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C nanoparticle electrocatalyst for
the hydrogen oxidation reaction of alkaline anion
exchange membrane fuel cells
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Alkaline anion exchange membrane fuel cells have faster kinetics for the oxygen reduction reaction (ORR)

than proton exchange membrane fuel cells; however, the hydrogen oxidation reaction (HOR) at anodes

with precious metals is more sluggish under alkaline conditions than that under acidic conditions, which

hinders the further development of fuel cells. Herein, a novel catalyst, iridium nanoparticle-supported

ceria–carbon black (10% Ir/CeO2–C), was developed for use in the hydrogen oxidation reaction (HOR)

under basic conditions. Cyclic voltammetry reveals that the electrochemical surface area of 10% Ir/

CeO2–C is 1.5 times that of 10% Ir/C. The RDE measurement suggests that the exchange current density

of 10% Ir/CeO2–C is 2.4 times that of 10% Ir/C, and the mass activity and specific activity of 10% Ir/

CeO2–C for HOR are greater than those of 10% Ir/C by 2.8 fold and 1.8 fold, respectively. The effective

prevention of the agglomeration of the highly dispersed Ir nanoparticles could be ascribed to the strong

metal–support interaction between Ir and CeO2, and the promoted electrocatalytic activity would

benefit from the oxophilic effect due to the higher oxygen storage-release capacity of ceria. Thus, 10%

Ir/CeO2–Cwould be a good candidate for use at the anode of alkaline anion exchangemembrane fuel cells.
1. Introduction

Fuel cells have shown signicant promise as an alternative
electricity generation technology in both automotive and
stationary applications.1 However, the high cost due to the
platinum (Pt) electrocatalyst hinders the process of their
commercialization. Therefore, complete replacement of Pt with
less expensive andmore naturally abundant metals is crucial for
making this technology an affordable solution for automotive
as well as other large scale applications.2 Alkaline anion
exchange membrane fuel cells (AAEMFCs) have faster kinetics
in the oxygen reduction reaction (ORR) as compared to proton
exchange membrane fuel cells (PEMFCs); this suggests that
non-Pt catalysts can be used in the cathode to reduce the cost of
the fuel cell. However, the hydrogen oxidation reaction (HOR)
under alkaline conditions on platinum (Pt) is two orders of
magnitude slower than that under acidic conditions.3 Conse-
quently, AAEMFC anodes would require 10–100 fold increase in
the amount of Pt catalyst to achieve the same current density as
compared to the PEMFC counterpart. This lower intrinsic
activity under alkaline conditions has barricaded the use of
, Dalian Institute of Chemical Physics,

oad 457, Dalian 116023, China. E-mail:
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, 19A Yuquan Road, Beijing 100039, PR
remarkably low concentrations of Pt catalyst in anodes; this
increases the cost and cancels out the merit that cathode
requires non-noble metal catalysts such as Fe/N/C4 and Co/N/C5.
Fortunately, many non-platinum catalysts such as Pd, Ir, and Ru
and alloys6–8 or non-noble metals such as RANEY® Ni9, Ni/N-
CNT,10 and NiCoMo11 are stable under alkaline conditions,
which enlarge the scope of HOR catalysts and provide the tactics
to solve this issue. There is no doubt that platinum group
metals react approximately two orders of magnitude slower
under basic conditions than under acidic conditions,3 but the
reason why this happens and a solution to make platinum
group metals active are under debate.

Moreover, some researchers have studied the Pt and Pt-M
alloy catalysts to promote the intrinsic activity in a base based
on lowering the hydrogen binding energy. Megan E. Scoeld12

et al. synthesized a number of crystalline ultrathin PtM (M¼ Fe,
Co, Ru, Cu, and Au) alloy nanowires (NWs) to replace a portion
of the costly Pt metal. They found that the Pt7Ru3 NW system
achieved an exchange current density of 0.493 mA cm�2, which
was higher than the corresponding data for the Pt NWs alone,
and ascribed this to the synergistic ligand and strain effects.
Coincidentally, Zhuang13 et al. used PtRu/C as the HOR catalyst
for the AAEMFC and made the peak power density of single cell
increase to 1.0 W cm�2 as compared to 0.6 W cm�2 when Pt/C
was used as the anode catalyst. They explained that the incor-
poration of Ru had an electronic effect on weakening the Pt–Had

interaction rather than an oxophilic effect, which contributed to
This journal is © The Royal Society of Chemistry 2017
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the removal of the Had intermediate through the reaction with
OHad.

On the other hand, some studies have been conducted to
develop non-platinum catalysts for the hydrogen oxidation
reaction (HOR) in a base via promotion of the oxophilic effect.
There are some reports of many great achievements in the non-
platinum (Pt) metal, such as Ru, Pd, and Ir, and even non-noble
metal catalysts, such as Ni or alloy. Junya Ohyama14 et al.
prepared Ru/C with 3 nm diameter via liquid phase reduction of
RuCl3 by NaBH4, which exhibited a better cell performance with
a peak power density of over 250 mW cm�2. Alesker15 et al.
synthesized a highly active Pd/Ni hydrogen oxidation reaction
(HOR) electrocatalyst for membrane electrode assemblies
(MEAs) of alkaline anion exchange membrane fuel cells
(AAEMFCs), which showed a maximum peak power of 400 mW
cm�2. They deduced that addition of an oxophilic metal, such as
Ni, facilitates the removal of the Had intermediate. Surprisingly,
Miller2 et al. employed a mixed carbon–CeO2-supported palla-
dium (Pd) anode catalyst that exhibited enhanced kinetics for
the HOR, and the entirely Pt-free AAEMFC produced a peak
power density of over 500 mW cm�2. They concluded that CeO2

not only weakens the Pd–Had but also assists in supplying OHad

from oxophilic CeO2 to the active site.
Unlike the extensive research effort on Pt and Pd, studies on

the HOR under alkaline conditions over Ir and Ir-based alloys as
anode catalysts in the alkaline anion exchange membrane fuel
cell are limited, and only a few studies have been reported in the
literature. Wei16 et al. used the solvent-vaporization plus
hydrogen reduction method-prepared IrFe, IrNi, and IrCo alloy
catalysts with the nanoparticle size of <5 nm. Based on the half-
cell measurements, IrNi showed the best performance than
others because of the oxophilic effect of the catalytic metal
surfaces in an alkaline medium; this affects OHad adsorption
and desorption properties and surface Had coverage.

In brief, the introduction of transition metals (Ru, Fe, Co, Ni,
and Cu) into noble metals (Pt, Pd, and Ir) is a useful way to
promote the intrinsic activity through synergistic ligands, strain
effects, electronic effects or oxophilic effects; moreover, the
introduction of transition metal oxide materials (CeO2

2) and
transition metal carbides17 (VC, WC) as supports and co-
catalysts enhances the intrinsic activity via a bifunctional
effect and improves the dispersion through strong metal–
support interaction (SIMI). Encouraging results were achieved,
which inspired us to explore the Ir-based catalysts; thus, we
used CeO2 as a co-catalyst and support for HOR in an alkaline
medium.

CeO2, one of the transition metal oxide materials, exhibits
a structure-sensitive formation of oxygen vacancy that helps
ceria gain remarkable capabilities for the adsorption of
oxygenated species; it assists the elementary reaction step of
Volmer reaction for hydrogen oxidation in an alkaline medium;
moreover,2 it has attracted signicant attention because of its
low-cost and outstanding chemical stability under alkaline
conditions. However, the conductivity of CeO2 is relatively low,
which has restricted its usage in the electrocatalytic eld. As is
well-known, carbon nanomaterials such as carbon black
(Vulcan XC-72) and carbon nanotubes (CNTs) are efficient
This journal is © The Royal Society of Chemistry 2017
support material for nanometal catalysts because of their better
conductivity and high surface area. In addition, Ir is less
expensive than Pt, but the activity of Ir is inferior to that of Pt.
Through adding CeO2 to enhance the activity of Ir via bifunc-
tional effects18 and improving Ir nanoparticle dispersion
through strong metal–support interaction19 (SIMI) may be
a good idea for designing a better catalyst for HOR in a base.

Herein, we applied the ethylene glycol (EG) method to
prepare 10% Ir/CeO2–C catalysts because the EG method has
been commonly used by other researchers20 to synthesize
iridium-based nanoparticle catalysts. Electrochemical testing
suggested that 10% Ir/CeO2–C showed better activity than 10%
Ir/C, which was used for comparison, and the HOR exchange
current densities of 10% Ir/CeO2–C were more than twice those
of 10% Ir/C in the half-cell testing.
2. Experimental
2.1 Catalyst preparation

The CeO2–C hybrid support was prepared as follows: 1.3275 g
Ce(NO3)3$6H2O was dissolved in 65 mL of distilled water. Then,
1.0 g Vulcan XC-72 carbon was ultrasonically dispersed in the
abovementioned solution for 0.5 h, and 2 M NaOH solution was
added into the mixture until pH ¼ 12 to form precipitates.
Subsequently, the suspension was stirred for 2 h and ltered
and dried overnight in a vacuum drier. Finally, the solid was
transferred to a tubular oven at 250 �C for 3 h under air to obtain
about 20 wt% CeO2–C support.

Aer this, 10% Ir/CeO2–C nanoparticle catalyst was prepared
via the ethylene glycol (EG) method. The details of the prepa-
ration procedure have been previously reported.21 Briey, 90 mg
CeO2–C and 5.31 mL H2IrCl6 solution (9.8 mM) were added to
30 mL ethylene glycol to form a slurry via stirring and ultra-
sonication for 30 minutes. Then, 2 M NaOH solution was slowly
added to the slurry to achieve pH 12. The resulting slurry was
stirred and reuxed under 120 �C for 3 h. Finally, the pH of the
slurry was adjusted to three by the HCl solution before the slurry
was cooled down to room temperature. Aer stirring, 10% Ir/
CeO2–C was precipitated and centrifuged. Subsequently, the
electrocatalyst was washed several times with deionized water
and alcohol to remove residual Cl� and dried using the vacuum-
drying process. In addition, 10% Ir/C catalyst with the same Ir
content was also prepared through the same process for
comparison.
2.2 Electrode preparation

Glassy carbon disk electrode of 4 mm diameter, polished to
a mirror-nish before each experiment (0.05 mm alumina), was
used as the substrate. For the electrode preparation, 5 mg
catalyst was dispersed in a mixture of 2.5 mL of 2-propanol and
20 mL of Naon solution (5 wt%, Aldrich) under ultrasonic
stirring to form a homogeneous catalyst ink; then, 10 mL of an
ultrasonically dispersed catalyst suspension was transferred
onto the substrate using amicrosyringe and dried in air at room
temperature to form a thin lm of the catalyst. Working elec-
trodes were coated with 10 mL of ink, resulting in 10% Ir/CeO2–C
RSC Adv., 2017, 7, 31574–31581 | 31575
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or 10% Ir/C nanoparticle loadings of 11.6 mgIr cmdisk
�2 or 13.5

mgIr cmdisk
�2, respectively, necessary to reach proper diffusion

limited currents in the HOR experiments.22,23
2.3 Physical characterization

Scanning electron microscopy (SEM) images were obtained at
20 kV via a JSM-IT300 microscope. Catalyst compositions were
determined by energy dispersive X-ray spectroscopy (EDS)
experiments during SEM. Inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) and inductively coupled
plasma-atomic mass spectroscopy (ICP-MS) were conducted
using a Perkin-Elmer Optima 7300 DV. Transmission electron
microscopy (TEM) images were obtained at 120 kV using a JEM-
2000EX electron microscope. X-ray diffraction (XRD) patterns
were obtained via a powder X-ray diffractometer (PANalytical
X'Pert PRO) using Cu Ka radiation. The tube current was 40 mA
and the tube voltage was 40 kV. The 2q angular regions between
10 and 80� were explored at a scan rate of 5� min�1. X-ray
photoelectron spectra (XPS) were obtained via an ESCALAB
MK II X-ray photoelectron spectrometer with Mg Ka as the
excitation source. The binding energies achieved in the XPS
spectral analysis were corrected for specimen charging by
referencing C 1s to 284.8 eV.
2.4 Electrochemical characterization

Electrochemical measurements were conducted in a RDE half-
cell containing a 0.1 M potassium hydroxide (KOH) electro-
lyte. The RDE half-cell utilized a glassy carbon working elec-
trode, Pt wire counter electrode, and mercury–mercury oxide
reference electrode (0.1 M KOH TianJin AIDA Co., Ltd.). The
rotation of the working electrode was controlled by a modulated
speed controller (Pine Instruments), and data were obtained
using an electrochemical workstation (Gamry Interface 1000E).
All potential values in this study were referenced to a reversible
Fig. 1 XRD pattern of the prepared Vulcan XC-72, 10% Ir/C, 20%
CeO2–C, and 10% Ir/CeO2–C hydrogen electrode (RHE). The
current was normalized to the geometric surface area of the
glassy carbon electrode (0.1256 cm2).
Fig. 1 XRD pattern of the prepared Vulcan XC-72, 10% Ir/C, 20%
CeO2–C, and 10% Ir/CeO2–C.

31576 | RSC Adv., 2017, 7, 31574–31581
Repeated cyclic voltammograms were completed at
50 mV s�1 in an argon saturated 0.1 M KOH electrolyte in the
scan range of 0–0.9 V vs. reversible hydrogen electrode (RHE).
The electrochemical surface areas (ECSA) of the 10% Ir/CeO2–C
and 10% Ir/C samples were determined by H desorption in the
cyclic voltammograms (CVs) based on a charge density of 218
mC cm�2

Ir, using the following equation:22

ECSA
�
m2g�1

� ¼ QH

0:218�m
(1)

where QH is the hydrogen desorption charge in the CV curve and
m is the weight of the metal applied on the electrode.

HOR activity was measured under rotation at 1600 rpm at
10 mV s�1 in a hydrogen saturated 0.1 M KOH electrolyte in the
scan range of �0.05–0.5 V vs. reversible hydrogen electrode
(RHE). RDE studies are used to separate the current into its
kinetic and diffusion-based constituents, as shown by the
Koutecky–Levich equation:

1

i
¼ 1

ik
þ 1

id
(2)

where i is the measured current density, ik is the kinetic current
density, and id is the diffusion-limited current density.

The stability of the catalysts was tested via cyclic voltam-
metry. The potential was swept at 100 mV s�1 between 0 and
0.9 V vs. reversible hydrogen electrode (RHE) for 2000 cycles in
an argon saturated 0.1 M KOH without rotation. The
morphology of the 10% Ir/CeO2–C and 10% Ir/C aer 2000
potential cycles was characterized via transmission electron
microscopy (TEM) to monitor the differences in the morphology
and sizes of the nanoparticles; moreover, through inductively
coupled plasma-atomic mass spectroscopy (ICP-MS), we
measured the amount of elemental Ir in 0.1 M KOH that
detached from the catalyst support.
3. Results and discussion

The characterization of X-ray power diffraction is shown in
Fig. 1. The diffraction peaks at approximately 24.8� observed in
the XRD patterns are attributed to the graphitic (002) planes of
Vulcan XC-72 (JCPDS 01-074-2329). The XRD pattern for the
sample peak corresponds to the (111), (200), (220), (311), (222),
and (400) planes located at 2q ¼ 28.5�, 32.1�, 47.5�, 56.6�, 59.2�,
and 69.5�, respectively, which could be assigned to the planes of
the uorite-structured cubic ceria (JCPDS 03-065-5923). All the
catalysts containing iridium displayed a small peak at 2q ¼
40.0� (JCPDS 01-088-2342), which corresponded to the cubic
iridium (111), indicating that the content of the iridium cata-
lysts and size are much smaller than those of the support.

As shown in Fig. 2(a–f), the morphology and particle size
distribution of the as-prepared 20% CeO2–C, 10% Ir/CeO2–C,
and 10% Ir/C catalysts were characterized by TEM. The average
particle sizes, calculated from the randomly selected 100
nanoparticles, are 4.9 nm, 1.1 nm, and 1.5 nm for 20% CeO2–C,
10% Ir/CeO2–C, and 10% Ir/C, respectively. The average particle
size of 10% Ir/CeO2–C is slightly smaller than that of 10% Ir/C.
In the HRTEM image, it can be observed that some Ir
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM images and corresponding particle size distribution
histograms of 20% CeO2–C (a and d), 10% Ir/CeO2–C (b and e), and
10% Ir/C (c and f) catalysts.

Fig. 4 SEM and EDS analysis of (a) 10% Ir/CeO2–C and (b) 10% Ir/C.
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nanoparticles are located nearby CeO2, and others are attached
to the XC-72 in the 10% Ir/CeO2–C, as shown in Fig. 3. The
lattice fringes of the ceria (111) planes with a spacing value of
0.32 nm were also observed. Moreover, nearby ceria, the lattice
fringes of Ir (111), additional lattice fringes with a spacing value
of 0.22 nm, were observed.

The compositions of the 10% Ir/CeO2–C and 10% Ir/C cata-
lysts were further characterized by EDS, and the spectra are
shown in Fig. 4.

The relative weight percentages of Ir, Ce, C, and O in the 10%
Ir/CeO2–C catalyst are 8.08%, 13.06%, 73.16%, and 5.71%,
respectively, and the relative weight percentages of Ir and C in
the 10% Ir/C catalyst are 8.41% and 91.86%, which were further
Fig. 3 HRTEM and FFT images of Ir/CeO2–C.

This journal is © The Royal Society of Chemistry 2017
measured by ICP-AES, as shown in Table 1, indicating that the
results are reliable.

XPS was employed to investigate the nature of the surface
species for the 10% Ir/CeO2–C and 10% Ir/C catalysts; the full
XPS spectra of 10% Ir/CeO2–C and 10% Ir/C are shown in
Fig. 5(a), and the Ir 4f spectra of 10% Ir/C and 10% Ir/CeO2–C
catalysts are shown in Fig. 5(b) and (c), respectively. Since the Ir
metal is easily oxidized to the form of Ir oxide (IV) under
ambient conditions, the XPS spectra of Ir 4f can be tted by two
pairs of curves according to the presence of the oxidized forms
of Ir(IV) and metallic Ir. For the 10% Ir/C catalyst, the peaks at
62.1 and 65.1 eV are ascribed to the metallic Ir, and the peaks at
63.0 and 67.1 eV are ascribed to the oxidized forms of Ir(IV).
Similarly, for the 10% Ir/CeO2–C catalyst, the peaks at 61.9 and
65.0 eV are ascribed to the metallic Ir, and the peaks at 63.4 and
66.3 eV are ascribed to the oxidized forms of Ir(IV). It is evident
that the peak position of the metallic Ir 4f of the Ir/CeO2–C
catalyst is slightly shied to the negative direction as compared
to that of the Ir/C catalyst, indicating that there is a strong
interaction between the Ir nanoparticles and the CeO2 support;
this is also conrmed by the Ce 3d spectra where the peaks at
917.6 eV, 907.8 eV, 901.8 eV, 899.0 eV, 888.7 eV, and 882.8 eV of
Ir/CeO2–C are shied to the positive direction as compared to
those of CeO2.18
Table 1 Compositional analysis of 10% Ir/CeO2–C and 10% Ir/C

Method Catalyst Ir (wt%) Ce (wt%) C (wt%) O (wt%)

EDS Ir/C 8.41 — 91.86 —
Ir/CeO2–C 8.08 13.06 73.16 5.71

ICP-AES Ir/C 8.48 — — —
Ir/CeO2–C 7.27 12.71 — —

RSC Adv., 2017, 7, 31574–31581 | 31577
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Fig. 5 XPS analysis of (a) 10% Ir/CeO2–C and 10% Ir/C full XPS spec-
trum; (b) Ir 4f spectrum of 10% Ir/C, (c) Ir 4f spectrum of 10% Ir/CeO2–
C, and (d) Ce 3d spectrum of 10% Ir/CeO2–C.
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Cyclic voltammetry was employed to investigate the electro-
chemical surface areas for the 10% Ir/CeO2–C and 10% Ir/C
catalysts, and the results are shown in Fig. 6(a). The electro-
chemical surface areas (ECSA) of the 10% Ir/CeO2–C and 10% Ir/
C samples were determined by H desorption from the cyclic
voltammograms based on a charge density of 218 mC cm�2

Ir

using the eqn (1) and were found to be 80.1 m2 g�1 and 52.0 m2

g�1, respectively. The enhanced ECSA of 10% Ir/CeO2–C could
be attributed to the CeO2 nanoparticles. Particularly, the CeO2

particles are covered with negative charges when the pH value is
larger than 12 in the process of catalyst preparation, which
makes CeO2 easily deposit onto the Vulcan XC-72 support with
positive charges through electrostatic attraction. With more
oxygen species provided by CeO2, the surface of carbon black
Fig. 6 (a) Cyclic voltammograms of 10% Ir/CeO2–C and 10% Ir/C
catalysts (Ar-saturated 0.1 M KOH, 50 mV s�1, room temperature). (b)
Linear scanning voltammograms of 10% Ir/CeO2–C and 10% Ir/C
catalysts (H2-saturated 0.1 M KOH, 10 mV s�1, 1600 rpm, room
temperature). Tafel plot of (c) 10% Ir/CeO2–C catalyst and (d) 10% Ir/C
catalyst.

31578 | RSC Adv., 2017, 7, 31574–31581
could be functionalized with hydroxyl and carbonyl groups,
which acted as the anchoring sites for the Ir nanoparticles and
prevented agglomeration;24 therefore, 10% Ir/CeO2–C had
a higher ECSA value than 10% Ir/C catalyst. This is supported by
the fact that the average particle size of 10% Ir/CeO2–C is
slightly smaller than that of 10% Ir/C. Note that the peak
potential of the HUPD desorption is used as a descriptor for HOR
in evaluating the hydrogen binding energy (HBE).25 As Fig. 6(a)
shows, the peak potential of the HUPD desorption from 10% Ir/
CeO2–C has no explicitly negative shi as compared to that of
10% Ir/C, indicating that the strong metal–support interaction
(SMSI) between Ir and CeO2 cannot obviously lower the
hydrogen binding energy of 10% Ir/CeO2–C. Thus, the
enhanced activity of 10% Ir/CeO2–C could not be ascribed to the
electronic effect of hydrogen binding energy lowering; thus, it
may benet from the oxophilic effect of CeO. A similar conclu-
sion was conrmed by the in situ ATR-FTIR spectroscopy
previously reported by Koichi Eguchi et al.26 However, the oxo-
philic effect of CeO2 supports that the activity Ir/CeO2–C is
limited under basic conditions.

Rotating disk electrochemistry was employed to investigate
the electrocatalytic activity of the 10% Ir/CeO2–C and 10% Ir/C
catalysts, as shown in Fig. 6(b). At low polarizations, the reac-
tion is under kinetic control because the diffusion rate is suffi-
cient to supply enough reactant for the reaction. As the
overpotential is increased, the reaction becomes faster and needs
more reactant to generate the kinetically desired current. Even-
tually, the limited diffusion rate is not high enough to supply
enough reactant and the reaction becomes diffusion-controlled;
thus, the current reaches up to the maximum point where the
reaction becomes completely diffusion-controlled. The diffusion
limiting current was higher for 10% Ir/CeO2–C than for 10% Ir/C,
and this was determined by the factors such as catalyst layer
thickness and structure, as well as loading or surface area or
particle shape and size. Therefore, the catalyst activity is the
kinetic component of the current and indicated in the gradient of
the curve at the potentials before the diffusion limited value is
reached. Fig. 6(b) shows a slightly steeper gradient for the 10% Ir/
CeO2–C catalyst than that for the 10% Ir/C catalyst.

Furthermore, Tafel analysis was carried out for the quanti-
tative evaluation of the RDE data by eqn (2) to calculate kinetic
current density, as shown in Fig. 6(c) and (d). The exchange
current density (i0) of HOR was obtained via linear tting of the
kinetic current density into the Tafel equation as follows:1

log ik ¼ h

b
� a

b

where ik is the kinetic current density, h is the overpotential,

a ¼ �2:303 RT
anF

log i0, b ¼ 2:303
RT
anF

, a is the charge transfer

coefficient and
a
b
¼ �log i0. Thus,

log ik ¼ h

b
þ log i0:

Via tting the linear region of a plot of log ik vs. h, a gradient
and an intercept could be obtained, and then, the exchange
This journal is © The Royal Society of Chemistry 2017
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Table 2 Tafel analysis of 10% Ir/CeO2–C and 10% Ir/C

Catalyst Intercept (log i0) Slope (1/b) i0 (mA cmdisk
�2) Tafel Slope b (mV dec�1)

Ir/C �0.4480 10.426 0.356 95.9
Ir/CeO2–C �0.0702 11.185 0.851 89.4

Table 3 The reported performance of the Ir-based HOR catalysts under basic conditions

Catalyst MA (A gIr
�1) SA (mA cmIr

�2) Temperature Electrolysis Ref.

IrFe/C 57.4 — Room temperature 0.1 M NaOH 16
IrNi/C 71.4 — Room temperature 0.1 M NaOH 16
IrCo/C 51.1 — Room temperature 0.1 M NaOH 16
Ir/C 128.6 � 18.8 0.21 � 0.02 20 �C 0.1 M KOH 22
Ir/C–300C 110.3 � 13.1 0.22 � 0.07 20 �C 0.1 M KOH 22
Ir/C–500C 118.4 � 20.0 0.30 � 0.06 20 �C 0.1 M KOH 22
Ir/C–600C 97.8 � 7.6 0.31 � 0.05 20 �C 0.1 M KOH 22
Ir/C–800C 73.0 � 9.0 0.53 � 0.01 20 �C 0.1 M KOH 22
Ir/C — 0.20 20 �C 0.1 M KOH 27
Ir/CeO2–C 73.5 0.092 Room temperature 0.1 M KOH This work
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current density i0 and the Tafel slope b could be calculated as
shown in Table 2.

The exchange current densities of 0.851 mA cmdisk
�2 and

0.356 mA cmdisk
�2 for the 10% Ir/CeO2–C catalyst and 10% Ir/C

catalyst, respectively, were obtained. The 10% Ir/CeO2–C cata-
lyst exhibits an increase of over 200% in the exchange current
density as compared to the 10% Ir/C catalyst. When normalized
to the mass, the exchange current densities are 73.5 Ag�1

Ir for
Fig. 7 Cyclic voltammogram of (a) Ir/CeO2–C and (b) Ir/C before and
CeO2–C and (d) Ir/C before and after 2000 potential cycles. ECSA (e) and
cycles.

This journal is © The Royal Society of Chemistry 2017
10% Ir/CeO2–C and 26.4 Ag�1
Ir for 10% Ir/C. When normalized

to the ECSA, the exchange current densities are 0.092 mA cm�2
Ir

for 10% Ir/CeO2–C and 0.051 mA cm�2
Ir for 10% Ir/C. The mass

activity of 10% Ir/CeO2–C is 2.8 fold that of 10% Ir/C, and the
specic activity of 10% Ir/CeO2–C is about 1.8 fold that of 10%
Ir/C; this suggests that 10% Ir/CeO2–C is more active for the
HOR under alkaline conditions than 10% Ir/C and a promising
candidate for anode catalysts of alkaline anion exchange
after 2000 potential cycles. Linear scanning voltammograms of (c) Ir/
mass activity@ 50 mV (f) of Ir/CeO2–C and Ir/C before and after 2000

RSC Adv., 2017, 7, 31574–31581 | 31579
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Fig. 9 Schematic of 10% Ir/CeO2–C for HOR in a basic solution.
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membrane fuel cells. Moreover, we compared the as-prepared
Ir/CeO2–C with the state-of-the-art catalysts, as shown16,22,27 in
Table 3.

Moreover, the stability of the catalysts was measured by
repeated cyclic voltammetry, as shown in Fig. 7. We compared
the ECSA and performance of 10% Ir/CeO2–C before and aer
2000 potential cycles to study the stability of 10% Ir/CeO2–C.
The results are shown in Fig. 7(e) and (f). These suggests that
the ECSA of 10% Ir/CeO2–C is reduced by about 37.1% and the
ECSA of 10% Ir/C is reduced by about 33.4%; however, the mass
activity at 50 mV of 10% Ir/CeO2–C is only reduced by 0.47%,
whereas that of 10% Ir/C is reduced by 6.06%. Thus, there is no
doubt that 10% Ir/CeO2–C shows better stability than 10% Ir/C,
which may be ascribed to the strong metal–support interaction
between Ir and CeO2 that has been proven by the XPS results.

To gain a better understanding of the prevention of the
agglomeration of the Ir nanoparticles by the metal–support
interaction between Ir and CeO2, the morphology and size
distribution histograms of 10% Ir/CeO2–C and 10% Ir/C before
and aer 2000 potential cycles were obtained, as shown in
Fig. 8. The agglomeration of the Ir nanoparticles of both 10% Ir/
CeO2–C and 10% Ir/C are obvious aer 2000 potential cycles,
but the average particle size of 10% Ir/CeO2–C is 3.4 nm, which
is smaller than that (4.4 nm) of 10% Ir/C. This is consistent with
the decrease of the ECSA aer 2000 potential cycles and indi-
cates that the rate of agglomeration for the Ir nanoparticles in
Ir/CeO2–C is slower than that in 10% Ir/C. This may be due to
the metal–support interaction between Ir and CeO2 which
restrains Ir nanoparticle migration and agglomeration in Ir/
CeO2–C.

Moreover, the amount of the metal Ir that detached from the
catalyst support to 0.1 M KOH aer the durability test was
measured by ICP-MS. The result of ICP-MS suggests that the
Fig. 8 TEM images and particle size distribution histograms of 10% Ir/
CeO2–C (a, c, and e) and 10% Ir/C (b, d, and f) catalysts before and after
2000 potential cycles.

31580 | RSC Adv., 2017, 7, 31574–31581
average concentration of Ir that detached from 10% Ir/C in
0.1 M KOHwas 0.095 ppb, which was 1.7 fold that (0.055 ppb) of
10% Ir/CeO2–C. This proves that there is a strongmetal–support
interaction between Ir and CeO2 that inhibits Ir nanoparticle
detachment from the CeO2–C hybrid support during the
potential cycles.

Unlike Pt and Pd, the peak potential of the HUPD desorption
from Ir/CeO2–C had no explicitly negative shi, indicating that
ceria could not weaken the Ir–Had. Thus, the promoted elec-
trocatalytic activity would benet from the oxophilic effect due
to the higher oxygen storage-release capacity of ceria.

In detail, themechanism of HOR follows the Tafel–Volmer or
Heyrovsky–Volmer mechanism, as follows:11

H2 + 2* ¼ 2Had Tafel

H2 + OH� + * ¼ Had + H2O + e� Heyrovsky

Had + OH� ¼ H2O + e� + * Volmer

Abel C. Chialvo28 et al. evaluated the kinetic parameters of
the hydrogen oxidation reaction on nanostructured iridium
electrodes in an alkaline solution. They claimed that Tafel–
Volmer is the prevailing route and the slower kinetics of HOR in
the alkaline solution can be ascribed to the fact that it is more
difficult for OH� than for H+ to achieve the appropriate spatial
conguration to enable the electron transfer in the constrains of
the surface water network according to Grotthuss type mecha-
nism; this increased the activation energies of the Heyrovsky
and Volmer steps and resulted in a decrease in the corre-
sponding equilibrium reaction rates. In light of this, ceria
(CeO2) exhibits a structure-sensitive formation of oxygen
vacancy on its surface. The O-vacancy helps ceria gain remark-
able capabilities for the adsorption of oxygenated species such
as OH� or OHad, which assists the elementary reaction step of
Volmer reaction for H2 oxidation in an alkaline medium.2,29

In addition, the lower value of the electrocatalytic activity of
the HOR in the alkaline solution with respect to that in the
acidic solution has been interpreted in terms of the electro-
adsorption of hydroxyl ions as follows.30,31

OH� + * ¼ OHad + e�
This journal is © The Royal Society of Chemistry 2017
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Ceria (CeO2) could act as a co-catalyst for the electro-
adsorption of hydroxyl ions and help the metal Ir catalyst
release more active sites for hydrogen adsorption, as shown in
Fig. 9.
4. Conclusions

We report a facile method to prepare the 10% Ir/CeO2–C
nanoparticle. Ultrane Ir particles are closely adhered to the
interfaces of the CeO2–C support. 10% Ir/CeO2–C shows
enhanced catalytic HOR activity in alkaline media as compared
to the 10% Ir/C catalyst. The superior catalytic performance of
the 10% Ir/CeO2–C catalyst is attributed to the presence of
abundant Ir, CeO2, and C heterointerfaces,32 as shown in Fig. 9,
which greatly facilitates the synergistic effects, electronic effect,
and oxophilic effect33 between Ir and CeO2. Particularly, the
Vulcan XC-72 carbon black provides a highway for electron
transport and high surface area to disperse the Ir and CeO2

nanoparticles. The ceria nanoparticles not only supply
a number of active sites for anchoring and stabilizing the Ir
nanoparticles, but also promote hydrogen oxidation in a base
through bifunctional effects, wherein the oxygen vacancy
adsorbs hydroxyl species as well as enhances the electro-
chemical surface areas (ECSA) via the strong metal–support
interaction (SMSI) between Ir and CeO2. This study provides
a facile strategy for designing advanced ternary heterointerface
electrocatalysts; these electrocatalysts showed enhanced HOR
catalytic performance in a base. Moreover, 10% Ir/CeO2–C
would be a good candidate for use at the anode of alkaline
anion exchange membrane fuel cells.
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