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Redox-stable solid oxide fuel cell (SOFC) anodes are developed in order to improve dura-
bility at higher fuel utilization, as a possible alternative to conventional Ni-zirconia cermet
anodes. Cey9Gdo 102 (GDC) is utilized as a mixed ionic and electronic conductor (MIEC), in
combination with Sroglag1TiOs (LST) as an electronic conductor. The stability of noble
metals (Rh, Pt, and Pd) is analyzed via thermochemical calculation of stable phases. Noble
metal catalyst nanoparticles are incorporated via co-impregnation with GDC. The elec-
trochemical characteristics of SOFC single cells using these anode materials are investi-
gated in highly-humidified H, at 800 °C. Their stability at high fuel utilization is analyzed.
These co-impregnated anodes with highly dispersed noble metal catalysts on the LST-GDC
conducting backbones, achieve high I-V performance comparable to conventional Ni-
cermet anodes. The co-impregnated anodes also achieve considerably high catalytic
mass activity. At higher oxygen partial pressure, where the Ni catalyst can be deactivated
by oxidation, these noble catalysts are thermochemically stable in the metallic state, and
tolerant against oxidation. This class of alternative catalyst, impregnated with low-loading
of noble metals could contribute to stable operation in the downstream region of SOFC
systems. A simple cost analysis indicates a tolerance of using noble metals, provided their
loading is sufficiently low.
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Introduction

SOFCs are promising electrochemical energy conversion sys-
tems that are operated at high temperatures, typically be-
tween 600 and 900 °C. The high operating temperature leads to
several advantages, including high electrical conversion effi-
ciency, fuel flexibility, and fabrication without the need for
noble metal catalysts [1—6]. In Japan, for example, more than
250,000 fuel cell units have been sold by July 2018 as resi-
dential co-generation power systems. Whilst the commer-
cialization of such systems began with polymer electrolyte
fuel cells (PEFCs), an increasing proportion of these are now
based on SOFCs [6]. Widespread commercialization of SOFCs
has also started for industrial applications, and SOFC systems
combined with micro gas turbines and/or steam turbines can
achieve high electric efficiency [6]. Thus, SOFCs are expected
to make a great contribution to the realization of highly effi-
cient energy systems in the future [1-6].

The nickel-zirconia cermet has been widely used as a
conventional SOFC anode material for decades. The porous
microstructure has a large triple-phase boundary (TPB) where
the electrode reactions can occur. However, the Ni-based
electron-conducting backbones can be easily destroyed by
Ni/NiO redox reactions, especially during e.g. system shut-
down and fuel supply interruption, leading to severe perfor-
mance degradation, due to e.g. possible inhomogeneous
supply of fuel at high fuel utilization (i.e. under high vapor
pressure) [7—12]. Many papers have discussed the disadvan-
tages of conventional Ni-cermet anodes under redox cycling,
and such anodes are also likely to deteriorate even under
conditions of high steam pressure. For example, Holzer et al.
[8] reported that coarsening of Ni is accelerated in the pres-
ence of water vapor. In addition, Kawasaki et al. [11] analyzed
degradation due to Ni oxidation with the anode voltage below
the Ni/NiO coexistence boundary, at high fuel utilization.
Higher efficiency is required for widespread commercializa-
tion of SOFCs in the future, and therefore tolerance of high
fuel utilization is desired.

Conducting oxides with perovskite structure, ABOs, have
received much attention as alternative SOFC anode materials.
Strontium titanate (SrTiOs) in particular has been found to
have excellent chemical and physical stability in both
oxidizing and reducing atmospheres under SOFC operating
conditions. Sufficiently high electrical conductivity can be
achieved in this material by controlling cation doping (e.g. by
doping with La, or Y at the A-site) [13—18]. Marina et al. [13]
and Wang et al. [17] have both reported the thermal and
electrochemical properties of (LaxSr;.x)TiO3 (LST). Meanwhile,
Obara et al. [14] and Li et al. [15] analyzed the electrochemical
properties of (YxSr;.5)TiO3 (YST), and Ma et al. 18] showed that
the conductivity of LST was better than that of YST. These
studies have shown that such materials are promising as
alternative anode materials. In addition, several other re-
searchers have evaluated SOFC anodes composed of LST or
YST instead of Ni [19—-24]. Whilst these alternative anode
materials have shown excellent tolerance against redox
cycling, the catalytic activity of these conductive oxides is not
sufficient compared to Ni metal. Impregnation (or infiltration)
is a technique that has been widely used in order to obtain

dispersed catalyst particles on ceramic support materials
[20—25]. Ni metal catalyst or GDC nanoparticles have been
loaded onto conducting oxide backbones via impregnation, to
improve their catalytic activity. Yoo et al. [21,22] and Shen
et al. [24,25] reported both high tolerance and improvement of
the catalytic activity by preparing highly-dispersed Ni cata-
lysts on LST conducting backbones. Moreover, several
research groups have studied the exsolution of metal catalyst
particles from LST perovskite materials [20,26—28|. This
method is to incorporate the catalyst as a dopant within the
host perovskite lattice during synthesis in air, which is then in
situ exsolved at the surface as a catalytically active metal
nanoparticle under reducing conditions. Irvine et al. reported
that catalyst particles grown by redox exsolution could
improve the electrochemical activity and tolerance against
carbon deposition [20,26,27].

We have developed an alternative SOFC anode, in which Ni
and GDC catalyst particles are dispersed on conducting oxide
backbones composed of LST (an electron conductor) and GDC
(a mixed ionic and electronic conductor, MIEC) [29,30], form-
ing a thin two-dimensional Ni-GDC cermet structure sup-
ported on a stable conductive LST-GDC backbone. While
typical SOFC anodes have a three-dimensional inter-
penetrating structure consisting of ionic (or mixed) conductor,
electronic conductor, and pores, this thin supported Ni-GDC
cermet could also prevent aggregation of Ni particles, result-
ing better electrochemical activity and stability against
coarsening compared to Ni catalysts impregnated without the
presence of GDC [29]. The catalyst particles are deposited by
impregnation rather than exsolution, in order to keep them on
the oxide backbones even at high fuel utilization, or under
relatively oxidizing conditions. This anode not only has high
tolerance against redox cycling, but also initial electro-
chemical performance comparable to conventional three-
dimensional Ni-cermet anodes. Thus, this is a promising
alternative anode for robust operation of SOFC systems at
high fuel utilization. In the downstream region of SOFC sys-
tems at high fuel utilization, conductive oxide backbones are
generally stable against oxidation. However, the highly-
dispersed Ni catalyst nanoparticles can be deactivated by
oxidation due to the low anode potential at higher oxygen
partial pressure in steam-rich fuels. Thus, Ni-free stable cat-
alysts should be developed for operation at high fuel
utilization.

Several studies have been conducted reporting the cata-
lytic activity of noble metals, such as Ru, Rh, Pd, or Pt for the
reforming of hydrocarbon fuels [31—33]. These noble metal
catalysts have stability against carbon deposition as well as
high reforming activity, and they are indeed utilized in com-
mercial reforming systems. Provided that they are used at low
loading via e.g. impregnation, or exsolution, they may be
useful and cost-efficient not only as reforming catalysts, but
also as anode catalysts in SOFCs (similar to the Pt electro-
catalyst for PEFCs). Indeed, PEFC systems with low Pt loading
have already been commercialized for stationary and auto-
mobile applications such as private vehicles and forklifts [5,6].
Some researchers have evaluated the electrochemical activ-
ities of these noble metals in SOFC anodes [34—39]. For
example, Gorte et al. analyzed the electrochemical activities
and carbon tolerance of precious metals of SOFC anodes for
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reforming of CH, [35,37]. Whilst several other researchers
have also reported the stability against carbon deposition and
electrochemical activity of noble metal catalysts, few papers
have analyzed their electrochemical characteristics and sta-
bilities at high fuel utilization.

Here, we combine GDC as a MIEC, with LST as electronic
conductor, to prepare a redox-stable SOFC anode backbone.
This material is used as an alternative to conventional Ni-
cermet anodes in zirconia-based electrolyte-supported
SOFCs. The concept of this study is to fabricate a robust anode
backbone  using conductors, on  which
electrochemically-active catalysts are dispersed. Noble metal
catalysts with thermochemical stability, such as Rh, Pt, and
Pd, are dispersed on these conducting backbones via co-
impregnation with GDC, to form thin, supported cermet. The
electrochemical characteristics and stability of SOFC single

oxide

cells using these alternative anodes are investigated in highly-
humidified H, at 800 °C. The aim of this study is to develop
alternative SOFC anodes for high fuel utilization, with noble
metal catalysts as alternative anode catalysts to Ni, tolerant
against oxidation even in the downstream region of SOFC
systems with relatively high oxygen partial pressure in the
fuels. Since one of the advantages of SOFC is their avoidance
of the use of noble metals in general, a cost analysis is per-
formed to confirm the viability of using these noble metals.

Thermochemical calculations

Thermochemical calculations were carried out using HSC-
Chemistry software (Version 9.0.5, Outkumpu Research Oy,
Finland), with an extensive thermochemical database. Here,

Table 1 — Chemical species containing Ni, Rh, Pt, or Pd taken into account in the thermochemical calculations.

Element Chemical species considered in thermochemical calculations

Ni Ni(g), Ni,(g), NiH(g), NiO(g), NiOH(g), Ni(OH),(g), NisC, NiCOs,
NiCOs-5.5H,0, NiO, Ni(OH),, Ni(OH)s, Ni,O3+3H,0, Ni

Rh Rh(g), RhC(g), RhO(g), RhO(g), RhO, RhO,, Rh,0, Rh,05, Rh

Pt Pt(g), PtC(g), PtH(g), PtO(g), PtO,(g), PtO, PtO,, Pt;0y, Pt (OH),, Pt

Pd Pd(g), PAO(g), PAO, Pd(OH),, Pd(OH),, PdO,+2H,0, Pd

(@)

M-GDC co-impregnation

™, (M=Ni, Rh, Pt, Pd; M:GDC = 1:3 in vol%)

ScSZ : 10 mol % Sc,0; - 1 mol %
CeO, -89 mol % ZrO,

........ o Pt mesh

40 Anode

200 pm Electrolyte

20pm b thade
Y, Caiode |

Pt mesh

Outlet € l .
Jé.l
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0
- W = 4

Reference electrode
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Fig. 1 — Schematic drawings of (a) the SOFC single cell with an LST-GDC backbone, and (b) the experimental setup for

electrochemical measurements.
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(a) Equilibrium phase diagram of Ni at Ug= 3% (S/C =2.5)
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(c) Equilibrium phase diagram of Rh at Uy = 3% (S/C = 2.5)
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(d) Equilibrium phase diagram of Rh at Uz = 95% (S/C = 2.5)
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(g) Equilibrium phase diagram of Pd at Us= 3% (S/C = 2.5)
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Fig. 2 — Equilibrium phase diagrams for M, where M = (a, b) Ni, (c, d) Rh, (e, f) Pt, and (g, h) Pd. Fuel utilization of (a, c, e, g) 3%
and (b, d, f, h) 95% were used at S/C = 2.5.
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the thermochemical data of the verified major constituents of
fuels used in SOFCs (i.e. Hy(g), O1(g), H.0(g), CO(g), COx(g),
CH4(g), and graphite) were considered [40,41]. The M-con-
taining species (M = Ni, Rh, Pt, and Pd) taken into account in
the anode are shown in Table 1. Calculations were performed
assuming a reactor containing 0.01 kmol M (M = Ni(s), Rh(s),
Pt(s), or Pt(s)), to which 1 kmol of CH,4 gas and 2.5 kmol of H,0

LST-GDC after Pd-impregnation
® PdO

LST-GDC after Pt-impregnation
+ Pt

-

LST-GDC after Rh-impregnation

Intensity / a.u.

LST-GDC after Ni-impregnation
v NiO

¥ \Y} VV

LST-GDC sintered at 1300°C

. « LST + GDC

+

s«

N e e o
kU Jy JJik ’.I:L

20 30 40 50 60 70 80 90

20 / degree

Fig. 3 — X-ray diffraction patterns for pre-sintered LST-GDC
after M-impregnation (M = Ni, Rh, Pt, or Pd) and following
thermal treatment in air at 1000 °C for 2 h.

were supplied (i.e. a steam-to-carbon ratio (S/C) of 2.5), and
the calculation was conducted for various fuel utilizations
(Ug), by numerically adding oxygen into the fuels. The
amounts of gas or solid products in thermochemical equilibria
were numerically derived in the temperature range between
400 and 1300 °C in steps of 10 °C. The total pressure was set to
be 1 bar. The amount of each product in thermochemical
equilibria was derived via the Gibbs free energy minimization
method [40,41]. Some thermochemical data are only available
within a limited temperature range, so that such data were
extrapolated to the temperature range calculated when
necessary.

Experimental
Cell fabrication

Fig. 1(a) shows a schematic diagram of the SOFC single button
cell used in this study. Scandia-stabilized zirconia (ScSZ)
plates (10 mol% Sc,03, 1 mol% CeO,, and 89 mol% ZrO,, Daiichi
Kigenso Kagaku Kogyo Co., Ltd., Osaka, Japan) with a diameter
of 20 mm and a thickness of 200 um were used as the solid
electrolyte. Anode powders were prepared by mixing LST
(Lap.1S109TiO3, Praxair, Inc., CT, USA) and GDC (Gdo 1Ce.90,,
Rhodia, ULSA grade, USA) in a 50:50 ratio by volume. Anode
paste was prepared by blending the anode powders with
organic binder (a-terpineol). Cathode paste for the functional
layer was made with lanthanum strontium manganite (LSM,
(Lap 8Sro.2)0.90sMnOs, Praxair, USA) and ScSZ powders in a 47:53
ratio by volume. The current-collecting cathode layer
comprised LSM powder [10].

A thin buffer layer of GDC with a thickness of around 5 pm,
was deposited at the interface between the anode and the
electrolyte, followed by sintering in air at 1400 °C for 2 h. This
buffer layer was used to prevent LST from reacting with
zirconia-electrolyte to form electrically resistive secondary
products such as SrZrO; at high temperature [29]. Porous
anode layers (with porosity of around 33%) were then screen-
printed onto the buffer layer on ScSZ electrolyte plates, fol-
lowed by sintering in air at 1300 °C for 3 h. Cathode layers were
screen-printed onto the counter side of the ScSZ electrolyte
plates, followed by sintering in air at 1200 °C for 5 h. The
porosity of the first LSM-ScSZ layer was around 22%, and that
of the second LSM layer was around 29%. Fig. 1(a) shows the
thickness of each layer after sintering. The thickness and
geometric area of the electrode layers were approximately
40 um and 8 x 8 mm? (0.64 cm?), respectively.

For co-impregnation, the prepared porous anode layer was
then soaked with an aqueous M-GDC (M = Ni, Rh, Pt, or Pd)
dispersion: a co-impregnation solution of Ni(NOj3),-6H,0
(Kishida Chemicals Co. Ltd., Japan), RhCl;-nH,0 (Kishida
Chemicals Co. Ltd., Japan), H,PtClg-6H,0 (Kishida Chemicals
Co. Ltd., Japan), or Pd(NOs),-nH,0 (Kishida Chemicals Co. Ltd.,
Japan), Gd(NO3)3-6H,0 (Kanto Chemical Co., Inc., Japan) and
Ce(NOs3)3-6H,0 (Kishida Chemicals Co., Ltd., Japan). Each
metal catalyst loading was 0.167 mg-Ni cm~2, 0.178 mg-Rh
cm™2, 0.310 mg-Pt cm~2, and 0.204 mg-Pd cm ™2, respectively.
This co-impregnation procedure was made with a GDC in a
mixing volume ratio of M:GDC = 1:3, followed by thermal
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decomposition of these precursors in air at 1000 °C for 2 h, to
obtain metal or metal oxide nanoparticles and GDC, loaded on
the electrode backbone. Phase identification of the synthe-
sized SOFC anode materials was performed by X-ray diffrac-
tion analysis (XRD with Cu Ka radiation) (Rigaku RINT Ultima
I1I, Japan).

For single button cells, a reference electrode (RE) with a
geometric area of 0.04 cm? was then painted 2 mm away from
the edge of the cathode, using Pt paste (U-3401, Metalor
Technologies Japan). Since the anode potential was measured
between the anode, and the reference electrode on the cath-
ode side, it has a higher value than the cell voltage by the
potential difference between the cathode and the reference
electrode, due to the cathodic overvoltage. Pt mesh (80 mesh
acting) was attached to each electrode surface as a current
collector.

Cell test

Fig. 1 (b) shows the electrochemical experimental setup.
Before measuring the electrochemical characteristics, the cell

(3)1_2

§
10t
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was heated up to 1000 °C at a rate of 200°C h~%, in order to melt
the Pyrex glass powder and seal the cell. 3%-humidified H, gas
was subsequently supplied to the anode for 1 h at
100 mL min~?, in order to reduce metal oxide to metallic
catalyst. Cell performance (I-V characteristics, anode IR los-
ses, and anode non-ohmic overvoltage) was measured at
800 °C utilizing differently humidified hydrogen gas for the
anode, and dry air at 150 mL min~? for the cathode. The anode
voltage was measured as the voltage between the anode and
the cathode-side reference electrode. The anode-side voltage
losses were divided into anode IR losses and anode non-ohmic
overvoltage using the well-known current interruption tech-
nique [10,42].

High fuel utilization test

High fuel utilization tests were performed to simulate the
downstream conditions in practical SOFC systems. For
improved efficiency, it is desired to realize operation at higher
fuel utilization (Ug). To simulate such conditions in the
downstream region of systems operated at Us = 95%, 95%-
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Fig. 4 — (a) Anode voltage, (b) cell power density, (c) anode IR losses, and (d) anode non-ohmic overvoltage of M-impregnated
anodes (M = Ni, Rh, Pt, or Pd) and conventional Ni-cermet anodes with 3%-humidified H, fuel. Metal catalyst loadings are
0.167 mg-Ni cm 2, 0.178 mg-Rh cm~2, 0.310 mg-Pt cm 2, and 0.204 mg-Pd cm~2, respectively.
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humidified hydrogen gas was used as a model fuel to a single
cell, and the anode voltage was measured at a constant cur-
rent density of 0.2 A cm™2.

Microstructural observation

A field-emission scanning electron microscope, coupled with
energy-dispersive X-ray analysis (FESEM-EDS, Hitachi High-
Technologies, S-5200, EDAX genesis 4000/JSM-700IF JEOL,
Japan) and a focused-ion beam system coupled with a scanning
electron microscope (FIB-SEM, HeliosNanolab 600i, FEI, USA)
were applied to observe and analyze the anode microstruc-
tures. The 3D microstructures were reconstructed from FIB-
SEM images using the software “Amira” (version 6.0, FEI, USA).

Exchange current density at anodes

Exchange current density values are useful to phenomeno-
logically quantify SOFC electrode characteristics. The
following Butler-Volmer-type equation may be used to
approximate the empirical relationship between current
density and electrode polarization [3,43].

. agnFn «anFn
I—lo{eXp< RT >—exp( RT )} (1)

In this equation, i, ip, and n are the current density, the
exchange current density, and the electrode polarization,
respectively. o, and «, are the anodic and cathodic transfer
coefficients, respectively. In addition, n, R, T are the number of
electrons participating in the electrode reaction, the gas

(@
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constant, and the absolute temperature, respectively. In this
study, the average of the anodic exchange current density was
derived from the measured current density between
0.25 A cm~? and 0.40 A cm 2 by assuming that «; = a. = 0.5,
and thatn = 2.

Results and discussion
Thermochemical stability

Thermochemical calculations are useful in deriving the major
phase and possible minor phases causing sublimation. Fig. 2
shows equilibrium phase diagrams for 0.01 kmol M (M = Nj,
Rh, Pt, or Pd) in 1 kmol CH, and 2.5 kmol H,0 (i.e. S/C = 2.5) at
low fuel utilization (3%) and high fuel utilization (95%), i.e., 3%
or 95% of the fuel is assumed to be oxidized (i.e. consumed),
respectively. The abundance at equilibrium is shown in a
logarithmic scale. Fig. 2(a) shows that, among the different
possible phases of nickel and nickel compounds (0.01 kmol in
total), Ni(s) is the most stable (i.e. the most abundant) under
reducing conditions at both low (3%) and high (95%) fuel uti-
lization. The presence of NiO(s) is only observed in the cal-
culations if Ur exceeds 98% (i.e. in >98%-humidified H, fuel).
The abundance of gaseous species at equilibrium, such as
Ni(OH),(g) and NiOH(g) is expected to be relatively low, but
Ni(OH),(g) has higher vapor pressure at higher oxygen partial
pressure. As a result, the abundance of Ni(OH),(g) at high fuel
utilization (10~® kmol at 800 °C in Fig. 2(b)) is 3 orders of
magnitude higher than at low fuel utilization (10~** kmol at
800 °C in Fig. 2(a)), at SOFC operating temperatures.
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Fig. 5 — (a) Anode voltage, (b) cell power density, (c) anode IR losses, and (d) anode non-ohmic overvoltage of M-impregnated
anodes (M = Ni, Rh, Pt, or Pd) and conventional Ni-cermet anodes with 95%-humidified H, fuel. Metal catalyst loadings are
0.167 mg-Ni cm 2, 0.178 mg-Rh cm ™2, 0.310 mg-Pt cm 2, and 0.204 mg-Pd cm ™2, respectively.
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Fig. 6 — (a) Anode voltage, (b) anode IR losses, and (c) anode
non-ohmic overvoltage of M-GDC co-impregnated anodes
(M = Ni, Rh, Pt, or Pd) and conventional Ni-cermet anode
with 3%-humidified H, and constant current density of
0.2 A cm 2 Metal catalyst loadings are 0.167 mg-Ni cm ™2,
0.178 mg-Rh cm~?, 0.310 mg-Pt cm 2, and 0.204 mg-Pd
cm™~2, respectively.

Sublimation of Ni(OH),(g) could lead to deactivation of the Ni
catalyst by decreasing the amount of Ni, and/or by Ni
agglomeration upon reprecipitation [10,29,30].

In contrast, noble metals such as Rh, Pt, and Pd, are clearly
more tolerant against oxidation according to the calculations.
These metals are expected to be stable even at higher water
vapor partial pressure, at high fuel utilization (Fig. 2(c)—(h)). In
particular, at a typical SOFC operating temperature of 800 °C,
the abundance of gaseous species of these noble metals and
their compounds such as oxides is relatively low, even for a
higher water vapor concentration of 95% (Fig. 2(d), (f), and (h)).
In particular, the abundance of Rh-based gaseous species
(Rh(g)) is below 108 kmol at 800 °C at low and high fuel uti-
lization, as shown in Fig. 2(c) and (d). The abundance of Pt-
based gaseous species (PtH(g)) is below 10~ kmol at 800 °C
in Fig. 2(e) and (f), and that of Pd-based gaseous species (Pd(g))
is below 10~** kmol at 800 °C in Fig. 2(g) and (h). These results
indicate that noble metal catalysts, especially Rh, are robust
against oxidation and sublimation, even in the downstream
region of SOFC systems at high fuel utilization, under which
conditions Ni catalysts are easily deactivated. Thus, noble
metals are applicable as alternative SOFC anode catalysts with
high stability, from the thermochemical stability viewpoint.

X-ray diffraction (XRD)

Fig. 3 shows XRD patterns of an LST-GDC composite powder
sintered at 1300 °C, and pre-sintered LST-GDC powders after
noble metal impregnation and following thermal treatment
at 1000 °C (M = Ni, Rh, Pt, or Pd). These temperatures were
selected in line with the anode sintering and impregnation
temperatures to simulate the phases of the impregnated
anodes. After Ni, Rh, or Pd impregnation, the anode powders
consist of the corresponding metal oxide phases (NiO, RhO,,
and PdO). Meanwhile, for Pt-impregnation, peaks corre-
sponding to Pt metal were detected, which is also expected
from the thermochemical calculations. Moreover, the pre-
sintered LST-GDC anode powders kept their original phase
peaks after M-impregnation, as well as each metal or metal
oxide phase peak. This indicates no chemical reactions be-
tween each impregnated noble metal and the LST or GDC
support.

Electrochemical characteristics

Figs. 4 and 5 show the I-V characteristics of four kinds of cell
using the LST-GDC anode co-impregnated with Ni, Rh, Pt, or
Pd, compared with a conventional Ni-ScSZ anode single cell.
3%- and 95%-humidified H, fuel was utilized for Figs. 4 and 5,
respectively. As observed in Fig. 4(a) and (b), all of the co-
impregnated anode cells exhibited comparable I-V charac-
teristics to the conventional Ni-ScSZ cermet anode cell
(~1.0 V at 0.2 A cm? with 3%-humidified H, fuel). Both the
anode IR losses and the anode non-ohmic overvoltages
decreased due to co-impregnation of noble metals with the
MIEC GDC (as shown in Fig. 4(c) and (d), respectively). In
contrast, Fig. 5 shows that all of the co-impregnated anode
cells in this study exhibited slightly lower I-V performance
compared to the conventional anode for highly-humidified H,
fuel. This is possibly caused by decreased electronic
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conductivity in the LST-GDC porous oxide backbone at higher
humidity [29] and fewer reaction sites due to low loading. The
anode overvoltage of the conventional anode for 95%-hu-
midified H, fuel in Fig. 5(d) was slightly lower than that for 3%-
humidified H, in Fig. 4(d). This may be because there is an
optimum humidification level for anode reactions of each fuel
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Fig. 7 — (a) Anode voltage, (b) anode IR losses, and (c) anode
non-ohmic overvoltage of M-GDC co-impregnated anodes
(M = Ni, Rh, Pt, or Pd) and conventional Ni-cermet anode
with 95%-humidified H, and constant current density of
0.2 A cm~2 Metal catalyst loadings are 0.167 mg-Ni cm2
0.178 mg-Rh cm~2, 0.310 mg-Pt cm 2, and 0.204 mg-Pd
cm ™2, respectively.

’

composition [44,45], and it can take the maximum value for
around 40%-humidified H, fuel with the same composite
anode in this study [45].

Durability at high fuel utilization

In order to simulate the upstream and downstream regions
of practical SOFC systems, long-term durability tests were
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Fig. 8 — (a) Anode voltage and cell power density, (b) anode
IR losses, and (c) anode non-ohmic overvoltage of Pt-GDGC

co-impregnated anode and conventional Ni-cermet anode
with 3%-humidified H, before and after 1000 h operation at
0.2 A cm ™2, The metal catalyst loading is 0.310 mg-Ptcm 2.


https://doi.org/10.1016/j.ijhydene.2019.01.223
https://doi.org/10.1016/j.ijhydene.2019.01.223

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 8502—8518

8511

conducted for 1000 h at both low and high fuel utilizations
(i.e. under low or high oxygen partial pressures). Changes in
the anode voltages of M-GDC co-impregnated anodes with
3%- and 95%-humidified H, fuels are shown in Figs. 6 and 7,
respectively, compared with the conventional Ni-ScSZ
anode. The current density was kept constant at
0.2 A cm™2 There is a slight increase in the anode non-
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Fig. 9 — (a) Anode voltage and cell power density, (b) anode
IR losses, and (c) anode non-ohmic overvoltage of Pt-GDC
co-impregnated anode and conventional Ni-cermet anode
with 95%-humidified H, before and after 1000 h operation
at 0.2 A cm~2. The metal catalyst loading is 0.310 mg-Pt
cm~2,

ohmic overvoltage for low-humidified H, fuel (Fig. 6(c)),
whilst all co-impregnated anodes were as stable as the
conventional Ni-cermet anode, as shown in Fig. 6. This in-
dicates that these materials are applicable at high hydrogen
partial pressure (i.e. under strongly reducing conditions).
Fig. 7 shows that for highly-humidified hydrogen fuel
(Us = 95%), whilst the anode IR losses are almost constant,
the overvoltage of the Ni-GDC co-impregnated anode in-
creases significantly, resulting in a decrease in anode
voltage. The stable phase of the Ni catalyst under open cir-
cuit voltage (OCV) conditions is still metallic in the case of
95%-humidified H, fuel, as thermochemically expected in
Fig. 2(b). However, when drawing current, the anode voltage
decreases to below the Ni/NiO boundary. This is likely what
leads to the deactivation of the Ni catalyst under these
conditions, and indeed, the cell with the Ni-GDC co-
impregnated anode lost its activity after ca. 700 h, as shown
in Fig. 7 [11,29,30]. The conventional Ni-ScSZ cermet anode
is well known to degrade during redox cycling. However, in
this test, it displays high stability for the first 1000 h. This
may be attributed to the fact that the anode voltage was
kept above the Ni/NiO potential boundary. As such, con-
ventional cermet anodes still maintained sufficient perfor-
mance and stability in highly-humidified H, fuel as shown
in Figs. 5 and 7, whilst they are known to be unstable under
redox conditions [10]. This test was performed for the single
cell, but in real SOFC stack systems inhomogeneous fuel
supply at such high fuel utilization is expected to lead to Ni/
NiO redox reactions. On the other hand, the LST-GDC an-
odes impregnated with Ni catalyst have good performance
and stability during redox cycling [29,30], but they are un-
stable in highly-humidified H, fuel as shown in Figs. 5 and 7.
The noble metal catalysts are thermochemically stable in
their metallic form, suppressing any increases in the anode
overvoltage compared with the Ni catalyst (Fig. 7(c)), even
under highly-humidified fuel conditions. Only the LST-GDC
anodes impregnated with noble-metal catalysts display
acceptable performance under all the tested conditions, i.e.
both during redox cycling and testing in highly-humidified
H, fuel.

For comparison, changes in the anode characteristics of
the Pt-GDC co-impregnated anode and the conventional Ni-
ScSZ cermet anode before and after the 1000 h durability
tests with 3%- and 95%-humidified H, fuels are shown in Figs.
8 and 9, respectively. Although some degradation was
observed for these two anodes, the degradation of the con-
ventional Ni-ScSZ cermet anode is more significant. This is
attributed partially to the instability of the Ni metal backbone
in conventional cermet anodes compared to the oxide back-
bone in the impregnated anodes.

It is therefore confirmed from both thermochemical cal-
culations and electrochemical experimental results that noble
metal catalysts are tolerant against oxidation, and are
potentially useful as alternative anode catalysts, even in the
downstream regions of SOFC systems at high fuel utilization.
However, since a slight increase in the overvoltage of the
noble metal co-impregnated anodes was detected during
durability tests at both low and high humidification, the dis-
tribution of each metal catalyst was evaluated by the
following microstructural observations.
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Anode microstructure

The particle size distribution of the metal catalysts before
and after durability tests are shown in Figs. 10—13. FIB-SEM
micrographs are shown in (a-c), 3D-reconstructions of the
metal catalyst nanoparticles using Amira software are shown
in (d-f), and the particle size distribution is quantified in (g).
Moreover, the decrease in mass of catalyst was analyzed by
EDS (shown next to the A symbol in the upper-right corner of
(b) and (c)). The initial microstructure is shown in (a) and (d).
The microstructure after durability tests with 3%-humidified
H, fuel is shown in (b) and (e). The microstructure after
durability tests with 95%-humidified H, fuel is shown in (c)
and (f).

Fig. 10 shows that the Ni nanoparticles are highly-
dispersed at the beginning, with a size of around 40 nm.

After durability tests at both low and high humidification,
the particle size clearly increases to more than 100 nm.
Whilst similar Ni coarsening was observed under both con-
ditions, more Ni was lost in the case of highly-humidified H,
as measured by EDS. This loss may be caused by the subli-
mation of Ni(OH),(g) due to the high vapor pressure under
highly humidified conditions. Figs. 11-13 show that all of the
noble metal catalyst particles also undergo coarsening dur-
ing durability tests, to a similar or greater degree than Ni.
However, as seen in Figs. 6 and 7, the increase in the over-
voltage of the co-impregnated anodes was not so critical that
the co-impregnated GDC catalyst could be still effective. In
this case, the coarsening seems to be independent of the
water vapor concentration. In general during sintering,
coarsening may be expected to be faster for materials with a
lower melting point [46]. However, here the trend was
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Fig. 10 — (a—c) FIB-SEM micrographs and (d—f) associated 3D-reconstruction of the Ni catalyst metal nanoparticles in Ni-GDC
co-impregnated anodes: (a), (d) initial conditions; (b), (e) after 1000 h durability tests with 3%-humidified H,; and (c), (f) after
722 h durability tests with 95%-humidified H,. (g) Difference in Ni nanoparticle size distribution before and after durability

tests. The Ni catalyst loading was 0.167 mg-Ni cm ™2,
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different, as melting point is 1963 °C for Rh, 1768 °C for Pt,
1555 °C for Pd, and 1455 °C for Ni [47]. Ostwald ripening
[48,49] and re-precipitation via sublimation [10] are other
possible coarsening mechanisms. The thermochemical cal-
culations already showed that the vapor pressure of
Ni(OH),(g) is relatively high for Ni, followed by gaseous
compounds for Pd, Pt, and Rh, as shown in Fig. 2. The cohe-
sive energy is the highest for Pt crystals (564 kJ mol™?), fol-
lowed by Rh (554 kJ mol™%), Ni (428 kJ mol™%), and Pd
(376 kJ mol~?) [50]. Therefore, the tendency towards coars-
ening of metal particles observed in this study may be gov-
erned by a complex combination of such effects. More
detailed microscopic analysis by e.g. transmission electron
microscopy coupled with FIB-SEM, FESEM-EDS, and XRD will
be needed in a future study to analyze nanostructure and
oxidation state of these catalyst particles.

Exchange current density

Fig. 14 shows different forms of exchange current density,
quantifying the activities of the noble metal anodes and
comparing with the conventional Ni-cermet anode [43]. The
exchange current density per apparent electrode area
(Fig. 14(a)), per weight of electrode catalyst metal (Fig. 14(b)),
and per molar amount of electrode catalyst metal (Fig. 14(c))
are shown. Whilst all of the co-impregnated anodes show
comparable I-V performance to the conventional Ni-
zirconia cermet anode in Fig. 4, they exhibit lower ex-
change current density per apparent electrode area in
Fig. 14(a). This may be caused by a slight increase in electrode
overvoltage due to fewer reaction sites at such low loading,
compared to the conventional Ni-based anode. Even though
the Ni metal catalyst may be oxidized at high humidity, the
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Fig. 11 — (a—c) FIB-SEM micrographs and (d—f) associated 3D-reconstruction of the Rh catalyst metal nanoparticles in Rh-GDC
co-impregnated anodes: (a), (d) initial conditions; (b), (€) after 1000 h durability tests with 3%-humidified H,; and (c), (f) after
1000 h durability tests with 95%-humidified H,. (g) Difference in Rh nanoparticle size distribution before and after durability
tests. The Ni catalyst loading was 0.178 mg-Rh cm 2
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Ni-GDC co-impregnated anode still has better electrode ac-
tivity than the other co-impregnated anodes, per electrode
area.

Interestingly, the trend in exchange current density is
different if the exchange current density is normalized to
mass activity (Fig. 14(b)) and to molar activity (Fig. 14(c)). In
conventional Ni-cermet anodes, much of Ni metal acts as an
electron-conducting pathway, rather than as a catalyst.
Therefore, the use of catalysts decorated on MIEC anodes can
considerably reduce the amount of Ni used in an SOFC, as
clearly shown in Fig. 14(b) and (c). Per unit mass of the cata-
lysts (Fig. 14(b)), Ni exhibited the highest mass activity, fol-
lowed by Rh, Pd, and Pt. Fig. 14(c) describes the molar activity
of these catalysts, indicating that Rh is the most active anode
catalyst per mole, followed by Ni, Pt, and then Pd, for H, fuels.
This figure also clearly reveals that exchange current density
per mole of the metal catalysts is much higher for

impregnated-anodes than for cermet anodes. Thus, co-
impregnation can considerably reduce the required amount
of catalyst metals, enabling even the use of expensive noble
metals in SOFCs.

Cost analysis of noble metals in SOFCs

This study reveals the applicability of noble metals such as Rh,
Pt, and Pd, verified by both thermochemical calculations and
electrochemical experiments. However, traditionally one of
the most important advantages of SOFCs is that they are free
from noble metals. Therefore, the use of noble metals is
generally avoided from the viewpoint of system cost. Some
researchers have previously performed cost analysis on SOFC
systems [51-55]. Here we present a simple cost analysis to
examine the feasibility of using low loadings of noble metal
catalysts in SOFC systems.
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Fig. 12 — (a—c) FIB-SEM micrographs and (d—f) associated 3D-reconstruction of the Pt catalyst metal nanoparticles in Pt-GDC
co-impregnated anodes: (a), (d) initial conditions; (b), (e) after 1000 h durability tests with 3%-humidified H,; and (c), (f) after
1000 h durability tests with 95%-humidified H,. (g) Difference in Pt nanoparticle size distribution before and after durability

tests. The Pt catalyst loading was 0.310 mg-Pt cm 2,
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Fig. 13 — (a—c) FIB-SEM micrographs and (d—f) associated 3D-reconstruction of the Pd catalyst metal nanoparticles in Pd-GDC
co-impregnated anodes: (a), (d) initial conditions; (b), (e) after 1000 h durability tests with 3%-humidified H,; and (c), (f) after
1000 h durability tests with 95%-humidified H.. (g) Difference in Pd nanoparticle size distribution before and after durability

tests. The Pd catalyst loading was 0.204 mg-Pd cm 2,

We make the assumption that the noble metal anode
developed in this study will be applied only in cells in the
downstream region of the system (i.e. 1/4 of the total electrode
area) for higher fuel utilization. We also assume a 700 W SOFC,
which is typical of the widely commercialized “Ene-Farm”
residential fuel cell system in Japan [6]. If the cell voltage is
1.0 V and the average current density is 0.2 A cm ? (see
Fig. 4(a)), the electrode area of the noble metal anodes can be
simply calculated to be:

1 2 2
700 W/(lOV « 0.20AC1’Y172) X :1.: 8.8 x 10° cm
The impregnated catalyst metal loading in this study was
0.2—0.4 mg cm 2. Given the noble metal price of $30 to $70 per
gram, the raw materials cost of noble metals for one 700 W
system is calculated to be:

(8.8 x 10?)cm? x (0.20 ~ 0.40) x 10~*gcm™?
x ($30 ~70) g 1=$53~ 25

This simple cost analysis indicates that the materials cost
of noble metal catalysts is just $5.3 to $25 per system. This is a
small proportion of the total price of SOFC Ene-Farm systems
currently available in Japan, which is currently around
US$10,000.

Thus, this impregnation procedure enables us to reduce
the amount of catalyst metal used in SOFC systems. This
cost estimation indicates that limited use of expensive
noble metals could be beneficial and cost-effective, and may
have various advantages including improvements in fuel
utilization, higher electric efficiency, tolerance against
inhomogeneous fuel distribution within cell stacks, stability
in high fuel utilization operation, improved durability in
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Fig. 14 — Exchange current densities of M-GDC co-
impregnated anodes (M = Ni, Rh, Pt, or Pd) and
conventional Ni-cermet anode with units of (a) A cm~2, (b)
A g1, and (c) A mo . Metal catalyst loadings are 0.167 mg-
Ni cm~2, 0.178 mg-Rh cm~?, 0.310 mg-Pt cm ™2, and

0.204 mg-Pd cm 2, respectively.

shut-down and start-stop operation, and consequently
more flexibility and robustness in system design.

Conclusions

Noble-metal impregnated anodes have been developed on
oxide-based conducting SOFC anode backbones using

electron-conducting LST and mixed ionic-electronic con-
ducting GDC. These materials were chosen for their improved
stability against redox cycling compared to the conventional
Ni-zirconia cermet anode. Noble metal (Rh, Pt, or Pd) catalyst
nanoparticles were decorated onto these backbones via co-
impregnation with GDC to prepare thin two-dimensional
cermet structure.

Conventional Ni-cermet anodes exhibited sufficient elec-
trochemical performance even under high fuel utilization
conditions, while they are known to be weak under redox
conditions. The Ni-GDC co-impregnated anode with redox
stability exhibits sufficient electrochemical performance but
was still relatively unstable under high fuel utilization con-
ditions. Only the co-impregnated anodes with noble metal
catalysts show acceptable performances under all these con-
ditions. These noble-metal co-impregnated anodes not only
exhibit comparable -V performance to the conventional Ni-
cermet anodes, but also have better tolerance against oxida-
tion, i.e. under high fuel utilization conditions, compared with
the Ni-GDC co-impregnated anode. Whilst there are still is-
sues to be solved such as catalyst particle agglomeration, and
further improvement of electrochemical performance, these
noble-metal co-impregnated anodes with stable backbone
structure could be a promising alternative robust anode for
high fuel utilization operation of SOFC systems.

Compared to the conventional cermet anodes, the co-
impregnated anodes achieve considerably high mass activity
and high molar activity of catalysts, for both Ni and noble
metals. This enables us to effectively improve catalyst utili-
zation and to drastically reduce the amount of catalysts used
in the cells, and thus their materials cost. Whilst additional
costs should also be taken into account in using alternative
materials such as LST, and in applying extra manufacturing
processes such as impregnation, a simple cost analysis in this
study suggested that the use of impregnated noble metal
catalysts is feasible, as long as the noble metal loading is
relatively low.
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