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Abstract

Fuel flexibility of solid oxide fuel cells enables the use of low cost and practical
fuels like syngas. Understanding of the oxidation kinetics with syngas is essential
for proper selection of anode material and its design optimization. Using nickel
and ceria pattern anodes, we study the electrochemical oxidation of syngas in
both dry and wet environments. In dry environment, the polarization resistance
of CO oxidation drops drastically with the addition of small amounts of hydrogen
to CO gas stream. In wet environment (4 % moisture), the polarization resistance
of CO is only slightly higher than syngas and hydrogen. Observation in the first
case is related to the hydrogen preferential oxidation whereas latter is a combined
effect of water gas shift reaction and preferential oxidation of hydrogen. Kinetic

modeling is also carried out to understand hydrogen and CO co-oxidation.

Simulation suggests that CO, besides hydrogen, may also electrochemically
oxidize depending upon its concentration in the syngas. At higher concentration,

CO electrochemical oxidation may be non-negligible especially in case of ceria
anodes.
Keywords: pattern anodes, SOFC, syngas, elementary modeling, ceria

1. Introduction

Solid oxide fuel cells (SOFCs) are considered as promising candidates for
next generation stationary power production because they are efficient and fuel
flexible. Besides hydrogen, various hydrocarbon based fuels such as biomass and
coal derived synthetic gas (syngas), natural gas, and biogas etc. are suggested as

potential fuels for SOFC as they can be fed directly to the anode after necessary
cleaning [1, 2, 3, 4]. Syngas is mainly a mixture of hydrogen, CO and varying
concentrations of CH4, H20, CO2, N2 and other impurities. Natural gas and
biogas can also be reformed to produce a mixture of hydrogen and CO. Thus in
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all these fuels, a mixture of hydrogen and CO is ultimately expected to undergo
electrochemical oxidation. When CO/H; mixture is fed to SOFC anode, overall
(electro-)chemical reactions can be described using the Kroger-Vink notation:

Hz + O — HoO + Vg +26€t (1)
CO+0¥ - CO,+Vg +26 2)
CO+H0 @ CO2+Hp 3

Here OF is a regular oxide ion and has no effective charge (x) and the oxide

ion vacancy, Vg , has an effective charge +2.

Total faradaic current is a result of charge transfer reactions 1 and 2. The
relative contribution of both of these reactions is not very clear so far. Several
experimental [5, 6, 7, 8, 9] and modeling [10, 11, 12, 13, 14, 15] studies have been
conducted to understand the effect of syngas composition on the cell performance.
For example, at low CO concentrations, even up to equimolar CO/H2 mixture,
cell performance is almost the same as obtained by moist hydrogen [6]. Sasaki
[8] reported only 4 % drop in the cell voltage for CO/H> = 7:3 (at 1000 °C
and 0.32 A.cm™2) indicating only insignificant effect on the cell performance.
Sukeshini [9] observed monotonous decrease in the maximum power density
with increase in CO/H> ratio, and the degradation was not more than 25 % for
CO/H2 = 3:1. For very high CO fractions, CO/H» = 9:1, significant drop in the
cell performance at 950 °C is reported [7]. These studies are conducted for short
term operation and proved good performance for a wide range of CO/H; ratios.

It is known that the rate of electrochemical oxidation of CO is 2-3 times
slower than that of hydrogen [5]. Thus, hydrogen is expected to oxidize pref-
erentially in syngas mixtures [16]. It is worthwhile remembering that steam is

the product of hydrogen oxidation which in turn promotes CO conversion via

water-gas-shift (WGS) reaction (reaction 3) thus producing hydrogen. Whether
CO electrochemically oxidizes as well, is very uncertain. In modeling studies,
two different approaches are considered to address this concern. Firstly, it is
commonly assumed that only hydrogen participates in electrochemical oxida-
tion while CO is converted to hydrogen via WGS reaction. So total current
density is solely attributed to electrochemical oxidation of hydrogen. Secondly,
some authors [10, 12] have taken care of the current fraction from both CO
and hydrogen oxidation on the basis of their electrochemical oxidation rates in
CO/CO2 and Hz2/H20 environments. Both of these approaches have their own
limitations because of non-electrochemical oxidation of CO in first approach
and linear coupling between hydrogen and CO electrochemistry in the latter.
Recently, Bao et al.[11, 17] proposed a non-linear coupling of hydrogen and
CO electrochemistry in order to correlate total current output with syngas
composition. They developed a model based on macroscopic electrochemistry
and species transport in complex microporous structure. There study concludes

that as CO/H; ratio increases, hydrogen current fraction decreases which they
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associated to the contribution of electrochemical oxidation of CO. However, as
their work did not take into account the elementary reactions explicitly, further
work is required to understand possible electrochemical oxidation of CO in syngas
mixtures.

Using syngas as an SOFC fuel requires electromechanically stable anode

materials besides high electrocatalytic activity. Practically viable anodes are
expected to maximize the (electro-)chemical oxidation (reactions 1-3) and sup-
press coke formation and the influence of syngas contaminants like H>S and
HCI. The state-of-the-art Ni/YSZ anode fulfills most of the requirements related
to catalysis and thus widely used in pure hydrogen feed. However, inherited
poor redox stability of nickel [18] and carbon intolerance [19] make Ni/YSZ
anodes less suitable for use in syngas. Recently ceria-based materials have
gained considerable attention as possible alternative anodes for hydrocarbon
feeds [20, 21]. In non-electrochemical applications, ceria has been extensively
investigated as a support material for various reactions like hydrocarbon oxida-
tion, WGS conversion, and CO preferential oxidation (CO-PROX) [22]. As an
anode material, ceria has shown even better catalytic activity for hydrogen and
CO oxidation compared to nickel [23, 16]. This superior activity of ceria is a
result of extended reaction sites on ceria surface that are limited to geometrical
interface between ionic and electronic phases in case of nickel anode. Conversely,
the electronic conductivity and WGS catalytic activity of pure ceria is too low
to be used as an anode in syngas environment [24, 25]. Electronic conductivity
of ceria (0.2-2.0 S.cm™1) is 3-4 orders of magnitude lower than that for nickel

(21.4x10% S.cm™1) at 1000 °C [26]. Thus the added advantages of both of these

materials have been combined and tested for syngas applications with promising
results compared to Ni/YSZ [27, 28]. Besides nickel/ceria cermet, copper/ceria
cermet has also been tested in syngas with better performance than Ni/'YSZ
[29]. In copper/ceria cermet, copper primarily provides electronic conductivity
to the anode and is otherwise catalytically inert [30]. While major focus of these
studies was the development of better performing anode, very little attention
has been paid on understanding the electrochemistry of fuel oxidation on ceria.
Available knowledge of possible reaction mechanism(s), rate-limiting processes
and WGS catalytic activity of ceria at cell operating temperature is very limited
[16, 26, 31, 32, 33, 34]. Therefore, it is essential to investigate the reaction
kinetics on nickel and ceria separately in order to realize the commercialization
of nickel/ceria cermet anodes.

Studying reaction kinetics with porous and cermet structures has their own
inherent disadvantages. For example, the gas diffusion impedance in case of
symmetrical cells can be significant at low frequencies [35]. Since the objective
of this work is to study the kinetics, all such effects arising out of geometrical
parameters need to be avoided. Hence we use pattern cells where the geometry
is well defined and the reactions can be localized. Since the current drawn is
very small, the gas diffusion impedance is not expected to play any significant
part in determining the response [23]. The spectra obtained are expected to be
easier to analyze as well.
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Previously, using nickel and ceria pattern cells, we mainly focused on the
oxidation of CO/Hz dry mixtures [36]. Results with pure hydrogen and CO
[16] were also included for comparison. From these studies we concluded that
hydrogen is preferentially oxidized in CO/H> mixtures. This conclusion was
based on the observation that while adding small amounts of hydrogen to CO
feed stream, impedance spectra were very close to that of pure hydrogen. In this
work, we intend to extend the discussion using humidified syngas environment
(4 % moisture). The results in humidified environment are compared with those
obtained in dry environment. This sort of comparison between nickel and ceria
anodes has not been reported before. Further, we developed an elementary kinetic
model for CO/H2 mixtures based on the previous models for pure hydrogen
and CO oxidation in order to study the effect of WGS conversion and syngas
compositions.

2. Experimental and modeling methodology

2.1. Cell preparation
Electrolyte supported, nickel and ceria pattern electrode cells are used in this

study. Symmetrical cell configuration was chosen to study the anode processes. 8
% YSZ substrates (25 mm diameter and 250 um thick) were obtained from Fuel
cell materials (www.fuelcellmaterials.com). Nickel and ceria were deposited on
to the substrates through a stainless steel mask using DC magnetron sputtering
(AJA International, ATC 2600 UHV). Thickness of nickel and ceria patterns
was 1.780 um and 500 nm, respectively. Details of the sputtering process are
reported previously [16, 37]. Figure 1 shows the schematic of the pattern cells.
Area specific triple-phase-boundary (TPB) length of the cells is 0.203 m.cm~2.

L
B )
NI lor cenal
Patters

Collecting wires

(o)

15,627 e

YSZdisc
($ 25mm )

15627 rmm

Figure 1: Schematic of Ni and ceria pattern cells

2.2. Cell test station

A schematic representation of quartz reactor tube containing ceramic cell
holder is shown in figure 2. Cell was placed between two macro-porous ceramic
supports also working as gas distributors. Gold mesh was applied on both sides
of the cell for current collection. A small weight was placed on the top distributor
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2.2 Cell test station 5

to ensure a good contact between gold mesh and the cell. Quartz tube was
placed inside a temperature controlled furnace for testing at desired temperature.
For humidified experiments, the gas mixtures were saturated in a temperature
controlled humidifier.

Weight

Gold mesh

Pattern cell

Gas distributor/

cell support Potentiostat

Cell holder

Quaru
reactor tube

Gas inlet

Figure 2: Cell test station

Electrochemical impedance spectroscopy was carried out to identify different
processes affecting the cell operation using Gamry Potentiostat (R600). EIS
measurements were conducted with AC perturbation of 10mV, between 700 °C
to 850 °C and in a frequency range of 100 kHz to 0.01 Hz. In case of ceria, cells
were exposed to 4 % moist hydrogen and sufficient time was given for reduction
before impedance measurements. Gas compositions tested in this study are
shown in table 1.

Gas Fuel no. Syngas composition
environment Ho (%) CO (%) Ha (%) CO, (%)

ory I 50 0 o 56—
F2 40 10 0 50
F3 30 20 0 50
F4 20 30 0 50
F5 0 50 0 50

Wel F6 96 0 4 0
F7 72 24 4 0
F8 48 48 4 0
F9 28 68 4 0
F10 0 96 4 0

Table 1: Fuel gas compositions tested in the study
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2.3 Equivalent circuit model (ECM) 6

2.3. Equivalent circuit model (ECM)

Impedance modeling was done by defining an appropriate equivalent circuit
model [16, 38] as shown in figure 3. Two R-CPE elements connected in series with
electrolyte resistance (Re) are associated to two dominant polarization processes
i.e., a high-frequency process (R1-CPE1l) and a low-frequency process (R2-
CPE2). CPE is a constant-phase-element indicating a distributed capacitance.
The impedance of this equivalent circuit (Zec) is defined as;

R1 R>
1+R1Q1(iw)™ ¥ 1+R,Qz(1w)
Here, Ri [Q] represent the resistances, and Q; [Fs"™!] and n; are the

frequency-independent CPE parameters. Relaxation frequency (fs) and the
pseudo-capacitance (Ceq) of a process described by an R-CPE circuit are;

(4)

Zec = Re +

1
= ormro )
Ceq = ?, (6)
Re 14] R2

N\ y -~ a—
CF 1 | CPE2
R r—

Figure 3: Equivalent circuit model (ECM)

2.4. Elementary kinetic model

The relevant equations for elementary kinetic modeling are given in table
2. Elementary reactions for the oxidation of hydrogen and CO on nickel and
ceria anodes along with their kinetic parameters are given in tables 3 and 4,
respectively. Diffusion flux of ceria surface species is arbitrarily considered as
zero. Moreover, on the basis of experimental data and literature survey, the rate
limitations were solely attributed to the charge transfer process compared to
the defect transport in the bulk. So, while modeling ceria anodes, relevant mass
transfer (reaction-diffusion) equations reduce to ordinary differential equations.
Whereas, for nickel and YSZ surface species, coverage of each surface specie
was calculated by solving coupled partial differential equations using Chebfun
[39] function in Matlab software. Faradaic current was calculated from rate of
charge transfer reactions leading to charge transfer resistance and hence the AC
impedance.

Reaction mechanisms for the oxidation of hydrogen and CO on nickel are
taken from [40] and [41, 42], respectively. Thermodynamic and kinetic parameters

are also adopted from the same. The reaction mechanisms of hydrogen and CO
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Physico-chemical process Relevant equation

Eg. no

Rate of coverage of surface species o8 = o5+ g5

ot surf Mk sdf —
Diffusion flux Jo(= R 46 )
Specie production rate $i= mVim Kim ot “kom \ (oS

act

. — 0 m _E m
Forward reaction rate constant kim = ki [\ TAmexp -~

Backward reaction rate constant kb,n? = kimexp %A—GL) \
DSuI’

Diffusion coefficient = DOexp - Fect

' n RT n

Faradaic current iF =ZFA  crrx Kict €Y' —kbea Gy

i,r
Forward ch f Krot = kO 28\ g (q )
orward charge transfer rate constant fct = fyctexp “RrT EXp —a RTrI

Backward charge transfer rate constant Kr.ct = Kt.ctexp (A%'rl
Voltage perturbation for EIS study n = Vosin(2rrft)
an

Charge transfer resistance Ret = gic

(1)

)
C)
(10)

(11)
(12)

(13)
(14)

(15)
(16)
17

Table 2: Summary of the relevant equations [40].
In above table, i refers to the bulk/surface species, m runs over all reactions
involving surface/gas, surface/bulk and charge transfer reactions (r for reactant
species, p for product species and ct for charge transfer).

oxidation on ceria anode are given in our previous article [31]. In the elementary
kinetic model, the rate coefficients for the charge transfer reactions of individual
hydrogen and CO oxidation were manually varied to obtain the best fit of
experimental impedance spectra. Other parameters like capacitance values and
CPE exponents were kept the same as obtained by ECM fitting. Thus fixing the

parameters obtained by ECM fitting reduced the number of free fit parameters
in kinetic modelling and focus could be asserted on the charge transfer process.
For the simulation of syngas mixtures, all other parameters except gas phase
concentrations were kept unchanged.

3. Experimental and modeling results

Previously [36], we briefly described the electrochemical oxidation of syngas
(CO/H2 mixtures) in dry gas environment. Results for the oxidation of hydrogen
and CO as published previously [16] were also included for comparison. In this
work, we extended the discussion including oxidation in wet gas environment as
well to incorporate the effect of the WGS reaction on electrochemical oxidation.

3.1. Nickel pattern anodes

The intent of this study is to understand the electrochemical oxidation of
different syngas compositions on nickel and ceria. Figure 4 shows the impedance
spectra obtained with nickel pattern anodes at 800 °C and the activation ener-
gies for both high-frequency and low-frequency processes for different syngas
compositions in the dry and wet gas environments.
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—Efementary Reactom—————————k®—(or s )———E2 kI.met=1—
m m m

Ni surface reactions
H2Ogas + Oni € H20ni 1.4x10%° cm®.mol~t.s71 0
Hogas + 20ni € 2Hni 9.8x1017 cm®.mol=2.s71 0
Hni + Oni € OHni + Oni 5.0x10%2 cm2.mol~1.s71 97
H2Oni + Oni € 20HNi 5.4x10%23 cm2.mol~1.s71 20.9
OHni + Hni € H20ni + Oni 3.0x10%2° cm2.mol~1.s71 43
COgas + Oni €@ COni s® =05 0
COygas + Oni € CO2 gas + ONi 1. 0x102§1cm3 mol~1.s71 181.8
COni + Oni @ CO2 i + Oni 2.0x10° cmZ2.mol—1.s71 123.6
CO2 i 0 COZ,gas + OnNi 7x101 1/s 41.0
YSZ surface reactions
H3Ogas + Ovsz @ H20vsz 6.6x10;* cm?® mo{‘ st 0

ysz + H20 @ 2QHvsz : 5, CMa.mol _,.s 9.6
Ovéz G @ZO YS J1%(]1 cm®mol ™t g1 90.9
Cogas + Ovsz 0 COYSZ m =0.04
Ahprgs?transfer reactiong,,

vsz @ OHygz+0  + eni fit 134

Hni+OHYysz € Hzo(g):l: ONi + Ovysz + e fit 134
Oé +0vsz @ Oysz + Vo +ey fit 173
COnNi+O g+ @ CO2gas + Onj + Oysz + €7 fit 173

Table 3: Elementary reactions for hydrogen and CO oxidation on nickel pattern anodes [40, 41].
In the above table, oni is a free adsorption site at nickel surface, ovsz a free
adsorption site at YSZ surface, OF lattice oxygenin YSZ, V oxide ion vacancy
with an effective charge +2, 0% s, OXide ion at YSZ surface e electron in the
nickel, and all other species indicate adsorbed species at nickel surface with Ni
subscript and YSZ surface species with YSZ subscript.

| I
Elementary Reaction kS, E3°t kJ.mol™?
H +20 2H 8x10%° cm®.mol~2.s71 131.0
azldgsas g C%% ads + Oce + €~ fit 133.0
Hads+OH ads 0 HZOgaS + 2 Oce +e_ flt 1330
gggas +207 @ CO} , 3x101 cm®.mol2.s71 212.0
3 -

fit 117.0

CO 4+ 0 1 \/ LS F-N
*3_0 CO2gas "9 T Vo T £C€
Table 4: Elementary reactions for hydrogen and CO oxidation on Ceria pattern anodes [31].
In the above table, oce is a free adsorptlon S|te at ceria surface, 02‘ oxide ion

at ceria surface, O lattice oxygen, and V is the oxide ion vacancy.
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3.1 Nickel pattern anodes 10

Gas atmosphere
Parameter H,/H,O COICO, COJ/H,0

Q1 6.2x103 2.0x10% 5.6x10~*
Q2 6.4x10™* 2.1x10™* 3.7x107*
ni 0.67 0.7 0.77
n, 0.60 0.66 0.70

Table 5: Equivalent circuit fitting parameters for Hz2 /H20 (F6), CO/CO2 (F5), and CO/H20
(F10) on nickel pattern anodes.

3.1.1. Oxidation in dry environment

Figure 4 (a) shows that the polarization resistance for oxidation of CO (F5)
is almost 2.5 times higher than that of hydrogen (F1). Higher polarization
resistance and lower cell performance with CO compared to hydrogen on nickel
anodes are reported [5, 9, 43, 16, 44, 29]. With the addition of small amounts
of hydrogen to the CO gas stream, the polarization resistance drops drastically.
Sudden drop in polarization resistance is attributed to hydrogen preferential
oxidation, here termed as “H;-PROX”. Further increase in hydrogen fraction
results only in the gradual decrease of the polarization resistance. Effect of
hydrogen oxidation kinetics is so significant that the impedance spectra for all
CO/Hz gas mixtures (F2-F4) is much closer to hydrogen (F1) than CO (F5).

This refers to the possibility that hydrogen is electrochemically oxidized while

CO mainly acts as a diluent [16].
Impedance spectra are also fitted to the equivalent circuit model (ECM)
as shown in figure 3. The fitting parameters for three gas environments are

shown in table 5. Figure 4 (c and e) shows the temperature dependence of
high-frequency and low-frequency processes obtained from ECM fitting. The
activation energies of both high-frequency and low-frequency processes for the
oxidation of hydrogen and CO/Hz mixtures are almost the same and agrees well
with the argument of H2-PROX. In CO/CO2 environment, the high-frequency
process is found to be highly thermally activated (Ea = 1.80 eV) and attributed
to the electrochemical/charge transfer process. This charge transfer process may
be either oxygen spillover from YSZ to the nickel or direct involvement of gaseous
CO in the charge transfer step [16]. Low-frequency activation energy is also
relatively high (Ea = 1.66 eV), that makes difficult to identify a rate-limiting
process. Possible rate-limiting processes are discussed elsewhere [16, 45].

3.1.2. Oxidation in wet environment

Figure 4 (b, d and f) shows impedance spectra and activation energies in
the wet gas environment (4 % moisture). It is noticed that the polarization
resistance for wet hydrogen oxidation (F6) is only one fourth of the resistance
observed in case of dry hydrogen oxidation (F1) at 800 °C. Similarly, the
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(fs) for both low and high-frequency processes also increases by more than an

Page 11 of 26



O Joy b WN K

11
12
13
14
15
16

18
19
20
21
22
23
24
25
26
27
28

29
30

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

53

57
58
59
60
61
62
63
64
65

3.1 Nickel pattern anodes 11

order of magnitude. This indicates that adding water to hydrogen and CO feed
gas strongly stimulates the oxidation process. The accelerating effect of water
addition on hydrogen oxidation process is documented [46, 47, 48]. While the
effect on CO oxidation is possibly related to heterogeneous WGS conversion
and subsequent preferential oxidation of hydrogen. Unlike dry gas environment,
adding hydrogen to wet CO does not lead to a drastic decrease in the polarization
resistance. Rather, the polarization resistance gradually decreases from wet CO
(F10) to wet hydrogen (F6).

Activation energies of high-frequency and low-frequency processes for hydro-
genoxidationare1.61and1.43eV,respectively. Itis clearthatthe high-frequency
process is highly thermally activated which usually points towards an electro-
chemical charge transfer like process. High-frequency activation energies for
CO/H2 mixtures lie between the values obtained for wet hydrogen and wet CO
gas environments. The effect of increasing steam partial pressure in CO gas feed
stream on the polarization resistance and relaxation frequency is shown in figure
5. Itis clear that with increase in steam partial pressure, polarization resistance
decreases and the relaxation frequency increases for both high-frequency and

low-frequency process.

6.60 T 36
P RS |
g 037 —————t -015
gag{ | T —" “— R Lao
6,12 L2 4
< 5781 182
x E
£ 544 125
.
5104 o——0 e— 0.6
o, Y o2 W g
76 . ' 2100

1,52 1,90 2,28 ?66 v 304
In[pH,O/(kPa))

Figure 5: Effect of steam partial pressure on polarization resistac\)nce and relaxation frequency
of high-frequency (hf) and low-frequency (If) processes at 800 C
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3.2 Ceria pattern anodes 12

3.1.3. Modeling results

Figure 6 shows experimental and simulated impedance spectra for Hz/H20,
CO/CO2 and wet CO environments. Kinetic parameters obtained by model
fitting of H2 /H2O and CO/CO2 systems are used for simulating wet CO and
CO/H2 environments. Mass balance equations of surface species on both nickel
and YSZ are solved simultaneously. The capacitance and exponent values for
high frequency and low frequency processes are shown in table 5. The results

indicate a reasonably good qualitative agreement between experimental and
simulated spectra for H> /H2O and CO/CO> environments and slightly over-
predicts the polarization resistance for wet CO environment. The misalignment
between experimental and simulated peaks for wet CO is apparent on Bode plots
(figure 6 b): the simulations predict that the peak occurs at lower frequencies
than the observed ones. Further optimization of the model for co-oxidation
may address this discrepancy. The simulated rate of charge transfer reactions
for hydrogen and CO oxidation in wet CO environment (F10) are found to be
6.9x1071 and 1.2x107* mol.cm~2.s71, respectively. Clearly the rate of charge
transfer reaction for hydrogen oxidation is higher than CO despite of very low
concentration of hydrogen.

Figure 7 compares the impedance spectra resulting from all three current calcu-
lation scenarios: a) from hydrogen oxidation only b) from CO oxidation only
and c) if both hydrogen and CO contribute to total faradaic current. It can
be seen that the impedance spectra simulated by considering only hydrogen

oxidation (ir =in,) is closer to the experimental spectra than considering CO
oxidation (ir =ico) alone. This indicates that during oxidation ofwet CO, a
larger fraction of current is produced from hydrogen oxidation. This is inline
with the argument of hydrogen preferential oxidation. Considering co-oxidation
(ie =in, +ico), a slightly better match to experimental spectra is found which
created an interest to quantify the current fraction produced from hydrogen
oxidation.

Hydrogen current fraction is defined as the ratio of current produced by

hydrogen oxidation to the total current produced by hydrogen and CO co-
oxidation. Hydrogen current fraction as a function of hydrogen fraction in the
syngas is shown in figure 8. Itis found that at a very low hydrogen concentration
(5 %), almost 85 % current is solely produced by hydrogen oxidation. While
remaining 15 % current is obtained from CO oxidation. That is why, best match
to experimental data in figure 7 is obtained from co-oxidation. With increase
in hydrogen fraction, hydrogen current fraction also increases. For example, at
equimolar hydrogen and CO concentration, hydrogen current fraction is almost
0.97 which indicates that direct CO oxidation is negligible.

3.2. Ceria pattern anodes
The electrochemical impedance spectra and the activation energies for both
dry and wet gas environments are shown in figure 9 (a) and (b), respectively.
EIS of ceria has shown two clearly distinct arcs, i.e., a relatively small and de-
pressed arc at high-frequency end (shown in the inserts) and the main impedance
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(@) (b)
Figure 6: Model fitting and experimental data on nickel anodes for H2 /H20, CO/CO2 and

wet CO (4 % H20 systems a) Nyquist plots b) Bode plots. exp indicates experimental and
sim indicates simulated data.

Parameter dry Ho dryCO  wetH, wetCO
Ea [eV] 0.80 0.89 0.75 0.85
fs [kHz] @800°C 6.92 5.48 20.52 7.86

Ceq [UF.cM™2] @800°C  5.30 1.31 1.14 9.11

Table 6: Typical characteristics of high-frequency arc

arc at low-frequency end. The polarization resistance of high-frequency arc is
significantly lower than the low-frequency arc and thus not considered to be the
rate-limiting. Main characteristics of high-frequency arc at 800°C are shown in
table 6. It is found that the gas environment has not a considerable influence
on the polarization resistance and activation energy of high-frequency process.
Model fitting at different temperatures further revealed that the capacitance is
mainly independent of temperature. Both of these observations suggest that the
high-frequency process can not be related to a charge transfer process. Similar
arcs at high-frequency end were also observed in other studies and associated
to a grain boundary effect [49, 50] and poor contact between electrode and the
current collector [51]. The capacitance implied for the low-frequency arc is on

the order of 1073-10~% F.cm~2 which is characteristic of the gas/solid interface

[52]. Hence, the resistance associated to the low-frequency arc is attributed to
the electrochemical process at gas/ceria interface and discussed here in detail.

3.2.1. Oxidation in dry environment

Impedance spectroscopy reveals that the polarization resistance with ceria
is much lower than nickel for all gas environments tested here. Previously
this observation was related to a larger electrochemically active region on ceria
compared with nickel [23]. Figure 9a shows that the polarization resistance
for CO oxidation (F5) is almost five times higher than for hydrogen (F1).
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Figure 7: Electrochemical impedance of nickel anodes if faradaic current is a result of hydro-
gen (iH,), CO (ico) and H2+CO (in, + ico) oxidation. Experimental data is also shown
for comparison.

Whereas, this difference is only 2.5 times in case of nickel anodes (figure 4a, F5

vs F1). Surface characterization techniques like XPS and IR have shown the
formation of intermediate carbonate species on ceria surface when exposed to
CO [34, 53]. Decomposition of these intermediates to produce gas phase CO>
is highly energy demanding. Thus, very high polarization resistance for CO
relative to hydrogen may be attributed to high surface coverage of carbonate
species with decomposition/desorption step as the rate determining [54, 31].

Adding a small amount of hydrogen to the CO feed (F4), drops polarization
resistance drastically indicating H.-PROX. Further increase in hydrogen fraction
does not lead to a substantial drop in the polarization resistance. Effect of
hydrogen oxidation kinetics is so significant that the size of impedance spectra
for all syngas mixtures (F2-F4) is much closer to the hydrogen (F1) than to
the CO (F5). Low-frequency activation energies for syngas oxidation (figure
9e) are also similar to that of hydrogen oxidation. It is, therefore, speculated
that in syngas hydrogen preferentially oxidizes while CO mainly forms surface
carbonates and inhibits hydrogen adsorption and subsequent oxidation. Possible
reaction mechanism and the rate-limiting processes for electrochemical oxidation
of hydrogen and CO are detailed elsewhere [16, 31].

3.2.2. Oxidation in wet environment

Impedance spectra of hydrogen, CO and syngas oxidation in wet environment
are shown in figure 9b. When compared with dry environment (figure 9a), it
is noticed that the polarization resistance for wet hydrogen oxidation (F6) is
only one fifth of the resistance observed in case of dry hydrogen oxidation (F1).
Similarly, the polarization resistance of wet CO oxidation (F10) is less than one
tenth of the resistance observed for dry CO oxidation (F5). Interestingly, the
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Figure 8: Effect of hydrogen fraction in syngas on hydrogen current fraction at 800 °C

polarization resistance for CO (F10) is still almost twice of the hydrogen (F6).
Whereas, polarization resistance for hydrogen oxidation on nickel was only 40
percent higher than that of CO oxidation. Relatively higher resistance of CO
oxidation on ceria may be related to the formation of carbonates. Low-frequency
and high-frequency activation energies for wet environment are shown in figure
9d and 9f, respectively. It is found that the low-frequency activation energy for
CO oxidation is the same in both dry and wet gas environment. This suggests
that adding water to CO does not affect the rate limitations. Conversely, adding
water to hydrogen (F6) and syngas mixtures (F7-F9) drops the activation barrier
significantly. As surface chemistry and the charge transfer processes are lumped
together in the main arc, so it is difficult to separate and quantify the effect
of steam addition on individual process. The effect of varying steam partial
pressure on wet CO electrochemistry is shown in figure 10. It can be seen that
the polarization resistance decreases when the amount of water in the fuel gas

is increased. This is inline with the observation made in case of nickel anode
(figure 5). However, the slope of In[pH20] vs In[Rp] curve for ceria is found to
be -0.10 which in case of nickel anode was -0.15. This observation probably
suggests that the addition of water has more accelerating effect on the overall
CO oxidation process on nickel anodes compared with the ceria anodes.

3.2.3. Modeling results

Elementary reactions for hydrogen and CO oxidation on ceria are given in
table 4. Model fitting and experimental data for all three gas environments
(H2/H20, CO/CO; and wet CO) are shown in fig 11. Rate of charge transfer
reactions for hydrogen and CO oxidation in wet CO environment are found
to be 10.0x107'! and 5.5x10~* mol.cm™2.s72, respectively. Interestingly, the
rate of hydrogen oxidation in wet CO environment is only twice of the rate of
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Figure 10: Effect of steam partial pressure on low-frequency polarization resistance at 780 °C

CO oxidation. Figure 12 compares the impedance spectra resulting from all
three current calculation scenarios as explained in section 3.1.3. It can be seen

that neither current obtained from CO oxidation (ir =ico) nor from hydrogen
oxidation (ir =in,) matches the experimental spectra. Rather co-oxidation
of hydrogen and CO (ir =in, +ico) gives best qualitative representation of
the experimental spectra. Similar to the nickel anode, a misalignment between
experimental and simulated peaks is also apparent for wet CO (figure 11 b).
Relative contribution of hydrogen and CO oxidation in syngas is simulated as
shown in figure 8. It is found that though hydrogen current fraction is higher
than CO, yet it is much lower than the fraction found in the case of nickel anode.
For 5 % hydrogen in the feed, only 68 % current is produced from hydrogen
oxidation. At equimolar concentrations, almost 93 % current is obtained from
hydrogen oxidation and remaining 7 % from CO. This indicates that while
studying syngas oxidation of ceria, electrochemical oxidation of CO can not be
ignored.

3.3. Comparison between nickel and ceria anodes

Based on the results discussed in previous sections, nickel and ceria anodes are
compared with respect to 1) cell performance in hydrogen and CO 2) hydrogen
preferential oxidation in syngas, and 3) effect of hydrogen concentration on
hydrogen current fraction.

Polarization resistance for oxidation of hydrogen (F1), CO (F5), and CO/H>
mixture (F4) in dry environment are compared in table 7. Better cell performance
with hydrogen than CO on nickel is inline with the literature [5, 9, 16, 29, 44, 43].
However, the cell performance with hydrogen and CO on ceria is contradictory
to the reported trend [29]. In [29], it is observed that the cell performance with
Cu/CeO./YSZ anode is identical when using either hydrogen or CO while we
found very high polarization resistance for CO in comparison to hydrogen. It
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(@) (b)
Figure 11: Model fitting and experimental data on ceria anodes for H2 /H20, CO/CO2 and
wet CO (4 % H20 systems a) Nyquist plots b) Bode plots.

Polarization resistance (Q)

Fuel 10.

nickel ceria
F1 (H2) 2890 480
F4 (CO/H>) 3860 670
F5 (CO) 8600 2750

Table 7: Polarization resistance for hydrogen (F1), CO (F5) and CO/H2 mixture (F4) oxidation
on nickel and ceria anodes

is worthwhile remembering that, oxidation on both pure ceria and Cu/CeO is
expected to take place only on the ceria phase [30]. Thus, further investigations
are suggested.

In case of CO/Hz mixture, the polarization resistance is closer to that of
hydrogen compared to CO. This clearly indicates that the oxidation process of

mixtures resembles to hydrogen oxidation instead of CO, which we regard as
hydrogen preferential oxidation. This effect is observed on both nickel and ceria
anodes. Using nickel anodes, better cell performance with CO/H2 mixtures than
CO is reported as discussed in section 1. However, using ceria anodes, such
studies are not known to our knowledge besides preliminary results presented in
our previous work [16].

Electrochemical co-oxidation of hydrogen and CO is studied by elementary
kinetic modeling. In wet CO (F6), rate of charge transfer reactions for CO is
almost one sixth of the hydrogen on nickel and only half of the hydrogen on
ceria. These reaction rates correspond to hydrogen current fraction of 0.85 and
0.65 for nickel and ceria, respectively. Then hydrogen current fraction is further
evaluated for a wide range of hydrogen fractions in the syngas (figure 8). It is
found that increasing hydrogen fraction in syngas, hydrogen current fraction
also increases for both nickel and ceria. For example, hydrogen current fraction
in equimolar mixture is 0.97 for nickel and 0.93 for ceria. Thus, in equimolar
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Figure 12: Electrochemical impedance of ceria anodes if faradaic current is a result of hydro-
gen (iH,), CO (ico) and H2+CO (in, + ico) oxidation. Experimental data is also shown
for comparison.

mixture, 3 % and 7 % current is expected from CO oxidation on nickel and ceria
anodes, respectively.

4. Conclusions:

In this study, electrochemical oxidation of hydrogen, CO and syngas (CO/H2
mixtures) on nickel and ceria pattern anodes was investigated. Experimental
results from impedance spectroscopy were presented for both dry and wet gas
environment. Further, elementary kinetic model was developed to understand
hydrogen and CO co-oxidation. The main results are summarized as;

« The polarization resistance for hydrogen oxidation is less than CO oxidation
for both nickel and ceria anodes. The polarization resistance for syngas
oxidation is closer to that of hydrogen oxidation than CO. Moreover, the
activation energies (obtained by equivalent circuit model fitting) for syngas
are similar to that of hydrogen oxidation. This suggests that the oxidation
of syngas resembles hydrogen oxidation and hydrogen is preferentially
oxidized.

< Addition of water to CO leads to a significantly larger drop in the polariza-
tion resistance than the drop caused by the addition of water to hydrogen.
However, the polarization resistance for CO/H, mixture was still higher
than Hz /H>O mixture. Larger drop in the polarization resistance in former
case is attributed to the combined effect of water gas shift conversion and
preferential oxidation of hydrogen produced via CO conversion. Preferen-
tial oxidation of hydrogen produced via water-gas-shift conversion was also
captured by kinetic model.
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« Majority of the membrane-electrode-assembly (MEA) models neglect CO
electrochemistry in CO/H> mixtures assuming that hydrogen is the only
electrochemically active specie while CO undergoes water-gas-shift trans-
formation. In this study, simulation has shown that CO may also electro-
chemically oxidize depending upon its concentration in the syngas. For
example, at equimolar hydrogen/CO concentration, 3 % of the total cur-
rent was obtained from CO oxidation in case of nickel and 7 % in case of
ceria anode. For confirming and better understanding of relatively larger
contribution of CO electrochemistry in case of ceria than nickel anode,
further investigations are required.

Limited knowledge of the reaction mechanisms and rate-limiting step(s) was
found for hydrogen and CO electrochemical oxidation on ceria that will be
addressed in future studies. Also, the effect of current density on hydrogen and
CO co-oxidation will be focused. This will help in better understanding of the
oxidation process and lead to the development of kinetic equations based on
the rate-limiting-step(s). Such kinetic equations may be used in the macro-level
models instead of the empirical relations for the prediction of fuel cell performance.
Future work will also concentrate on extending these kinetics to a macro-level

simulation of real syngas environments including various contaminants. The

generated knowledge is expected to contribute to the selection/design of suitable
cells for specific fuels.
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References

Unit
mol.cm™3

cm2.s71
cm?.s—1
J.mol~?
Hz
C.mol™t
J.mol~?

J.mol~1.K™1
ohm

ohm
mol.cm=2.s71

K
\Y
cm

Fsn1

ohm
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Description

area specific concentrations c; =Ik6; for surface &
ci= E_gas species

capacitance

surface diffusion coefficient of speciei

tracer diffusion coefficient of specie i

activation energy

relaxationfrequency

Faraday constant (96485 C.mol™?)

Gibbs free energy

faradaic current

forward and backward reaction rate constants
respectively

universal gas constant (8.314 J.mol~1.K™1)
Polarization resistances

charge transfer resistance

species production rate

temperature

amplitude of voltage perturbation

speial dimension perpendicular to the TPB line
parar ‘er of constant phase element

nur ber ¢ =lectrons involved in charge transfer
YSAac. Y\h

i g€ lance

transfer coefficient

temperature coefficient

sinusoidal voltage perturbation

dimensionless surface coverage

area specific surface site density

number of surface sites occupied by surface specie
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