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Polarization-Induced Hysteresis in CuCo-Doped Rare Earth Vanadates
SOFC Anodes

Abstract

The physical and electrochemical properties of strontium substituted cerium vandates in which a portion of
the cerium cations have been substituted with transition metals (Ceg gSrg.1Cug.05TM0.05VO4-0.5%, TM = Ni
or Co) were investigated and their suitability for use in solid oxide fuel cell (SOFC) anodes was assessed.
Upon reduction at elevated temperature, Cu and Co or Cu and Ni were exsolved from the electronically
conductive Ce]_xSryVOy4 lattice to produce Cu-Ni and Cu-Co catalytic nanoparticles. The
Ce.8Sr0.1Cup,05C00.05VO3 appears to have high activity and relatively high hydrocarbon tolerance,
suggesting that intimate contact between the exsolved Cu and Co and that the majority of the Co
nanoparticles must be at least partially coated with the Cu. The electrochemical performance when used in
anodes operating on hydrogen has been characterized, and the results demonstrate the exsolution of both
metals from the host lattice; but observed dynamic changes in the structure of the resulting metal
nanoparticles as a function of SOFC operating conditions complicate their use in SOFC anodes.
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The physical and electrochemical properties of strontium substituted cerium vandates in which a portion of the cerium cations have
been substituted with transition metals (Ceg gSrg.1 Cug.05TMo.05 VO4—0.5x, TM = Ni or Co) were investigated and their suitability
for use in solid oxide fuel cell (SOFC) anodes was assessed. Upon reduction at elevated temperature, Cu and Co or Cu and Ni
were exsolved from the electronically conductive Ce|_xSrxVOy lattice to produce Cu-Ni and Cu-Co catalytic nanoparticles. The
Ceq.3Srp.1 Cug 05Co0.05 VO3 appears to have high activity and relatively high hydrocarbon tolerance, suggesting that intimate contact
between the exsolved Cu and Co and that the majority of the Co nanoparticles must be at least partially coated with the Cu. The
electrochemical performance when used in anodes operating on hydrogen has been characterized, and the results demonstrate the
exsolution of both metals from the host lattice; but observed dynamic changes in the structure of the resulting metal nanoparticles as
a function of SOFC operating conditions complicate their use in SOFC anodes.
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Solid oxide fuel cells (SOFCs) are of interest due to their rela-
tively high energy conversion efficiencies and fuel flexibility. The fuel
flexibility of SOFCs results from the fact that 02 anions, rather
than H* ions, are transmitted through the electrolyte. Direct uti-
lization of hydrocarbons, however, is still not possible in conven-
tional SOFCs because Ni-YSZ composites, the most commonly used
anode composition, catalyze the formation of carbon deposits in-
cluding fibers that cause deactivation.'” One solution to this prob-
lem is to replace the Ni with an electronically conductive material
that does not catalyze the formation of carbon from hydrocarbon
fuels. Electronically conductive ceramics, including titanates,® '
manganates,''~'* chromates,'> and bronzes'®!” have been investigated
for this application. These materials have been shown to have a low
susceptibility to sintering and coking and are more redox stable and
tolerant of impurities, like sulfur, than Ni.>'®-2! While promising
results have been obtained with ceramic-based anodes, these an-
odes unfortunately have relatively low catalytic activity for oxida-
tion reactions, resulting in high electrode overpotentials unless they
are decorated with nanoparticles of a highly catalytic metal (e.g.
Ni, Pt, or Pd).>8!1:15-17.22-29 Sintering of the catalytic nanoparticles,
however, is still an issue that hinders the long-term stability of the
anode.

One approach that has been proposed to enhance the catalytic
activity of ceramic-based anodes is to use materials for which the
metal nanoparticle catalysts can be generated in situ through their
exsolution from a conducting perovskite host.!!!32%2337 This con-
cept is similar to that used in self-regenerating automotive emissions
catalysts that were first developed by researchers at Daihatsu.3335-37
So called “intelligent” automotive catalysts use perovskite (ABO3)
oxides (e.g. LaFeOs) in which a catalytic metal, typically the noble
metals Pd, Pt or Rh, is substituted for a small portion of the B-site
cations. Under mildly reducing conditions the easily reduced noble
metal cations are exsolved from the lattice and precipitate as nanopar-
ticles that decorate the surface of the perovskite. Since the catalytic
converter in an automotive emissions control system oscillates be-
tween oxidizing and reducing conditions, the noble metals undergo
dissolution/exsolution cycles that help maintain the metal surface area
and catalytic activity. The Barnett group has recently demonstrated
the use of this phenomenon in SOFC anodes.!3?*?83! They used the
electronically conducting perovskite, LaggSry,Cr;_4MsO3;_x where
M = Ni, Pd, and Ru, and showed that metal nanoparticles with di-
ameter of <5 nm were produced from the perovskite lattice upon
exposure to a reducing environment.'>??33! This in turn greatly en-
hanced the performance of electrodes based on this material. Since
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redox cycling could also be used in an SOFC to regenerate any
metal surface area loss due to sintering, this approach provides a
novel strategy for both optimizing the catalytic properties of ceramic
anodes for SOFC for specific fuels and for maintaining long-term
performance.

‘While exsolution of catalytic metals can be used to enhance the cat-
alytic activity of an SOFC anode, in order to obtain a high performance
anode, the host oxide must also have high electronic conductivity. Re-
cently, we and others have shown that alkaline earth (AE) substituted
rare earth (RE) vanadates (RE;_yAE,VQ,), such as Ce;_4Sr,VOy,
and La,_,Sr,VOy, have electronic conductivities approaching 1000 S
cm~! under some conditions, and are chemically stable in a variety
of fuels including H,, H,S, and CH,.** These properties make the
vanadates ideal candidates for use in SOFC anodes designed to run
on hydrocarbon fuels. We have also demonstrated that when doped
with catalytic metals, Ni and Co, the metals can be exsolved from the
lattice upon exposure to reducing atmospheres.*® While similar to the
perovskites discussed above, the vandates exhibit a somewhat more
complex phase behavior. In their fully oxidized form, RE;_(AE, VO,
has a zircon structure. Upon exposure to reducing conditions, how-
ever, they undergo a phase change to the perovskite structure.3%40:43
Exsolution of a portion of the metals from the lattice accompanies this
phase change.*”

RE;_yAE VO, anodes doped with Co or Ni (used as a composite
with YSZ) have been shown to exhibit high electrochemical activity
and unusually high redox stability, with the latter property being par-
tially due to the exsolution/dissolution of the catalytic metals. These
anodes, however, are not hydrocarbon stable since both Ni and Co cat-
alyze carbon formation.*® It has previously been shown in studies of
anodes with a more conventional design that the propensity for Ni and
Co to catalyze coke deposition can be ameliorated by alloying with a
less reactive metal, such as Cu, while still maintaining high oxidation
activity.!”*8-53 Particles composed of Ni and Cu, form a solid solution
so that both Cu and Ni remain at the surface. Based on previous work,
Cu-Ni alloys exposed to dry methane still formed significant amounts
of carbon up to alloy compositions of 20% Ni. Unlike Cu-Ni alloys,
the Cu and Co in Cu-Co mixtures remain as separate phases, with
the surface enriched in Cu due to its lower surface free energy. The
low activity for C-C bond breaking and forming on Cu causes these
particles to have a lower activity for coke formation, even for com-
positions with high Co:Cu ratios. Enough of the more active metal
remains exposed, however, to allow relatively high catalytic activity
for oxidation reactions to be maintained.

In the present study we have explored the possibility of doping
RE;_(AE;VO, with both Cu and Co or Cu and Ni and using the
exsolution phenomena described above as an in situ means to synthe-
size Cu-Ni and Cu-Co catalytic nanoparticles, with the goal of using
these materials to produce high-performance, highly robust SOFC
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anodes that can directly utilize hydrocarbon-based fuels. Specific ma-
terials that have been studied include CegSrgCuy 95Cog o5 VO3 and
CegSrp.1Cugs5Nig s VO3. The exsolution of the metals from these
materials and their electrochemical performance when used in anodes
operating on hydrogen have been characterized. Preliminary studies
of their hydrocarbon stability are also reported. The results obtained
in this study demonstrate the exsolution of both metals from the host
lattice, but observed dynamic changes in the structure of the result-
ing metal nanoparticles as a function of SOFC operating conditions
complicate their use in SOFC anodes.

Experimental

Bulk CegSrgCugp5TMo5 VO4_5 powders were used for XRD
analysis and (where TM = Ni, Co) were prepared using an
aqueous precursor solution containing the appropriate amounts
of Ce(NO3);.6H,O (Alfa Aesar, 99.5%), Sr(NO3), (Alfa Aesar,
99.9%), NH4VO; (Aldrich, 99+%), and either Ni(NO3),.6H,0,
Co(NO3),.6H,0, or Cu(NO3),.3H,0 (Alfa Aesar, 99.9%). Citric acid
(Fisher Scientific) was also added as a complexing agent to aid in the
formation of a more homogeneous mixture. The precursor solution
was dried and the resulting powder was calcined at 973 K in air to
form the zircon phase. Perovskite CeggSry;CugosTMo 5 VO3 mate-
rials were produced by reducing the CeggSrgCugosTMgosVO,_s in
humidified H, (3% H,0) at 973 K.

Porous YSZ slabs into which 30 wt% Ce g St 1 Cug s TM 05 VO4_5
had been infiltrated were used for hydrocarbon stability measure-
ments. The porous, 4 mm x 4 mm x 15 mm YSZ slabs were prepared
using methods that have been described in detail previously.**>> The
vanadates were added to the porous YSZ slabs by infiltrating the
aqueous precursor solution followed by drying and annealing in air at
973 K. Multiple infiltration/annealing cycles were used to obtain the
desired 30 wt% loading. The stability of the vandates in hydrocarbons
was assessed by exposing CeggSrg 1 Cug s TMg s VO3/YSZ compos-
ites under humidified H, (3% H,O) for 3 hours at 1073 K before
exposing them to dry methane at 1073 K for 3 hours and measuring
their weight gain resulting from carbon deposition. The morpholog-
ical structure of the porous composites was determined using scan-
ning electron microscopy (SEM) (FEI Quanta 600 ESEM) and X-ray
diffraction (XRD) using Cu K, radiation. For the XRD measurements,
a small amount of YSZ was physically mixed with the oxides to act
as a reference.

Solid oxide fuel cells 1-cm in diameter were used in all fuel
cell measurements. These cells were fabricated using porous-dense-
porous tri-layer YSZ wafers that were produced using tape casting
methods that have been described in detail previously.** For each cell,
the dense electrolyte layer was 65-pum thick and 1-cm in diameter.
The 60% porous YSZ layers on each side of the dense electrolyte
layer were 50-wm thick with a BET surface area 0.3 m’g~". 40 wt%
Sr-doped lanthanum ferrite, Lag §Srg,FeOs (LSF), was added to one
porous layer to form a cathode using multiple cycles of infiltration of
an aqueous solution containing dissolved La(NO3);.6H,0 (Alfa Ae-
sar, 99.9%), Sr(NOs), (Alfa Aesar, 99%) and Fe(NO;);.9H,0 (Fisher
Scientific) in the appropriate molar ratios, followed by calcination in
air at 723 K338 After the infiltration steps the composite cathode
was calcined to 1123 K for 4 h to form the perovskite structure. Pre-
vious studies have shown that cathodes of this design have an ASR of
~0.15 Q cm2 in air at 973 K.16’58 The ceo_gsf()_lCU()_()5TM()_()5VO3 an-
ode was synthesized in a similar manner except that a 30 wt% loading
was used and it was calcined to only 973 K. The anode was reduced
in humidified H, (3% H,0) at 973 K prior to cell testing. Silver paste
current collectors were applied to both electrodes and the cells were
mounted onto an alumina tube using a ceramic adhesive (Aremco,
Ceramabond 552). All the cell tests were performed with the cathode
exposed to ambient air and the anode exposed to humidified H,. Elec-
trochemical impedance spectra were measured between 0.1 Hz and
300 kHz with a 1 mA AC perturbation. Both impedance spectra and
V-i polarization curves were measured using a Gamry Instruments
potentiostat.

7 Ce 551).1Cug05C090sV O, 5

Al

B Cey 5Sr.1Cug sNig sV O, 5

B W
20 25 30 35 40 45 50 55 60
26 (deg)

Figure 1. XRD patterns of (A) CeggSrg.1Cug05C0005VOss, and (B)
Cep.8Sr0.1Cug 05Nig 05 VO4.5 oxidized at 973 K in air. The peaks are la-
beled as follows: (A) cubic YSZ, (o) zircon CeggSrg 1 Cug 05C00,05VO4.5 and
Ce.8Sr0.1Cug,05Nig.05 VO4.5.
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Results and Discussion

XRD was used to determine the phase composition of the
Cu and Co or Cu and Ni vanadates following various pretreat-
ments. XRD patterns for (A) CegsSrp1Cug05C0005sVOs—s and (B)
CegSro1Cug5Nigos VO4_5 samples that were calcined in air at
973 K for 2 hrs are presented in Figure 1. The zircon structure
of Ceg.gSro.1Cu05C00,05VO4—5 and CegSro.1 Cug05Nig.0s VO4_5 Was
confirmed by the presence of the expected diffraction peaks near
24.0, 32.4, 34.1, 36.4, 38.9, 43.2, 46.1, and 48.0 degrees 20.*3%
The XRD patterns are comprised of peaks that correspond only to
Ce.gSr0.1Cup05C00,05 VO4—5 and CegSro.1 Cuig,05Nig.05 VO4snms and do
not contain any peaks indicative of other oxide phases including
TM,V,0; (where TM = Ni, Co, or Cu), thus demonstrating that
the single phase vanadates were formed.

As noted above, the transition metal doped vanadates undergo a
phase change from the zircon structure to the perovskite structure
upon reduction, with a portion of the metals being exsolved from
the lattice.® This is demonstrated by the XRD patterns in Figure 2
for (A) CesSro.1Cuyp05C00,05 VO3 and (B) CegSro.1 Cug 5Nigos VO3
samples that were reduced in humidified H, at 973 K. For comparison
purposes, XRD patterns for reduced vanadates that contain only one of

Intensity (a.u.)

3 40 42 44 45 48
26 (deg)

Figure 2. XRD patterns of (A) CepgSrp.1Cug05Co005V03, (B)
Ce.8Sr0.1Cug,05Nig 05 VO3, (C) Ce 8Sro.1Nig.1 VO3, (D) Ce 8Sro.1Co0.1 VO3,
and (E) Ce Srg 1 Cug 1 VO3reduced under humidified H, at 973 K. The dotted
lines indicate the position of the Ni, Co, and Cu metal peaks. The (A) peaks
correspond to Sr doped-CeVOs3.
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the transition metals ((C) Ce gSry 1Nig; VO3, (D) CegSry1Cog 1 VO3,
and (E) Ce(gSrgCug; VOs3) are also included in the figure. The large
peaks at 40.1 and 46.7 degrees 20 are indicative of the perovskite
phase. Peaks corresponding to the bulk transition metals are also
apparent between 43 and 45 degrees 20 for each sample. The positions
of the expected peak for each metal are indicated in the figure. Note
that the Cu diffraction peak overlaps with one of the minor peaks
for the perovskite vanadate. The presence of peaks indicative of the
transition metals in each pattern further demonstrates that the phase
transition from zircon to perovskite is accompanied by the exsolution
of the transition metals from the lattice.

Note that the XRD pattern for CegSrg.; Cugg5C0005 VO3 (pattern
A) contains peaks indicative of both Cu and Co, thereby demonstrating
that both metals have been exsolved form the host oxide lattice upon
reduction. Similarly, the pattern for Ce( g Sty ; Cug osNig s VO3 (pattern
B) contains peaks for both Cu and Ni. For this sample an additional
peak is also present at 44.2 degrees 26. Unlike Cu and Co, Cu and Ni
are miscible.**233 We therefore assign the peak at 44.2 degrees 26 to
the formation of Cu-Ni alloy particles. Although particles with arange
of compositions are likely to have been formed, the 44.2 degrees 26
peak position is consistent with a 50:50 Cu:Ni alloy composition.>

While the exsolved metals would be expected to enhance the cat-
alytic activity of an SOFC anode made with these materials, as dis-
cussed in the introduction, intimate contact between the Cu and the Co
or Ni will be required to produce catalysts that do not undergo severe
coking upon exposure to hydrocarbons. To assess whether this can be
achieved for transition metal decorated surfaces produced by reduction
of Ceo_gsro_lCU()_()5CO()_05VO3 and Ceo_gsro_lCU(),()5Ni(),()5VO3, we ex-
posed porous composites of these materials with YSZ to dry methane
at 1073 K for 3 hrs. SEM images of these samples after this treatment
are displayed in Figure 3. For comparison purposes, images obtained
from reduced Ce(gSryCug;VO3-YSZ and Ce(3SryCop 1 VO3-YSZ
composites subjected to the same treatment are also include in the fig-
ure. The weight gain for each sample after the hydrocarbon treatment
is listed in Table I.

Panel A in Figure 3 corresponds to the CHy-treated
Ce(.$S191Cug; VO3-YSZ composite. Cu is a relatively unreac-
tive metal and does not catalyze carbon fiber formation from
hydrocarbons.?*33 As expected, this image does not contain any evi-
dence for carbon deposition, and this sample exhibited only a negligi-
ble weight gain. In contrast, for the reduced CegSrp;Cog; VO3-YSZ
sample whose surfaces are decorated with Co nanoparticles, worm-
like carbon fibers are readily apparent in the SEM image obtained after

Carbon
Fibers

Figure 3. SEM images of  the (A) Ce(§Srp.1Cug. VO3-,
(B)  CepsSr0.1C00.1VO3-,  (C)  Ceo;Sro.1Cup5NigosVO3-, (D)
Cep.8Sr0,1Cu,05C00,05 VO3-YSZ composites that had been exposed to
dry methane at 1073 K for 3 hrs.

Table I. Percentage weight changes after exposure to dry CHy at
1073 K for 3 hrs.

Sample % weight gain
Ce8Srg.1Cup.1 VO3 <1
Ce.8Sr0.1Cop.1 VO3 12

Ce.8Sr10.1Cug.05C00.0s VO3 2
Ce.8S10.1Cug.05Nig,05 VO3 61

exposure to CHy (panel B, Fig. 3) and this sample exhibited a 12%
weight gain. Unfortunately, similar results were obtained from the
CeggSrp.1Cugo5Nig05s VO3.YSZ composite. The SEM image for this
sample (panel C, Fig. 3) shows the presence of a high concentration
of carbon fibers and the weight of the sample increased by 61%. The
high activity of this sample for carbon fiber formation is consistent
with previous results for Cu-Ni alloys.!” Although one would expect
some suppression of the carbon formation in Cu-Ni alloys, carbon for-
mation with a 50:50 Cu-Ni alloy is still significant. More promising
results were obtained for the Ce( g Sty Cug 95sC0g 05 VO3-YSZ compos-
ite. The SEM image of this sample after exposure to CH, (panel D,
Fig. 3) is nearly devoid of carbon fibers and the weight gain for the
sample was only 2%. Since Co is highly active for carbon fiber for-
mation, this result indicates that there is intimate contact between the
exsolved Cu and Co and that the majority of the Co nanoparticles
must be at least partially coated with the Cu.

Based on the hydrocarbon stability tests, the Cu-Co substituted
vanadates were considered more promising for use in SOFC anodes
and were therefore the focus of electrochemical testing. This was done
using SOFC button cells that with a 65-pm thick YSZ electrolyte, an
infiltrated 30 wt% Ce gSr¢ 1 Cug,0sCop 05 VO3-YSZ composite anode,
and a 40 wt% LSF-YSZ composite cathode.’*->® For comparison pur-
poses, cells with CegSrg1Cug VO3-YSZ, CeS11Cop1 VO3-YSZ,
and CeVO;-YSZ composite anodes were also used in some experi-
ments. The fuel-cell measurements reported here focused on charac-
terizing stability of the CeggSry;Cug05C0g05 VO3-YSZ anode while
operating with humidified H, (3% H,O) fuel.

Polarization curves for each cell at 973 K using humidified H, as
fuel are shown in Figure 4. Each curve was measured starting from
OCY, followed by ramping the potential to 0 V and back to OCV using
a linear scan rate of 0.025 Vs~! in both directions. The polarization
curves for the cells with the CeVO3-YSZ (dashed black curve) and
CeSry.1Cug 1 VO3-YSZ (dashed blue curve) and Ce( gSr( ; Cog 1 VO3-
YSZ (dotted red curve) were all nearly linear and reversible, showing
the same behavior in both scan directions. As will be discussed below,
more complex hysteretic behavior was observed for the cell with the

1.2
1 _} Cey 551, Cay 5C0y 45 VO;
1PN\ e Cey 55ty ;C0,, VO,
; 1\ \ (‘e‘,’sSl‘o‘l(‘uo'leOs
= | ——
B “ Y
S \ G e 041
= 064\ N
$ i No ey
- 02 04 06 08 1 1.2
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& ]
0.2 1
0 T T T T
0 0.5 1 1.5 2 2.5

Current density (A/cm?)

Figure 4. V-i polarization curves for cells with infiltrated 30 wt%
of (—,—) CeogSro.1Cupp5C00.05VO03, (--) CepgSr.1Co01VO03, (--)
Ce.8Srp.1Cug.1 VO3, and (——) CeVO3 —YSZ anodes. Inset: Electrochemical
impedance spectra of Ceg gSrg.1 Cug 05C00,05 VO3 cell measured at (A) 0.4 V
and (B) 0.2 V. The cells were operated at 973 K with humidified H; fuel.
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Ce.3S19,1Cug,05C00,0s VO3-YSZ anode. Each cell had an open-circuit
potential near the theoretical Nernst value of 1.1 V. As reported pre-
viously, relatively poor electrochemical performance was obtained
from the cell with the CeVO;-YSZ composite anode (ASR,node
= 2.70 © cm?) due to the low catalytic activity of this material 3**’
Only slightly better performance was obtained for the cell with
the CegSrg1Cug; VO3-YSZ anode (ASRpoge = 0.65 € cm?) which
is consistent with the low catalytic activity of both Cu and the
vanadate. Excellent performance was obtained from the cell with
the CeggSr.1Cog;VO3-YSZ anode which had an ASR,,04 Of only
0.1 © cm? (This assumes that the cathode ASR 0.15 € cm?, as deter-
mined in other work.!®°®). This result is consistent with the surface
of the CeggSrp1Co¢; VO3 being decorated with highly catalytic Co
nanoparticles under reducing conditions as demonstrated above.

Unusually complex behavior was exhibited by the cell with the
Ce.3S10.1Cug,95C0005 VO3-YSZ composite anode, including hystere-
sis in the polarization curve, with abrupt changes in performance
occurring at several voltages (Figure 4). The initial portion of the
polarization curve for this cell, starting from OCV and ramping to
~0.3 V (solid red curve in Fig. 4), closely follows that of the cell
with the CegSrg1Cop 1 VO3-YSZ anode. As shown by the impedance
spectrum obtained at point A (see figure insert), the anode ASR in
this portion of the polarization curve is 0.15  cm? after subtracting
off the cathode ASR, 0.15  cm?. The hydrocarbon stability tests de-
scribed above indicated that the Co nanoparticles exsolved from the
Ce.3S19.1Cug,05C00 05 VO3 lattice under reducing conditions are pri-
marily coated with Cu. The similarity in the initial performance of the
two anode formulations containing Co, however, demonstrates that,
for the Ceg g St 1 Cug 95C0p.0s VO3-YSZ anode, enough Co remains ex-
posed to impart high catalytic activity for H, oxidation.

Near 0.3 V, an abrupt change in the electrochemical properties of
the Ce.gS10.1Cug.0sC0g 05 VO3-YSZ anode takes place, causing a rapid
decrease in cell performance as the voltage is ramped from 0.3 to
0 V. As shown by the solid blue curve in Figure 4, the polarization
curve for the CeggSry 1 CugsCog5 VO3 cell exhibited hysteresis and
was not immediately reversible, with low performance persisting upon
reversal of the sweep direction from 0 to ~0.78 V. In this region of the
polarization curve the cell performance was close to that of the cell
with the Ce( ¢St 1Cug; VO3-YSZ anode. As shown by the impedance
spectrum collected at point B, the anode ASR in this region of the
polarization curve was 0.65 Q cm? (the estimated cathode ASR of
0.15 © cm? has again been taken into account here). At 0.78 V on the
increasing voltage sweep, another abrupt change occurs, with the cell
performance switching from the low-activity state back to the high-
activity state exhibited by the fresh cell. This high-activity state then
persists up to OCV. The hysteretic behavior exhibited by this cell was
stable and occurred for repeated polarization curve measurements at a
variety of scan rates. Similar results were obtained with multiple cells
and the changes in performance occurred at nearly the same voltages
(~0.3 and ~0. 8 V) in all cases.

It is important to note that the impedance spectra show that the
ohmic contribution remained fixed at 0.3 © cm? in both the high-
and low-performance regions of the polarization curve. This value is
consistent with that expected for the 65 pm thick YSZ electrolyte
layer, ruling out the possibility that the change in cell performance is
due to a change in the electronic conductivity of the vanadate phase
or the formation of an insulating layer at the YSZ-vanadate interface.

In situ characterization of the phase composition and structure
of the Ce(gSrp.1Cug0sC0005s VO3-YSZ composite anode in both the
high- and low-activity states, in the region near the electrolyte-anode
interface, would be required to provide a definitive explanation for
the observed hysteresis in electrochemical properties. However, the
results here provide important clues as to its possible origin. It is useful
to first consider the structure of the Cu and Co nanoparticles that are
exsolved from the Ce sSry;Cugs5C0p05VOs3 lattice under reducing
conditions. The hydrocarbon stability tests (Figure 3) demonstrate that
the anode has relatively low catalytic activity for the production of
carbon fibers from hydrocarbons. Since Co by itself has high activity
for this reaction, Co nanoparticles must be in intimate contact with Cu

on the reduced electrode. Since Cu and Co are nearly immiscible and
do not form bulk alloys, the nanoscale mixtures of these metals that
are produced by the exsolution process would be expected to phase
separate; furthermore, due to the lower surface free energy of Cu, one
would expect this process to produce Cu-coated Co particles.

A previous study of a Cu-CeO,-YSZ composite electrode (the Cu
and CeO, were added using wet infiltration) that was coated with a
thin layer of Co using electrodeposition demonstrated that Cu does
indeed segregate to a Co surface.’’ Under typical SOFC operating
conditions, this anode was found to have high hydrocarbon stability
and did not catalyze carbon fiber formation. In this study X-ray pho-
toelectron spectroscopy (XPS) was used to characterize a 250-nm Co
film that had been electrodeposited onto a Cu foil as a function of tem-
perature in ultra-high vacuum (a reducing environment). It was found
that, at temperatures above 800 K, Cu migrated through the Co film,
ultimately coating its surface. Furthermore, analysis of the XPS peak
intensities during sputter depth-profile measurements indicated that
the equilibrium thickness of the Cu coating was only 1-2 monolay-
ers. Applying these results to the reduced CeggSry;Cug0sC0005 VO3
electrode used in the present study, the exsolved Co nanoparticles will
also become coated with a 1-2 monolayers of Cu.

While coating of the Co particles with a thin layer of Cu could
explain the low activity of the reduced CegSrg;Cug95C0g 05 VO3 an-
ode for carbon deposition, some Co must still be exposed since the
catalytic activity of the anode for H, oxidation at high cell poten-
tials is essentially the same as that for an electrode that contains only
Co nanoparticles. Based on these observations, we propose that, for
the Ce gSrj.1Cug0sCop05 VO3 anode, some Co is present in the thin
Cu layer that coats the Co nanoparticles, as shown schematically in
Figure 5. Note that the mechanism for transition metal catalyzed for-
mation of carbon fibers from hydrocarbons involves the dissolution of
carbon into the metal and the precipitation of a metal carbide particle
that is lifted off the surface of the original metal particle by the grow-
ing carbon fiber.>! This process would not occur for the isolated Co
atoms in the surface Cu layer shown in Figure 5, but these atoms would
be expected to retain their catalytic activity for oxidation reactions.

It is interesting to estimate the anode overpotentials correspond-
ing to the critical points in the V-i curve for the cell with the
CegSrp.1Cug5C0p 05 VO3 anode. Based on the estimated anode ASR
for the high- and low-activity regions of curve (0.15  cm? and
0.65 © cm?), the anode overpotentials at the points where the perfor-
mance jumps occur are 0.165 V (0.15 Q cm? - 1.1 Acm™2) and 0.163
V (0.65 Q cm? - 0.25 Acm~2), respectively. This in turn can be related
to an increase in the Pg, in the three-phase boundary (TPB) region
relative to the anode compartment gas phase, from 1072* atm in the
anode compartment to approximately 10~2° atm at the TPB.

Although the Pg, at the TPB remains well below that needed
to oxidize either bulk Co (~10~'% atm®) or Cu (~10~!' atm®),
we suggest that the switch in catalytic performance of the
CeSrg.1Cug5Cog 05 VO3-YSZ anode from that characteristic of a
Co catalyst to one characteristic of a Cu catalyst at low cell potentials
is due to oxidation of the Co that is exposed in the Cu-coated, Co

Isolated Co atom
Cuatom

Low Anode Overpotentials/Pg,
- Activity from Co metal

Sr-doped CeVO,

Oxidized
Co atom

High Anode Overpotentials/Pg,
- Activity from Cu metal

Figure 5. Schematic of the structure of the Cu-Co particles and the effect of
polarization.
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particles on the electrode surface. It would not be surprising if these
isolated cobalt atoms have thermodynamic properties that vary some-
what from that of the bulk material. Indeed, it has been suggested that
small Co nanoparticles are more easily oxidized than bulk Co and
can become oxidized at a significantly lower Pg,.9%% Support and
promoter effects have also been reported to alter the redox properties
of small Co particles.®> Since CoO does not exhibit the high oxidation
activity of metallic Co, when the Co becomes oxidized the catalytic
activity would decrease. The observed switching behavior for the Cu-
Co system is therefore likely to be due to oxidation/reduction of the
surface Co in the Cu-Co particles at the P, corresponding to an anode
overpotential of ~0.164 V. Based on this scenario, the exposed Co
provides the catalytic activity at low anode overpotentials (low Pp,)
and Cu provides the catalytic activity at high overpotentials as shown
schematically in Figure 5.

The performance of the anodes made with Cu-Co mixtures is very
intriguing and provides another example of the use of exsolution from
an oxide host under reducing conditions as an in situ means to synthe-
size catalytic metal nanoparticles on SOFC electrode surfaces and also
shows how the anode overpotential and the local P, can affect the
structure and catalytic properties of bimetallic metal catalyst particles.
Since Ceg gStp.1Cug 05sC00 05 VO3-YSZ composite anodes appear to be
hydrocarbon tolerant and exhibit good performance at low overpoten-
tials in H, fuel these materials hold some promise for use in SOFC.
The performance and stability of these anodes while operating with
hydrocarbon fuels, and whether similar hysteresis phenomena occur
with hydrocarbons, will be the subject of a future study.

Conclusions

In this study it was demonstrated that upon reduction in humidified
hydrogen at 973 K zircon-type Ceg gSrg 1 Cug s TMg o5 VO4.05x Oxides
(TM = Ni or Co) undergo a phase transition to the perovskite struc-
ture which is accompanied by exsolution of a portion of the transition
metals from the lattice. The exsolved metals form Cu-Ni and Cu-Co
mixtures with the surface of the mixture enriched with Cu due to its
lower surface energy (note that Ni and Cu form an alloy, while Co and
Cu form separate phases), which decorate the surface of the oxide.
The hydrocarbon stability tests and the electrochemical performance
measurement demonstrated that majority of the Co nanoparticles must
be at least partially coated with the Cu, with some isolated Co atoms in
the surface Cu layer providing the catalytic activity for H, oxidation.
However, an unusually complex behavior was exhibited by the cell
with the CegSrg;Cug5C0g 05 VO3-YSZ composite anode including
hysteresis in the polarization curve with abrupt changes in perfor-
mance occurring at several voltages. The switch in the performance
of the Ce gSrg 1Cugo5C0005 VO3-YSZ anode from that characteristic
of one with a Co catalyst to one with a Cu catalyst at low cell voltages
indicates that the isolated cobalt sites are being oxidized at higher
anode overpotentials.
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