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 16 

Abstract: We have developed IrOx/M-SnO2 (M = Nb, Ta, and Sb) anode catalysts, IrOx 17 
nanoparticles uniformly dispersed on M-SnO2 supports with fused-aggregate structures, which 18 
make it possible to evolve oxygen efficiently, even with a reduced amount of noble metal (Ir) in 19 
proton exchange membrane water electrolysis. Polarization properties of IrOx/M-SnO2 catalysts for 20 
the oxygen evolution reaction (OER) were examined at 80 °C in both 0.1 M HClO4 solution (half 21 
cell) and a single cell with a Nafion® membrane (thickness = 50 μm). While all catalysts exhibited 22 
similar OER activities in the half cell, the cell potential (Ecell) of the single cell was found to 23 
decrease with the increasing apparent conductivities (σapp, catalyst) of these catalysts: an Ecell of 1.61 V 24 
(voltage efficiency of 92%) at 1 A cm-2 was achieved in a single cell by the use of an IrOx/Sb-SnO2 25 
anode (highest σapp, catalyst) with a low Ir-metal loading of 0.11 mgIr cm-2 and Pt supported on 26 
graphitized carbon black (Pt/GCB) as the cathode, with 0.35 mgPt cm−2. In addition to the reduction 27 
of the ohmic loss in the anode catalyst layer, the increased electronic conductivity contributed to 28 
decreasing the OER overpotential due to the effective utilization of the IrOx nanocatalysts on the 29 
M-SnO2 supports, which is an essential factor in improving the performance with low noble metal 30 
loadings. 31 

Keywords: proton exchange membrane water electrolysis; anode catalyst; oxygen evolution 32 
reaction; iridium; tin oxide  33 

 34 

1. Introduction 35 
Proton exchange membrane water electrolysis (PEMWE) is an attractive method to produce 36 

high purity hydrogen with high energy conversion efficiency, even at high current densities, 37 
together with easy maintenance, start-up and shut-down [1-4]. Such superlative characteristics 38 
make PEMWE suitable for leveling of the large fluctuations of renewable energy sources when used 39 
in combination with stationary fuel cells. Conventional PEMWE cells, however, are costly because 40 
large amounts of noble metals are used as the electrocatalysts, e.g., (Ir + Pt) black at the 41 
oxygen-evolving anode (≥ 2 mgIr+Pt mg cm−2) and Pt black at the hydrogen-evolving cathode (≥ 2 42 
mgPt cm−2) to maintain high conversion efficiencies with long lifetimes [2,5-7].  43 
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Iridium-based anodes have been employed so far, in spite of the high cost and limited 44 
availability of Ir, because they have exhibited relatively high activities and high stabilities for the 45 
oxygen evolution reaction (OER) [8-10]. It is essential to develop new anode catalysts that utilize Ir 46 
more effectively, working toward much higher mass activity (MA, current per mass of noble metal) 47 
for the OER, as well as high durability, while clarifying the reaction mechanisms [11,12]. In order to 48 
increase the MA, iridium or iridium oxide (IrOx) nanoparticles have been mixed or dispersed on 49 
various supports such as metal carbides [13-15] and oxides [16-22]. Considering the stability at the 50 
high oxygen-evolving potentials, stability in strong acidic media, and the need for high electronic 51 
conductivity, doped tin oxides have been reported as promising candidates as support materials 52 
[23,24]. Indeed, thin films and bulk powders of SnO2 doped with Sb, Nb, Ta, In, and F have 53 
exhibited electronic conductivities ≥ 0.1 S cm−1, which are sufficiently high for consideration as 54 
catalyst supports [25,26]. It has been reported that the cell potentials (Ecell) of PEMWE single cells 55 
with IrOx supported on SnO2 anodes reached values ≤ 1.65 V (≥ 90% voltage efficiency) at 1 A cm−2 56 
with moderate Ir-metal loadings of 0.75 to 1 mgIr cm−2 [17,18,27,28]. However, the polarization 57 
performances of such catalysts are still not sufficient in the catalyst layers of single cells for the 58 
further reduction of the Ir-loading down to 1/10 of those in conventional cells, i.e., target values of ≤ 59 
0.2 mgIr cm−2. One of the reasons for this is the large contact resistance between SnO2 particles, even 60 
though the bulk electronic conductivity of the doped SnO2 itself is high. 61 

Recently, Kakinuma et al. synthesized several M-doped SnO2 (M = Nb, Ta, and Sb) materials 62 
with fused-aggregate network structures as corrosion-resistant cathode catalyst supports for 63 
polymer electrolyte fuel cells [29-31]. Unique advantages of these supports are their enhanced 64 
electronic conductivity and high gas diffusion rate. Onto such M-SnO2 supports, we succeeded in 65 
dispersing IrOx nanoparticles as novel anode catalysts for PEMWE. It was found that an 66 
IrOx/Ta-SnO2 catalyst exhibited an apparent MA of 15 A mgIr−1 for the OER in 0.1 M HClO4 solution 67 
at 1.5 V vs. RHE and 80 °C, which suggests the possibility of reducing the loading of Ir in an anode 68 
catalyst to a level as low as 0.1 mgIr cm−2 at a voltage efficiency of 90% (Ecell = 1.65 V) operated at 1 A 69 
cm−2, i.e. the anode potential of 1.5 V, cathode potential of −0.05 V, and the ohmic loss of the PEM of 70 
0.10 V [32].  71 

In the present research, we examined the polarization properties of a series of IrOx/M-SnO2 (M 72 
= Nb, Ta, and Sb) catalysts for the OER at 80 °C in both 0.1 M HClO4 solution (half cell) and a single 73 
cell with a Nafion® membrane (thickness = 50 μm). We, for the first time, found that the Ecell of the 74 
single cell decreased with the increasing apparent conductivities (σapp, catalyst) of these catalysts, 75 
whereas they exhibited similar OER activities in the half cell test. The highest performance, Ecell of 76 
1.61 V (voltage efficiency = 92%) at 1 A cm-2 was obtained in a single cell with total noble metal 77 
loading of 0.46 mgIr+Pt cm−2, in which the IrOx/Sb-SnO2 anode catalyst (highest σapp, catalyst) contribute 78 
greatly. 79 

2. Results and Discussion 80 

2.1. Physical Properties of IrOx/M-SnO2 Catalysts 81 

Figure 1 shows transmission electron microscopic (TEM) images of IrOx/M-SnO2 catalysts with 82 
fused-aggregate network structures. IrOx nanoparticles of 1 to 3 nm in diameter were found to be 83 
dispersed uniformly on the oxide supports. The average sizes and the standard deviations of the 84 
IrOx nanoparticles were 2.0 ± 0.3, 2.2 ± 0.3, and 2.0 ± 0.4 nm for the IrOx/Nb-SnO2, IrOx/Ta-SnO2, and 85 
IrOx/Sb-SnO2 catalysts, respectively.  86 

We also characterized these catalysts by BET surface area (Brunauer-Emmett-Teller adsorption 87 
method) of the M-SnO2 supports (SSnO2), the iridium metal loadings, the percentage of IrO2 (Ir4+) in 88 
IrOx, and the apparent electrical conductivities of the M-SnO2 supports (σapp, support) and 89 
IrOx-dispersed catalysts (σapp, catalyst) (see Materials and Methods). These results are summarized in 90 
Table 1. While Sb-SnO2 exhibited a somewhat larger SSnO2 value, similar amounts of iridium metal 91 
were loaded with similar percentages of Ir4+ on all three catalysts. Marked differences are seen 92 
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between σapp, support and σapp, catalyst values for each catalyst. The Sb-SnO2 support exhibited the highest 93 
σapp, support among the supports examined, i.e., three orders of magnitude higher than that of Nb-SnO2. 94 
The σapp, support values of all doped-SnO2 increased by ca. two orders of magnitude by dispersing IrOx 95 
on their surface. In particular, the σapp, catalyst value of the IrOx/Sb-SnO2 catalyst was the highest, 8.1 × 96 
10‒1 S cm–1. As reported previously for Pt/Nb-SnO2 [33] and IrOx/M-SnO2 (M = Nb and Ta) [32], such 97 
an increase in the conductivity for IrOx/Sb-SnO2 is ascribed to the shrinkage of the depletion layer of 98 
the SnO2 support particles [33]. Thus, we successfully synthesized IrOx/M-SnO2 catalysts with 99 
similar microstructures but with a range of different of σapp, catalyst values. 100 

Figure 1. TEM images and particle size distribution histograms for (a) IrOx/Nb-SnO2, (b) 101 
IrOx/Ta-SnO2, and (c) IrOx/Sb-SnO2 catalysts. The average diameter and size distributions of the 102 
loaded IrOx particles were estimated from ca. 300 particles in several TEM images. 103 

Table 1. BET surface area for the supports (SSnO2), Ir loadings, IrO2 percentages (corresponding to Ir4+ 104 
vs. total Ir) in IrOx nanoparticles, and apparent electrical conductivities of M-SnO2 supports (σapp, 105 
support) and IrOx/M-SnO2 catalysts (σapp, catalyst).  106 

Sample 
SSnO2 

(m2 g-1) 
Ir loading 

(wt%) 
IrO2 

percentage 
σapp, support 

(S cm-1) 
σapp, catalyst 

(S cm-1) 
IrOx/Nb-SnO2 30 11.3 16 2.5 × 10−5 1.5 × 10−3 
IrOx/Ta-SnO2 25 10.4 19 1.3 × 10−4 2.9 × 10−2 
IrOx/Sb-SnO2 40 11.0 21 1.8 × 10−2 8.1 × 10−1 

2.2. Oxygen Evolution Activities of IrOx/M-SnO2 Catalysts in Electrolyte Solution 107 

Figure 2a shows the iR-free anodic polarization curves for IrOx/M-SnO2 and conventional 108 
catalysts (mixture of commercial IrO2 and Pt black, 1:1 mass ratio) in air-saturated 0.1 M HClO4 109 
solution at 80 °C, in which the current is shown as the apparent MA, based on the mass of Ir (or Ir + 110 
Pt for the conventional catalyst) loaded on the electrode substrate. In order to remove oxygen gas 111 
bubbles effectively from the electrode surface, the flow rate of the electrolyte solution was adjusted 112 
at 160 cm s−1 [32]. These IrOx/M-SnO2 catalysts showed onset potentials for the OER from 1.35 to 1.40 113 
V, which was similar to that for the conventional catalyst.  114 
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Figure 2. (a) iR-free anodic polarization curves for IrOx/M-SnO2 and conventional (IrO2 + Pt black) 115 
catalysts in air-saturated 0.1 M HClO4 solution at 80 °C with a flow rate of 160 cm s−1. The current is 116 
shown as the apparent mass activity (MA) based on the mass of Ir (or Ir + Pt for the conventional 117 
catalyst) loaded on the electrode substrate. (b) Tafel plots for iR-free anodic polarization curves 118 
shown in (a). The values of Tafel slopes for IrOx/Nb-SnO2, IrOx/Ta-SnO2, IrOx/Sb-SnO2, and 119 
conventional catalysts at E < 1.43 V were 51, 46, 52, and 63 mV, respectively. 120 

Clearly, the MAs of the IrOx/M-SnO2 catalysts were much higher than that of the conventional 121 
catalyst. The values of apparent MA for IrOx/Nb-SnO2, IrOx/Ta-SnO2, and IrOx/Sb-SnO2 at 1.5 V were 122 
28, 36, and 27 times larger, respectively, than that of the conventional one. Such values, exceeding 10 123 
A mgIr–1 on IrOx/M-SnO2 at 1.5 V, are with certainty due to a remarkable increase in the active surface 124 
area of the IrOx nanoparticles, indicating the possibility of reduction of the amount of noble metal 125 
anode catalyst to a low level, e.g., 0.1 mgIr cm‒2 for operation at 1 A cm‒2.  126 

Figure 2b shows the Tafel plots for the OER at IrOx/M-SnO2 and conventional catalysts. Linear 127 
relationships are observed between the logarithm of MA and the iR-free potential (E) at E < 1.43 V. 128 
The Tafel slope for the conventional catalyst (63 mV) was close to the commonly reported value (60 129 
mV) for IrO2 electrodes in acidic solution [28,34]. In contrast, the values of Tafel slopes for 130 
IrOx/M-SnO2 catalysts ranged from 46 mV (IrOx/Ta-SnO2) to 52 mV (IrOx/Sb-SnO2). Such low Tafel 131 
slopes, in comparison with that of bulk IrOx, suggests that the OER rates on the IrOx/M-SnO2 132 
catalysts might be promoted by an interaction between the IrOx nanoparticles and the doped SnO2 133 
supports [28,32,35]. Hence, the enhanced MAs of IrOx/M-SnO2 might be ascribed not only to a 134 
significant increase in the active surface area, by the use of IrOx nanoparticles, but also their 135 
interaction with the oxide supports.  136 

2.3. Oxygen Evolution Activities of IrOx/M-SnO2 Catalysts in a Single Cell 137 

We prepared catalyst-coated membranes (CCMs) with low noble metal loadings by the use of 138 
the IrOx/M-SnO2 catalysts with 0.11 mgIr cm−2 at the anode and a commercial Pt/GCB (Pt supported 139 
on graphitized carbon black) with 0.35 ± 0.02 mgPt cm−2 at the cathode. A conventional anode catalyst 140 
(IrO2 + Pt black, described above) with 2.66 mgIr+Pt cm−2 and a Pt black cathode catalyst with 2.01 mgPt 141 
cm−2 were employed in a reference CCM. The current-potential (I-E) curves of single cells operated at 142 
80 °C are shown in Figure 3.  143 

 144 
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 153 
Figure 3. Steady-state I-E curves of single cells with various anodes and Pt/GCB cathode at 80 °C. 154 
Ultrapure water was supplied to the anode with a flow rate of 40 mL min−1. The cathode 155 
compartment was purged with H2. 156 

The performances of the cells with three kinds of IrOx/M-SnO2 anodes were found to be 157 
enhanced in the order: IrOx/Nb-SnO2 < IrOx/Ta-SnO2 << IrOx/Sb-SnO2. For example, as shown in 158 
Table 2, the Ecell at 1 A cm−2 decreased from 1.91 V for IrOx/Nb-SnO2 cell to 1.61 V for the IrOx/Sb-SnO2 159 
cell. The latter value was somewhat larger than that of the reference (conventional) cell (1.55 V). It is 160 
noteworthy that the initial cathode performance of Pt supported on high-surface-area carbon (Pt/C) 161 
was comparable to that of Pt black, even though Pt black has still been predominantly used in 162 
practical PEMWEs in order to ensure a long lifetime of the MEA [2]. In order to mitigate the 163 
corrosion of the carbon support, we used Pt supported on GCB in place of high-surface-area carbon. 164 
In any case, we consider that the increase in the overvoltage of our cell compared with that of the 165 
conventional cell can be ascribed predominantly to the anode catalyst with reduced amount of noble 166 
metal (< 1/20). Interestingly, the Ecell of 1.61 V for the IrOx/Sb-SnO2 cell corresponds to a voltage 167 
efficiency of 92%, which is the highest performance at the significantly low Ir loading of 0.11 mgIr 168 
cm−2 at the anode reported so far [28,36-38]. 169 

Table 2. Noble metal loadings on CCMs, ohmic resistances (Rohm, cell, obs) and cell potentials (Ecell) at 1 170 
A cm−2 for various cells. 171 

 172 

Next, we discuss the essential parameters necessary to improve the anode performance. 173 
Referring to the properties of IrOx/M-SnO2 catalysts in Table 1, the only marked differences are seen 174 
for the values of σapp, catalyst (or σapp, support). The ohmic resistances of the cells (Rohm, cell, obs) measured at 1 175 
kHz during the operation are shown in Table 2: the Rohm, cell, obs values ranged from 75 to 258 mΩ cm2.  176 

To start, we calculated values of Rohm, cell, calc for comparison with the observed values. First, we 177 
estimated Rohm, anode of the anode catalyst layers (CLs) as follows. The thickness of the IrOx/Sb-SnO2 178 
CL was ca. 10 μm, observed by scanning ion microscopy (SIM; see Figure S2). Since we prepared all 179 
CLs in the same manner, we assumed the identical thickness for the IrOx/Ta-SnO2 and IrOx/Nb-SnO2 180 
CLs. Assuming the porosity of the CLs to be 50%, we calculated their Rohm values based on their σapp, 181 
catalyst values. The values of Rohm, anode thus calculated for IrOx/Sb-SnO2, IrOx/Ta-SnO2, and 182 
IrOx/Nb-SnO2 were 3, 68, and 1333 mΩ cm2, respectively. Second, for the Nafion® electrolyte 183 

Anode catalyst Anode loading 
(mgIr+Pt cm−2) 

Cathode loading 
(mgPt cm−2) 

Rohm, cell, obs 
(mΩ cm2) 

Ecell @1 A cm−2 
(V) 

IrOx/Nb-SnO2 0.11 0.34 258 1.91 
IrOx/Ta-SnO2 0.11 0.37 175 1.84 
IrOx/Sb-SnO2 0.11 0.35  97 1.61 
IrO2+Pt black 2.66 2.01  75 1.55 
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membrane with the thickness of 50 μm, we adopted the Rohm, Nafion to be 50 mΩ cm2. The Rohm, cell of the 184 
conventional cell in Table 2 was just 75 mΩ cm2, which is assumed to include Rohm, anode (IrO2 + Pt 185 
black) and Rohm, cathode (Pt black), together with contact resistances with the gas diffusion layers (Pt/Ti 186 
mesh and carbon paper, see Materials and Methods). This value of Rohm, cell agrees precisely with 187 
those of polymer electrolyte fuel cells (PEFCs) with Nafion® membrane of the identical thickness 188 
and Pt/C catalysts for the anode and cathode [39-41]. Thus, by adding the Rohm, anode of IrOx/M-SnO2 to 189 
75 mΩ cm2 stated above, we calculated the Rohm, cell, calc values to be 78, 143, and 1408 mΩ cm2, for the 190 
cells with IrOx/Sb-SnO2, IrOx/Ta-SnO2, and IrOx/Nb-SnO2, respectively. The former two values are 191 
relatively consistent with those of Rohm, cell, obs. However, a large discrepancy is seen between Rohm, cell, 192 
obs and Rohm, cell, calc for IrOx/Nb-SnO2. One of the possible reasons is that σapp, catalyst was measured in 193 
ambient air (low humidity) at room temperature, while Rohm, cell, obs was measured during operation 194 
with the anode in pure water at 80 °C. It has been shown that the electronic conductivities of 195 
SnO2-based materials increase with humidity [42,43]. Water molecules adsorbed on the SnO2 surface 196 
can act as electron donors, resulting in an increase in the carrier concentration near the surface. Such 197 
a tendency was shown to be more marked for SnO2 samples with lower electronic conductivity 198 
[42,43]. Thus, it can be easily understood that the value of Rohm, cell, obs of IrOx/Nb-SnO2 (in pure water 199 
at 80 °C) could be much smaller than that of Rohm, cell, calc. Taking into account such an effect of water 200 
on the electronic conductivity of the M-SnO2, it is appropriate to employ Rohm, cell, obs as a measure of 201 
the apparent resistance of the anode catalyst layer, rather than Rohm, cell, calc based on σapp, catalyst 202 
(measured in air). 203 

It is clearly seen in Figure 3 and Table 2 that Ecell decreased with decreasing Rohm, cell, obs. However, 204 
this is not simply due to the reduction of the ohmic (iR) loss. For example, the reduction of the iR loss 205 
at 1 A cm−2 is only ca. 0.08 V by replacing the IrOx/Ta-SnO2 anode catalyst with IrOx/Sb-SnO2, but the 206 
reduction of the Ecell in such a case was as large as 0.23 V. On the other hand, the OER activities (MA 207 
values or Tafel slopes) of the three IrOx/M-SnO2 catalysts measured in 0.1 M HClO4 solution in the 208 
previous section can be regarded as being at a similar level.  209 

This interesting phenomenon can be reasonably explained as follows. As illustrated in Figure 4, 210 
for the measurement of the OER activities in 0.1 M HClO4 electrolyte solution in the channel flow cell 211 
(half cell), we dispersed IrOx/M-SnO2 CLs uniformly on the Au substrate with the thickness 212 
corresponding to a ca. two-monolayer height of M-SnO2 support particles (< 100 nm), intending that 213 
all catalyst particles can be in contact with the electrolyte solution. Therefore, it is expected that all of 214 
the IrOx nanocatalyst particles are able to function without any influence of the small electronic 215 
(ohmic) resistances of such thin CLs. In contrast, for the measurement of single cell (MEA) 216 
performance, the thickness of the anode CL was 10 μm (100 times thicker than that in the half cell). 217 
Consequently, electrons generated at the IrOx nanoparticles in the OER must be transported in the 218 
CL to the current collector (Pt/Ti), even though protons can be effectively supplied to the IrOx 219 
surface through the electrolyte binder (ionomer) network. Hence, the higher the σapp, catalyst value 220 
(lower Rohm, cell, obs) is, the lower the OER overvoltage will be in the single cell, due to an effective 221 
utilization of the IrOx nanocatalyst particles on the M-SnO2 support.  222 

Figure 4. Schematic images of the IrOx/M-SnO2 anode catalyst layer (CL) during the OER in (a) 223 
electrolyte solution (half cell) and (b) a single cell.  224 
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As is clear from Fig. 4 (b), other essential factors are the transport rates of protons and oxygen in 225 
the ionomer coated on the catalyst, in addition to the O2 gas diffusion rate in the CL. Similar to the 226 
case of PEFC CLs [44], it is very important to control the microstructure of the CLs, i.e., thickness of 227 
the ionomer (volume ratio of ionomer to support, I/S), primary and secondary pore volumes, etc. 228 
While an effect of I/S on the performance of IrO2/TiO2 anode has been reported recently [45], more 229 
comprehensive research is necessary to optimize the single cell performance toward the near-ideal 230 
value evaluated in the half cell, together with high durability. Durability testing of single cells with 231 
IrOx/Sb-SnO2 anode catalyst is in progress in our laboratory. 232 

3. Materials and Methods  233 

3.1. Preparation and Characterization of IrOx/M-SnO2 Catalysts 234 

The IrOx/M-SnO2 catalysts were prepared in the similar manner described in our previous 235 
paper [32]. Briefly, Sn0.96Nb0.04O2−δ, Sn0.975Ta0.025O2−δ, and Sn0.95Sb0.05O2−δ (projected composition, where 236 
δ is the mole fraction of oxygen deficiencies) with the fused-aggregate network structure were 237 
synthesized by the flame pyrolysis method [29]. The surface areas of the doped SnO2 supports were 238 
measured by the BET adsorption method (BELSORP-mini, Nippon BEL Co., Osaka, Japan). IrOx 239 
nanoparticles were uniformly dispersed on the doped SnO2 supports by the colloidal method. The 240 
amounts of iridium loaded on the supports were quantitatively analyzed by use of an 241 
inductively-coupled plasma mass analyzer (ICP-MS; 7500CX, Agilent Technologies Inc., Tokyo, 242 
Japan) after dissolving the IrOx completely. 243 

The IrOx/M-SnO2 catalysts were observed by TEM (H-9500, operated at 200 kV, Hitachi 244 
High-Technologies Co., Tokyo, Japan). To estimate the content of Ir4+, the electronic states of iridium 245 
in the IrOx/M-SnO2 were characterized by X-ray photoelectron spectroscopy (XPS; JPS-9010, JEOL 246 
Co., Ltd., Tokyo, Japan) with Mg-Kα radiation (see Figure S1). The apparent electrical conductivities 247 
of the M-SnO2 supports and IrOx/M-SnO2 catalysts were measured by the same method described in 248 
a previous paper [33].  249 

3.2. Evaluation of OER Activities of Catalysts in Electrolyte Solution 250 

The electrochemical properties of the IrOx/M-SnO2 catalysts were examined by a channel flow 251 
electrode cell technique [32]. The electrolyte solution used was 0.1 M HClO4, which was purified in 252 
advance by conventional pre-electrolysis [46]. The working electrode consisted of Nafion®-coated 253 
supported catalyst particles uniformly dispersed on an Au substrate with a geometric area of 0.04 254 
cm2. The amount of the catalyst loaded was 5 μgIr cm‒2, which corresponds to a ca. two-monolayer 255 
height of the M-SnO2 support particles. A mixture of commercial IrO2 (Tokuriki Honten Co., Ltd., 256 
Tokyo, Japan) and Pt black (Ishifuku Metal Industry Co., Ltd., Tokyo, Japan) was used as a reference 257 
with 100 μgIr+Pt cm‒2 (1:1 mass ratio). All electrode potentials are referred to the reversible hydrogen 258 
electrode, RHE.  259 

The OER activities of the IrOx/M-SnO2 catalysts were evaluated by linear sweep voltammetry 260 
(LSV) at a sweep rate of 10 mV s–1 and 80 °C. To minimize the effect of O2 bubbles, the 0.1 M HClO4 261 
electrolyte solution was supplied to the flow channel at a constant flow rate of 160 cm s−1. To subtract 262 
iR loss from the polarization curve, the AC impedance of the electrolyte solution was measured by 263 
use of a frequency response analyzer (VersaSTAT 4, Princeton Applied Research, Berwyn, PA, USA) 264 
with a modulation amplitude of 10 mV in the frequency range from 10 kHz to 1 Hz. 265 

3.3. Evaluation of Single Cell Performances 266 

CCMs were prepared as follows. First, the anode catalyst ink was prepared by mixing the 267 
IrOx/M-SnO2 powder, water, ethanol, and Nafion® binder solution (DE521, Du Pont Co.) as the 268 
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ionomer in a ball-mill for 30 min. The cathode catalyst ink was prepared from commercial Pt/GCB 269 
(Pt 50 wt%, TEC10EA50E, Tanaka Kikinzoku Kogyo, Tokyo, Japan). The I/S was adjusted to 0.7 (dry 270 
basis) in each ink. Then, the catalyst inks were directly sprayed onto the Nafion® membrane 271 
(thickness 50 μm, NRE 212, Du Pont Co., Tokyo, Japan) by the pulse-swirl-spray technique (PSS, 272 
Nordson Co., Tokyo, Japan) to prepare the CCM with an active geometric area of 25 cm2. The CCMs 273 
were hot-pressed at 140 °C and 2.5 MPa for 3 min. The Ir loading amount for the anode CL was 0.11 274 
mgIr cm−2, and the Pt loading amount for the cathode CL was 0.35 ± 0.02 mgPt cm−2. As a reference, a 275 
conventional anode catalyst (mixture of IrO2 and Pt black, 1:1 mass ratio) with 2.66 mgIr+Pt cm−2 276 
loading and a Pt black cathode catalyst with 2.01 mgPt cm−2 were employed. The CCM was 277 
sandwiched by two gas diffusion layers (GDLs); a Pt-plated Ti mesh (Bekaert Toko Metal Fiber Co., 278 
Ltd., Ibaraki, Japan) for the anode and a carbon fiber paper with microporous layer (25BC, SGL 279 
Carbon Group Co., Ltd., Tokyo, Japan) for the cathode. The MEA thus prepared was mounted into a 280 
single cell holder (Japan Automobile Research Institute standard cell) with ribbed single serpentine 281 
flow channels. 282 

Ultrapure water was circulated at a flow rate of 40 mL min−1 for the anode. Hydrogen gas was 283 
purged to the cathode. I-E curves were measured galvanostatically at 80 °C under steady-state 284 
conditions. The ohmic resistance of the cell was measured by a digital AC milliohmmeter (Model 285 
3566, Tsuruga Electric, Co.) at 1 kHz during the operation. 286 

The thickness of the anode CL was observed after preparation of a cross-sectional sample of the 287 
CCM by SIM in a focused ion beam system (FIB, FB-2200, Hitachi High-Technologies Co., Ltd.). 288 

4. Conclusions  289 
The polarization performances of the IrOx/M-SnO2 (M= Nb, Ta, Sb) anode catalysts with 290 

fused-aggregate network structures were examined for the OER in both a half cell (0.1 M HClO4) 291 
and a single cell with a Nafion® membrane at 80 °C. These catalysts exhibited similar high values of 292 
MA for the OER, regardless of the values of σapp, catalyst in the half cell, whereas the Ecell decreased with 293 
decreasing Rohm, cell, obs, catalyst in the single cell tests. In addition to the reduction of the iR loss, the 294 
predominant reduction of the anodic overvoltage is ascribed to the increased effective utilization of 295 
IrOx nanocatalyst particles supported on M-SnO2 with higher σapp, catalyst. Specifically, a single cell 296 
exhibited a promising performance Ecell = 1.61 V (voltage efficiency of 92%) at 1 A cm-2 and 80 °C 297 
with the use of an IrOx/Sb-SnO2 anode (0.11 mgIr cm-2) and Pt/GCB cathode (with 0.35 mgPt cm−2). 298 

Supplementary Materials: The following are available online, Figure S1: XP spectra of IrOx/M-SnO2 (M = Nb, 299 
Ta, and Sb) catalysts. Figure S2: SIM image of the cross-section at the anode for the CCM with IrOx/Sb-SnO2 300 
catalyst. 301 
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