestions presented here can contribute only a small 

step toward this passion of exploration mission, it has been worth the effort. The author 

would be very pleased. 



NOMENCLATURES 

Symbols Units 

A, 

a 

Un 

"o;! 

D 

D. CO9 

0(a) 

Dso 

E 

m 

m 

m 

mol/m 

mol/m^ 

moi/m^ 

kJ/mol-K 

mVs 

m^/s 

mVs 

m^/s 

m^/s 

m^/s 

mVs 

Descriptions 

Electrode area 

Parameter in equation (4-69) 

Mean jump length for surface diffusion 

Hop distance between two vacancies 

Surface concentration 

Oxygen ion concentration in 8YSZ (4.45x10'*) 

Oxygen vacancy concentration in 8YSZ (3.92x10 ) 

Constant pressure specific heat 

Diffusivity 

Carbon dioxide gas diffusivity 

Carbon monoxide surfacc diffusivity 

Oxygen gas diffusivity 

O surface diffusivity 

O' surface diffusivity 

Pre-exponential factor for surface diffusion 

Energy 
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E (x)  V/m Electric field 

Ed kJ/mol Surface diffusion activation energy 

Ed kJ Desorption activation energy 

£» kJ/moI Activation energy for desorption 

F C/moi Faraday's constant (96485) 

p mol/s-m" Striking flux of molecules per unit area 

G kJ Gibbs free energy 

g kJ/mol Specific Gibbs free energy 

kJ/mol Transition energy 

Q mol/s Molecular flux 

H kJ Enthalpy 

H" kJ Standard enthalpy referenced to 298 K 

h kJ/mol Specific enthalpy 

298 kJ/mol Enthalpy of formation 

h kJ/mol Partial mole enthalpy 

/ mA Cell total current 

le mA Current formed by electron flow 

/, niA Current formed by oxygen ion flow 

i  mA/cm' Current density 

io niA/cnr Exchange current density 
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^o,c 

iL 

ka 

ks 

kd 

K, eq 

^C02 

^CO 

^02 

"C()2 

mA/cm 

mA/cm 

mA/cm Anodic exchange current density 

Cathodic exchange current density 

Limiting current density 

Adsorption reaction rate constant 

J/K Boltzmann constant (1.38062x10'""^) 

Desorption reaction rate constant 

Equilibrium constant 

m~/mol-s-Pa Carbon dioxide adsorption rate constant 

1/s-Pa Carbon monoxide adsorption rate constant 

111 /mol-s-Pa Oxygen adsorption rate constant 

m /mol-s Carbon dioxide desorption rate constant 

1/s Carbon monoxide desorption rate constant 

"O2 
m /mol-s Oxygen desorption rate constant 

Kn 

k" m /mol-s 

Knudsen number 

Oxidation reaction rate constant at the cathode 

k" '^02 
m /mol-s Oxidation reaction rate constant at the anode 

k" m /mol-s Reduction reaction rate constant at the cathode 

k" 111 /mol-s Reduction reaction rate constant at the anode 
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M 

m 

n 

"(a) 

Na 

No 

N 

N CO 

N. CO, 

N^ 

N. o. 

01 

' CO, 

"CO 

m 

m 

kg/mol 

mol/m 

1/mol 

mol/m^ 

mol/s 

mol/s 

mol/s 

mol/s 

mol/s 

mol/s 

atm 

atm 

atm 

Length 

Mean free path 

Molecule weight 

Reaction order of the desorption process (either 1 or 2) 

Number of electrons 

Density of the adsorbed species 

Valence number of oxygen 

Avogadro's number (6.02217x10'^) 

Total number of surface adsorption sites (1.74x10'"^) 

Mole flow rate 

Air flow rate at the anode side 

Carbon monoxide flow rate at the cathode side 

Carbon dioxide flow rate at the cathode side 

Nitrogen flow rate at the anode side 

Oxygen flow rate at the anode side 

Oxygen ion on a normal electrolyte lattice site 

Carbon dioxide partial pressure 

Carbon monoxide partial pressure 

Oxygen partial pressure 
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atm Oxygen partial pressure at anode side (air side) 

atm Oxygen partial pressure at the cathode side (CO2 side) 

Q kJ/s Heat rate entering a system 

9? J/mol-K Universal gas constant (8.3143) 

R O Ohmic resistance 

r Number of charges transferred in the rate-determining step 

r mol/s Production rate 

mol/s Carbon monoxide production rate 
^^00,P 

r mol/s Oxygen anion production rate 
0(a),P 

Tp m Pore radius 

Ran O Ohmic resistance at the anode 

Rca O Ohmic resistance at the cathode 

Rcermet Q Ohmic resistance of Cermet electrode 

Rohmic Q. Ohmic resistance 

Rpt LI Pt electrode ohmic resistance 

Rpt-wire O Pt lead wire ohmic resistance 

RYSZ O Electrolyte ohmic resistance 

S kJ/K Entropy 

S" kJ/K Standard entropy referenced to 298K 
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s kJ/mol-K Specific entropy 

J. kJ/mol-K Partial molar entropy 

/"'> (0) Initial sticking coefficient at zero coverage 

Sticking coefficient 

T K Temperature 

/p m Pt electrode thickness 

tjm m Triple phase boundary thickness 

Iy m Electrolyte thickness 

Vi V Potential difference between working electrodes and 

reference electrodes, {i could be either 1,2,3,4,5 or 6) 

VNemst V Nernst potential 

Vocv V Open circuit voltage 

Doubly positive charged oxygen vacancy 

kW Electrical power 

Xi Mole fraction 



Greek 

symbols 

a 

Oa 

Oc 

CXa,a 

C^,a 

O^a.c 

OCc,c 

P 

S' 

£ 

£o 

£e 

Si 

£t 

£v 

(p 

7 
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Units Descriptions 

Transfer coefficient 

Anodic transfer coefficient 

Cathodic transfer coefficient 

Anodic transfer coefficient at the anode 

Cathodic transfer coefficient at the anode 

Anodic transfer coefficient at the cathode 

Cathodic transfer coefficient at the cathode 

Symmetric coefficient (0.5) 

kJ/mol Interaction energy 

Electrode porosity 

Permittivity of free space 

SO EC electrochemical efficiency 

Current efficiency 

Thermodynamic efficiency (or first-law efficiency) 

Voltage efficiency 

V Electrical field 

Attempt frequency for jump 
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% 

V 

Tlact 

^ act,an 

^act,ca 

Vcon 

Vohmic 

^act,tat 

A 

a  { x )  

V 

V 

V 

V 

V 

V 

V 

kJ/mol 

kJ/mol 

1/s 

Number of charges transferred ahead the rate-determining 

step 

Overall overpotential 

Activation overpotential 

Anode activation overpotential 

Cathode activation overpotential 

Concentration overpotential 

Ohmic losses 

Total activation overpotential J 

Electrochemical potential of specie i  

Electron electrochemical potential 

Stoichiometric coefficient 

Pre-exponential factor 

e Fractional surface coverage 

Carbon monoxide surface coverage 

0: O surface coverage 

c o„„ 
O" surface coverage 

ft Fractional free surface coverage 



p 

<7 

(Jo 

r 

V 

^£),AB 

Subscripts 

Air 

act 

a 

c 

CO 

CO2 

d 

ex 
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1/m^ Charge density 

S/cm Conductivity 

S/cm Conductivity of oxygen ion 

m Radius of collision molecule 

Tortuosity 

Total number of times of repeating the rate-determining step 

Dimensionless function of temperature and intermolecular 

potential field 

Non-dimentionalized distance of the cathode 

Non-dimentionalized distance of the anode 

Description 

Air gas 

Activation overpolential 

Adsorption, anode 

Cathode 

Carbon monoxide specie 

Carbon dioxide gas 

Desorption 

Exhaust 
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g Gaseous 

i Species 

in Inlet flow 

N2 Nitrogen gas 

0 0 atom 

02 Oxygen gas 

p Pt electrode 

Y YSZ electrolyte 
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