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We propose connected Ir nanoparticle catalysts (Ir/SiO2) by coating

1.8 nm Ir particles with high density onto silica for the oxygen evolu-

tion reaction. Nanoparticles form electron-conducting networks,

which can eliminate the need for an electron-conducting support. Ir/

SiO2 showed a high electrochemical surface area, mass activity, and

water electrolysis performance.
Water electrolysis has attracted increasing attention as
a method for converting electricity generated by renewable
energy to hydrogen (power to gas), especially because of the
rapid decrease in the cost of renewable energy around the
world.1 The energy conversion requires responsiveness to
varying loads due to an uneven temporal distribution of
renewable energy. Although alkaline liquid electrolyte water
electrolysis has operated at the plant-scale, we focus on polymer
electrolyte water electrolysis (PEWE), which is suitable for
hydrogen production for renewable energy due to rapid system
response times and higher efficiencies as a result of lower
ohmic losses.2–4 These advantages come from commercially
available solid proton-conducting membranes such as per-
uorosulfonic acid polymers like Naon®. Moreover, PEWE has
some additional advantages such as lower gas permeability,
production of high-purity and pressurized hydrogen without
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n previous publications (Table S4). See

f Chemistry 2020
a pump, and a supply of neutral water. However, PEWE requires
the use of precious metals as catalysts because non-precious
metals are dissolved in the acidic conditions. The high cost
owing to the large amounts of precious metals is one of the
most important issues to be solved in PEWE. Specically, anode
catalysts for the oxygen evolution reaction (OER) have been
a topic of multiple studies because the OER kinetics are slower
than the hydrogen evolution reaction kinetics in the cathode.5

Iridium (Ir) and ruthenium (Ru) have oen been reported as
anode catalysts for PEWE6–8 because of their low OER over-
potential. Ir is more suitable for the PEWE anode because Ru
has poor stability at highly oxidizing potentials. Ir-based alloy
and core–shell catalysts9–13 have succeeded in achieving high
activity and stability. Despite these advancements, the OER for
PEWE still requires a high Ir loading of 1–4mg cm�2 mainly due
to the lack of supports used for the catalysts as discussed below.
In general, electrode catalysts in electrochemical cells, such as
fuel cells, use electron-conducting supports, such as carbon, to
maintain a high surface area. However, a carbon support cannot
be used for a PEWE anode where a highly oxidizing potential is
applied and most supports including carbon are corroded.
Thus, low surface area Ir catalysts are used, which requires the
high Ir loading. To reduce the precious metal loading and solve
the issues of electron-conducting supports, nanocatalysts sup-
ported on metal oxide,14–16 support-free porous catalysts,17–20

and nanowires21 have been reported. Metal oxide supports are
relatively stable in operation at high potential compared to
carbon. Nevertheless, some problems exist, such as decreased
performance due to passivation caused by metal oxidation,
catalyst detachment from supports,22 and decreased proton
conductivity due to the exchange of the cation in the ionomer to
the titanium cation formed in operation at more than 1 A
cm�2.23 Support-free catalysts, such as porous catalysts and
nanowires,17–21 can essentially form a catalyst layer without
conducting support materials, while some reports have used
supports for the evaluation of the OER performance of cata-
lysts,17–19 and some membrane electrode assembly (MEA)
without any supports use a high Ir loading of 2.0 mg cm�2.20
Nanoscale Adv., 2020, 2, 171–175 | 171
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Fig. 1 (a) Schematic image of connected Ir nanoparticle catalysts and
electron conduction through the nanoparticles. (b) XRD patterns for
the Ir catalysts. The peak data for fcc-Ir was obtained from a database
(ICSD no. 64992). (c) BF-STEM and (d) and (e) SE-STEM images of Ir/
SiO2 obtained using HD-2700. (f) and (g) BF-STEM of Ir/SiO2 nano-
particles. (h) DF-STEM, (i) Si–K, (j) O–K and (k) Ir–M images for EDX
mapping of Ir/SiO2. (l) DF-STEM and (m) energy loss for EELS analysis
of Ir/SiO2. (f)–(m) Data was obtained using HF5000 (Hitachi High-
Technologies).
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In the present study, we suggest the use of connected Ir
nanoparticle catalysts showing electron conductivity and a high
surface area without any conducting supports. The electron-
conducting support can be eliminated due to the formation of
electron-conducting networks by the coating of Ir nanoparticles
onto silica templates with high density. Because silica does not
have an electron conductivity, corrosion/dissolution of silica
does not affect the performance of the catalyst. Transmission
electron microscopy (TEM) observations suggests that the
networks are retained to some extent without aggregation even
aer dissolution of the silica template. Fig. 1(a) shows a sche-
matic image of connected Ir nanoparticle catalysts and electron
conduction through the nanoparticles.

The catalysts were prepared in a similar way to connected
platinum–iron nanoparticle catalysts;24,25 silica spheres with
a diameter of 300 nm are rst coated by poly(-
diallyldimethylammonium chloride); then, Ir nanoparticles are
formed on the surface-modied silica with high density. For
comparison, commercially available Ir black (Alfa Aesar (AA))
was used as a catalyst. Catalysts were characterized with
inductively coupled plasma atomic emission spectroscopy (ICP-
AES), X-ray diffraction (XRD), scanning transmission electron
microscopy (STEM), energy dispersive X-ray spectrometry (EDX),
electron energy loss spectroscopy (EELS), and X-ray photoelec-
tron spectroscopy (XPS). The STEM (Fig. 1(f) and (g)), EDX
(Fig. 1(h)–(k)), and EELS (Fig. 1(l) and (m)) analyses were
measured using the eld emission transmission electron
microscope HF5000 (Hitachi High-Technologies). Details of the
synthesis and structural characterization are described in the
ESI.† The Ir loading of Ir/SiO2 was calculated by ICP-AES to be
27.7 wt%. Fig. 1(b) shows XRD patterns for the catalysts. Both Ir/
SiO2 and Ir black (AA) showed peaks ascribed to fcc Ir. A peak in
the XRD pattern of Ir/SiO2 before 30� was ascribed to spherical
silica particles, as shown in Fig. S1 in ESI.† The crystallite sizes
were calculated using the Scherrer equation, which is expressed
as D ¼ Kl/b cos q, where Bragg angle is q, shape factor is K, the
full width half maximum is b, and the wave length of X-ray is l.
The crystallite size of Ir/SiO2 was calculated to be 1.7 nm from
the highest peak near 40�, which is smaller than the crystallite
size of 4.0 nm for Ir black (AA). Crystallite sizes of Ir/SiO2

synthesized using different concentrations of precursor were
almost the same in this study, as shown in Fig. S5, S6, and Table
S2 in ESI.† Fig. 1(c)–(g) show BF-STEM and SE-STEM images of
Ir/SiO2. Ir nanoparticles were coated onto silica with high
density and connected each other without aggregation. The size
of the Ir nanoparticles was almost the same with an average
diameter and standard deviation of 1.8 � 0.3 nm, which was
calculated from the diameters of 32 particles in Fig. 1(e). The
average diameter obtained by STEM almost agrees with that
calculated by XRD. Fig. S2† shows TEM images of Ir black (AA).
The particles overlapped each other and had a size of 2–5 nm.
Thus, the results from XRD and STEM showed that Ir/SiO2

particles were smaller than the size of the commercial Ir cata-
lyst, suggesting a higher surface area for Ir/SiO2. High-
resolution STEM (Fig. 1(f) and (g)) shows that lattice fringes
were randomly directed and each of the Iridium nanoparticles
composing the connected Ir catalysts were polycrystalline. EDX
172 | Nanoscale Adv., 2020, 2, 171–175
results (Fig. 1(h)–(k)) showed nanoparticles contained Ir. EELS
(Fig. 1(h) and (i)) results showed a peak near 50 eV due to
iridium oxide26 at all positions, which showed that a part of the
nanoparticles were iridium oxide.
This journal is © The Royal Society of Chemistry 2020
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Electrochemical characterization of the catalysts was then
performed using cyclic voltammetry (CV) to determine the
electrochemical surface area (ECSA) and OER activity of Ir/SiO2

and Ir black (AA) on glassy carbon electrodes in 0.1 M HClO4 aq.
A potential range of 0.05–1.5 V was used for the pretreatment,14

0.4–1.4 V for ECSA and 1.2–1.8 V for OER. Fig. 2(a) and (b) shows
cyclic voltammograms before and aer pretreatment. Ir/SiO2

before the pretreatment showed peaks due to hydrogen
adsorption and desorption at a potential of less than 0.3 V;
these peaks did not appear aer the pretreatment. Hydrogen
adsorption and desorption occurs only on a metallic Ir surface
and not on an IrO2 surface.7,27 Thus, the metallic Ir surface of Ir/
SiO2 was oxidized to IrO2 by the pretreatment. On the other
hand, the hydrogen adsorption and desorption peaks were not
observed for the Ir black (AA) even before the pretreatment, and
the cyclic voltammograms were observed to be almost the same
before and aer the pretreatment, which shows that the surface
of Ir black (AA) was oxidized before the pretreatment. For
conrmation of the relationship between hydrogen adsorption/
desorption and the state of the iridium catalyst, the CVs and
XPS was measured for the catalyst before and aer heat treat-
ment in air at 300 �C. The CV aer heat treatment (Fig. S7†)
showed that the peaks due to hydrogen adsorption and
desorption did not appear as they did for Ir/SiO2 aer the
electrochemical pretreatment. XPS results showed that the as-
synthesized Ir/SiO2 had 40% metallic iridium and 58%
oxidized iridium, and almost all the metallic iridium was
oxidized aer heat treatment, as shown in Table S3.†

When the surface of the catalysts is composed of metallic Ir,
ECSA can be usually calculated from the charge of the hydrogen
desorption. However, because the surface of Ir black (AA) was
composed of IrO2, ECSA was calculated from the capacitance of
IrO2 aer the pretreatment for both Ir/SiO2 and Ir black (AA).
Fig. 2 Cyclic voltammograms before and after oxidation of (a) Ir/SiO2

and (b) Ir black (AA). The voltammograms were measured in 0.1 M
HClO4 aq. Ir 4f and curves of best fit from XPS analysis of Ir/SiO2 (c)
before and (d) after heat treatment.

This journal is © The Royal Society of Chemistry 2020
The capacitances were calculated from the average absolute
current for anodic and cathodic sweeps, and was then converted
to the ECSA with a specic capacitance 650 mF cm�2 for IrO2

(100).11,28 Fig. S3(a) and (b)† shows cyclic voltammograms with
various potential sweep rates, from which the average anodic
and cathodic currents were calculated from the currents at
0.65–0.75 V, as shown in Fig. S3(c).† The ECSA and standard
deviation for Ir/SiO2 was determined to be 76.5 � 1.9 m2 g�1,
which is 2.6 times higher than that of Ir black (AA), 29.7 � 1.5
m2 g�1. For the case of Ir/SiO2, the ECSA was also calculated
from the charge of the hydrogen desorption before the
pretreatment using a conversion factor of 179 mC cmIr

�2 for
comparison.27,29 The ECSA and standard deviation was deter-
mined to be 67.6 � 1.4 m2 g�1, which is almost the same as that
obtained from the capacitance of IrO2. The reason for the high
ECSA of Ir/SiO2 was ascribed to the formation of electron-
conducting networks by small nanoparticles without
aggregation.

The OER performance was then evaluated. CVs for the OER
were measured at a scan rate of 10 mV s�1 and rotation speed of
1600 rpm. IR-free OER curves were obtained by averaging the
current densities of anodic and cathodic scans, and then
removing the overpotential due to an ohmic resistance calcu-
lated by multiplying the measured current (I) and cell resistance
(R) using the cyclic voltammetry and the solution resistance
measurement, respectively. Fig. 3(a) shows the OER curves for
the catalysts. Ir/SiO2 showed a higher OER performance
compared to Ir black (AA) with overpotentials of 305 mV and
374 mV, respectively. Mass activities were calculated from the
currents at 1.48 V and the Ir loadings on the electrodes (9–10 mg
cm�2). Ir/SiO2 showed a 5.2 times higher mass activity and 2.6
times larger ECSA, which means twice the surface area specic
activity compared to Ir black (AA). Tafel slopes in the low current
density region showed similar values of 33.8 mV dec�1 and
32.8 mV dec�1 for Ir/SiO2 and Ir black (AA), respectively, as
shown in Fig. S4.† The rate determining steps for Ir/SiO2 and Ir
black (AA) were considered to be similar because the Tafel slope
depends on the rate determining step and is related to the bond
strength of the catalyst surface and intermediates adsorbed
onto the surface. The slope of 40 mV s�1 indicates that the rate
determining step is the electron transfer reaction from S–OH to
S–O, proton, and electron, where S denotes the surface, while
Fig. 3 (a) OER curve for Ir/SiO2 and Ir black (AA) in 0.1 M HClO4 aq. at
1600 rpm. (b) Mass activity of Ir/SiO2 and Ir black calculated by dividing
the current at 1.48 V by the mass of Ir on the electrode.

Nanoscale Adv., 2020, 2, 171–175 | 173
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Fig. 4 Water electrolysis performance of an MEA using Ir/SiO2 as an
anode catalyst.
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the slope of 30 mV s�1 denotes that the rate determining step is
a recombination reaction of OH and H from S–OH to S–O and
water. In our case, either reaction or both reactions are the rate
determining step because the two reactions have been reported
to occur in parallel.30

Then, the water electrolysis performance was evaluated with
a membrane electrode assembly (MEA) fabricated using Ir/SiO2

as the anode catalyst, Naon® membrane N115 (DuPont,
thickness: 127 mm) as the electrolyte membrane, and platinum
(Pt) supported on carbon (TKK, TEC10E50E) as the cathode
catalyst. The Ir loading of the MEA was 0.3 mg cm�2, while the
Pt loading was 0.3 mg cm�2. Water electrolysis and electro-
chemical impedance spectroscopy (EIS) were performed at
80 �C with circulating water in the anode ow channel. The
resistance of a cell in the MEA was measured by EIS to be 191
mU cm2 at a cell potential of 1.5 V, which was similar to the
value obtained for an MEA using N115, 197 mU cm2, in
a previous report.31 These similar values showed that the cata-
lyst layer using Ir/SiO2 had sufficient electron conductivity.
Fig. 4 shows the result of the water electrolysis measurement.
The MEA performance showed a potential of 1.76 V at 1.0 A
cm�2 despite a low Ir loading of 0.3 mg cm�2. As shown in Table
S2,† this value is better than, or at least comparable to, that of
a few MEAs using Ir catalysts below the loading of 0.5 mg cm�2

and commercial Naon® membranes with a thickness of more
than 100 mm at the same temperature and atmospheric pres-
sure, while general MEAs uses Ir loading of 1–4 mg cm�2. The
MEA using connected Ir nanoparticle catalysts without any
electron-conducting support showed sufficiently high perfor-
mance. These results showed that Ir/SiO2 is promising for use as
an anode catalyst for water electrolysis.
Conclusions

We successfully synthesized connected Ir nanoparticle catalysts
(Ir/SiO2) for OER without the need for an electron-conducting
support such as carbon. Electron-conducting networks formed
by a high density of Ir nanoparticles on silica prevent aggrega-
tion of the nanoparticles and eliminate the need for a carbon
174 | Nanoscale Adv., 2020, 2, 171–175
support, which enables one to operate at high potential. The
particle size of Ir/SiO2 was calculated to be 1.8 nm by STEM; the
ECSA of Ir/SiO2 was determined to be 2.6 times larger than that
of Ir black (AA). The mass activity at 1.48 V was 5.2 times higher
than that of the Ir black (AA) due to the high surface area of Ir/
SiO2. An MEA using Ir/SiO2 as the anode catalyst showed suffi-
ciently high performance despite a relatively low Ir loading of
0.3 mg cm�2. The results showed that Ir/SiO2 is promising for
use as an anode catalyst for water electrolysis. The water elec-
trolysis performance is expected to be enhanced by the opti-
mization of the catalyst/electrode/MEA structure.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This paper is based on results obtained from a project
commissioned by the New Energy and Industrial Technology
Development Organization (NEDO). The authors acknowledge
nancial support for part of this study from the Kanagawa
Institute of Industrial Science and Technology (KISTEC). The
authors thank Takashi Kanemura andManabu Shirai of Hitachi
High-Technologies, Co. for STEM, EDX, and EELS analyses
using HF5000, Suzukakedai Materials Analysis Division, Tech-
nical Department, Tokyo Institute of Technology, for ICP-AES
analysis, JAPAN TESTING LABORATORIES, Inc. for STEM
analysis using HD-2700, and Foundation for Promotion of
Material Science and Technology of Japan (MST) for XPS
analysis.

References

1 International Energy Agency, World Energy Outlook 2017,
OECD, Paris, 2017.

2 M. Carmo, D. L. Fritz, J. Mergel and D. Stolten, Int. J.
Hydrogen Energy, 2013, 38, 4901–4934.

3 G. Gahleitner, Int. J. Hydrogen Energy, 2013, 38, 2039–2061.
4 F. M. Sapountzi, J. M. Gracia, C. J. Weststrate,
H. O. A. Fredriksson and J. W. Niemantsverdriet, Prog.
Energy Combust. Sci., 2017, 58, 1–35.

5 N. T. Suen, S. F. Hung, Q. Quan, N. Zhang, Y. J. Xu and
H. M. Chen, Chem. Soc. Rev., 2017, 46, 337–365.

6 M. H. Miles, J. Electrochem. Soc., 1976, 123, 1459.
7 T. Reier, M. Oezaslan and P. Strasser, ACS Catal., 2012, 2,
1765–1772.

8 Y. Lee, J. Suntivich, K. J. May, E. E. Perry and Y. Shao-Horn, J.
Phys. Chem. Lett., 2012, 3, 399–404.

9 T. Reier, Z. Pawolek, S. Cherevko, M. Bruns, T. Jones,
D. Teschner, S. Selve, A. Bergmann, H. N. Nong, R. Schlogl,
K. J. Mayrhofer and P. Strasser, J. Am. Chem. Soc., 2015,
137, 13031–13040.

10 N. Danilovic, R. Subbaraman, K. C. Chang, S. H. Chang,
Y. Kang, J. Snyder, A. P. Paulikas, D. Strmcnik, Y. T. Kim,
D. Myers, V. R. Stamenkovic and N. M. Markovic, Angew.
Chem., Int. Ed., 2014, 53, 14016–14021.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9na00568d


Communication Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
4/

20
25

 1
1:

55
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
11 T. Audichon, T. W. Napporn, C. Canaff, C. Morais,
C. Comminges and K. B. Kokoh, J. Phys. Chem. C, 2016,
120, 2562–2573.

12 H. N. Nong, L. Gan, E. Willinger, D. Teschner and P. Strasser,
Chem. Sci., 2014, 5, 2955–2963.

13 B. M. Tackett, W. Sheng, S. Kattel, S. Yao, B. Yan,
K. A. Kuttiyiel, Q. Wu and J. G. Chen, ACS Catal., 2018, 8,
2615–2621.

14 H. S. Oh, H. N. Nong, T. Reier, M. Gliech and P. Strasser,
Chem. Sci., 2015, 6, 3321–3328.

15 H. N. Nong, H. S. Oh, T. Reier, E. Willinger, M. G. Willinger,
V. Petkov, D. Teschner and P. Strasser, Angew. Chem., Int. Ed.,
2015, 54, 2975–2979.

16 A. T. Marshall and R. G. Haverkamp, Electrochim. Acta, 2010,
55, 1978–1984.

17 E. Ortel, T. Reier, P. Strasser and R. Kraehnert, Chem. Mater.,
2011, 23, 3201–3209.

18 J. Kibsgaard, T. R. Hellstern, S. J. Choi, B. N. Reinecke and
T. F. Jaramillo, ChemElectroChem, 2017, 4, 2480–2485.

19 M. Bernicke, E. Ortel, T. Reier, A. Bergmann, J. F. D. Araujo,
P. Strasser and R. Kraehnert, ChemSusChem, 2015, 8, 1908–
1915.

20 G. Li, S. Li, M. Xiao, J. Ge, C. Liu and W. Xing, Nanoscale,
2017, 9, 9291–9298.
This journal is © The Royal Society of Chemistry 2020
21 S. M. Alia, S. Shulda, C. Ngo, S. Pylypenko and B. S. Pivovar,
ACS Catal., 2018, 8, 2111–2120.

22 C. Spori, J. T. H. Kwan, A. Bonakdarpour, D. P. Wilkinson
and P. Strasser, Angew. Chem., Int. Ed., 2017, 56, 5994–6021.

23 C. Rakousky, U. Reimer, K. Wippermann, S. Kuhri,
M. Carmo, W. Lueke and D. Stolten, J. Power Sources, 2017,
342, 38–47.

24 H. Kuroki, T. Tamaki, M. Matsumoto, M. Arao, Y. Takahashi,
H. Imai, Y. Kitamoto and T. Yamaguchi, ACS Appl. Energy
Mater., 2018, 1, 324–330.

25 T. Tamaki, H. Kuroki, S. Ogura, T. Fuchigami, Y. Kitamoto
and T. Yamaguchi, Energy Environ. Sci., 2015, 8, 3545–3549.

26 P. Lettenmeier, L. Wang, U. Golla-Schindler, P. Gazdzicki,
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