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ABSTRACT: Preferential oxidation of CO in H2 (PROX) has been
regarded as the most promising on-board approach to remove the trace levels
of CO (∼1%) present in hydrogen fuels and thus to protect the Pt electrodes
of proton exchange membrane fuel cells (PEMFCs) against CO poisoning.
However, development of an active and selective catalyst toward CO
oxidation in a broad low-temperature range remains challenging due to the
competitive hydrogen oxidation reaction. Here, we report that selective
deposition of the FeOx overcoat onto SiO2-supported Ir nanoparticles using
the atomic layer deposition (ALD) technique allows precisely tailoring Ir−
FeOx interfaces for optimizing catalytic performance in the PROX reaction.
Compared to the uncoated Ir/SiO2 sample, FeOx-coated Ir/SiO2 samples
exhibited remarkable activity enhancements, where we observed a volcano
trend of the improved activity as a function of the numbers of FeOx ALD
cycles. The optimized catalytic performance was achieved on a 1.5 nm Ir/SiO2 sample with two cycles of FeOx overcoating, by
achieving complete CO conversion in a broad temperature range of 60−180 °C in the PROX reaction, which is the broadest
temperature range over Ir-based catalysts reported in the literature so far. We noticed that the activity improvement over these
samples was much less pronounced in CO oxidation in the absence of H2, which implies that the formation of hydroxyls on the
FeOx overcoat might be attributed to the large activity enhancement in the PROX reaction.

1. INTRODUCTION

Proton-exchange membrane fuel cells (PEMFCs) are consid-
ered to be one of the most attractive technologies for efficient
and environmentally benign power generations in the
applications of transportation, residential cogeneration, port-
able electric devices, and others.1,2 One obstacle is that the
hydrogen fuel, generally produced by reforming of hydro-
carbons or alcohols, often contains ∼1% CO impurities,3

which can deactivate the platinum electrodes quickly.4

Preferential CO oxidation in H2 (PROX) is the promising
on-board approach to remove the CO residuals for protecting
the fuel cells against CO poisoning.5−7 The goal is to develop a
catalyst active and selective toward CO oxidation in rich H2
over a broad low-temperature range, so that CO can be
efficiently removed (below 10 ppm) on board during PEMFC
operation.1,8 However, the competitive H2 oxidation reaction
makes the above demand challenging.
In the past decades, tremendous efforts have been devoted

to developing an efficient PROX catalyst by examining a broad
scope of catalyst candidates including CuOx−CeOx,

9,10

Au,11−13 and Pt-group catalysts.14−16 Among these catalysts
investigated, Pt-group catalysts with a promotion of transition
metal oxide (TMOx), e.g., FeOx, showed remarkably high
catalytic performance in both activity and selectivity toward
CO oxidation. For instance, Zhang et al. showed that

subnanometer Pt clusters supported on iron oxide enabled
us to achieve complete CO conversion in a low-temperature
range of 20−70 °C in the PROX reaction.17 Watanabe et al.
reported that zeolite-supported PtFe alloy nanoparticles (NPs)
with a particle size of ∼1.1 nm could achieve complete CO
conversion in a higher broad temperature range of 80−200
°C.18 Bao et al. proposed that the largely improved activity
over PtFe/SiO2 in the PROX reaction stems from the confined
CO oxidation reaction at the Pt−FeO interfaces through the
noncompetitive Langmuir−Hinshelwood mechanism where
CO chemisorbs on the Pt surface and O2 is activated at the
interface.19 Contacting FeOx (or Fe(OH)x) with Ir NPs also
illustrated similar activity promotions by achieving complete
CO conversion in a low-temperature range of 20−60 °C.20,21

Therefore, effective construction of metal−oxide interfaces is a
promising way to optimize the catalytic performance.
However, in fact, it is difficult to realize this purpose using
the conventional wet-chemistry methods due to the lack of
precise control of the coverage of FeOx on metal NPs.
Atomic layer deposition (ALD) is a thin-film growth

technique, relying on sequential molecular-level self-limiting
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surface reactions. Owing to its self-limiting feature, ALD allows
conformal and uniform deposition of materials with near
atomic precise control on all types of substrates from two-
dimensional flat materials to high-aspect-ratio materials and to
high-surface-area materials.22 Consequently, ALD has been
applied in a wide range of applications, including electro-
luminescent displays,23 microdevices,24 polymers,25 catalysts,
and beyond.26 Very recently, we reported that by utilizing the
self-limiting nature of ALD and the steric hindrance between
chemisorbed iron precursors FeOx could be precisely
deposited onto silica-supported Pt NPs using FeOx ALD,
where the dispersion of FeOx species on Pt NPs could be
gradually tailored by increasing the coverages. In situ
spectroscopic characterization showed that iron species at
low coverages were atomically dispersed Fe1(OH)x under the
PROX reaction conditions, and abundant Pt−Fe1(OH)x single
interfacial sites are formed, which boost catalytic activity
tremendously by achieving complete CO removal with 100%
CO selectivity over a broad low-temperature range of −75−
107 °C.27 This work suggests that ALD is a powerful tool to
atomically precisely construct metal−oxide interfaces for
optimized catalytic performance.
In this work, FeOx was selectively deposited onto SiO2-

supported Ir NPs with different Ir particle sizes using ALD to
precisely tailor the Ir−FeOx interfacial sites for optimizing
catalytic activity in the PROX reaction. Inductively coupled
plasma-atomic emission spectrometry (ICP-AES), elemental
mapping, and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) of CO chemisorption measurements
confirmed the selective deposition of FeOx on Ir NPs but not
on the SiO2 support. FeOx-coated Ir/SiO2 samples exhibited
remarkable activity enhancements compared to the uncoated
Ir/SiO2 sample, and the improved activity showed a volcano
trend with the number of FeOx ALD cycles. Among these
samples, a 1.5 nm Ir/SiO2 sample with two cycles of FeOx
overcoat showed the optimized catalytic performance, by
achieving complete CO conversion in a broad temperature
range of 60−180 °C in the PROX reaction, which is the
broadest temperature range over Ir-based catalysts reported in
the literature so far.

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. 2.1.1. Ir/SiO2 Catalyst. Commer-

cial SiO2 (Sigma-Aldrich, BET surface area 300 m2/g) was
selected as the catalyst support. The Ir/SiO2 catalyst was
prepared by the incipient wetness impregnation method.28 In
brief, 1 g of H2IrCl6·xH2O (Aladdin, Ir ≥ 36%) was first
dissolved into 50 mL of deionized water. Next, 2.1 mL of the
as-prepared H2IrCl6 aqueous solution and 480 mg of SiO2
were added to 50 mL of deionized water. The mixture was
stirred for 24 h at room temperature and then dried at 80 °C.
The resulting material is denoted as Ir/SiO2-UC. Next, these
materials were further calcined at the different temperatures of
250, 350, and 600 °C in 10 vol % O2 in Ar for 4 h, respectively,
followed by a reduction at 300 °C in 10 vol % H2 in Ar for
another 1 h to vary the Ir particle size. These samples are
denoted as Ir/SiO2-250, Ir/SiO2-350, and Ir/SiO2-600,
respectively.
2.1.2. Selective Deposition of FeOx on Ir/SiO2 Catalysts.

FeOx ALD was performed in a viscous flow reactor
(GEMSTAR-6 Benchtop ALD, Arradiance) at 120 °C with a
carrier gas of ultrahigh purity N2 (99.999%) at a flow rate of
200 mL/min. Ferrocene (99.7%, Sigma-Aldrich) was used as

the iron precursor, and oxygen was used as the oxidant. The
ferrocene container was heated to 90 °C to achieve a
reasonable vapor pressure. The reactor inlet lines were heated
to 120 °C to prevent any precursor condensation. After loading
an Ir/SiO2 sample into the ALD reactor for 30 min with
temperature stabilized, FeOx ALD was performed by
alternatively exposing the sample to the ferrocene vapor and
oxygen for different cycles. The timing sequence was 150, 150,
100, and 150 s for the ferrocene exposure, N2 purge, O2
exposure, and N2 exposure, respectively. The samples with
different ALD cycles of FeOx coating were denoted as nFe/Ir/
SiO2-X. Here n is the number of FeOx ALD cycles (n = 1, 2, 3,
5 and 10), and X is the calcination temperature for Ir/SiO2. As
a control experiment, FeOx ALD was also performed on the
blank SiO2 support using the same ALD parameters (denoted
as nFe/SiO2), in order to examine the selective deposition of
FeOx on Ir NPs.

2.2. Characterization. The metal contents of the resulting
nFe/Ir/SiO2-X and nFe/SiO2 catalysts were determined by
ICP-AES by dissolving these samples into the hot aqua regia.
X-ray diffraction (XRD) patterns of these samples were
collected on a Rigaku/Max-3A X-ray diffractometer with Cu
Kα radiation (λ = 1.54178 Å), where the operation voltage and
current were maintained at 40 kV and 200 mA, respectively.
The measurements of aberration-corrected high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) were performed on a JEM-ARM200F
instrument operated at 200 kV (University of Science and
Technology of China) to characterize the morphology of
catalysts. Meanwhile, energy-dispersive X-ray (EDX) spectros-
copy was also collected on the same equipment.
DRIFTS of CO chemisorption measurements were

performed on a Nicolet iS10 spectrometer equipped with a
mercury cadmium telluride (MCT) detector and a low-
temperature reaction cell (Praying Mantis Harrick). Before
each measurement, a sample was calcined in 10 vol % O2 in He
for 1 h at 200 °C and then reduced in 10 vol % H2 in He for
another 2 h at 200 °C. After the sample cooled down to room
temperature, a background spectrum was collected. Then, 10
vol % CO in He was carried into the sample cell at a flow rate
of 20 mL/min for about 40 min until saturation. Subsequently,
the sample was purged with He at a flow rate of 20 mL/min for
another 40 min to remove the gas-phase CO or physically
adsorbed CO, and then the DRIFT spectra were collected with
256 scans at a resolution of 4 cm−1.
H2 temperature-programmed reduction (H2-TPR) was

recorded on AutoChem II 2920 equipment (Micromeritics).
After loading 50 mg of sample into the U-type quartz tube, the
sample was first calcined with 10 vol % O2 in He at 200 °C for
1 h. Next, the sample was cooled to room temperature or 0 °C,
and He was used to purge the reactor for 30 min. Then, the
flowing gas was switched to 10 vol % H2 in He, and the
temperature of the catalyst was raised to 700 °C at a ramping
rate of 10 °C/min.

2.3. Catalytic Activity Test. The catalytic performances of
the Ir catalysts in the PROX and CO oxidation (COOX)
reactions were both evaluated in a U-type quartz tube fixed-
bed reactor at atmospheric pressure. An amount of 100 mg of
Ir/SiO2 mixed with 1 g of 60−80 mesh quartz chips was used
for the reaction test, while the amount of nFe/Ir/SiO2-X
samples was adjusted to keep the same content of Ir. Prior to
the reaction test, the catalyst was first oxidized in 10% O2 in Ar
at 200 °C for 1 h and then reduced in 10% H2 in Ar at 200 °C
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for another 2 h. Next, the sample was cooled to room
temperature to start the reaction. For the PROX reaction, the
gas feed contained 1 vol % CO, 1 vol % O2, 48 vol % H2, and
Ar balance with a space velocity of 18 000 mL/h/gCat. For the
COOX reaction, the gas feed contained 1 vol % CO, 10 vol %
O2, and Ar balance with a space velocity of 36 000 mL/h/gCat.
The composition at the reactor outlet was analyzed by an
online gas chromatograph (Shimadzu GC-2014).

3. RESULTS AND DISCUSSION
3.1. Selective Deposition of FeOx on Ir NPs. Selective

deposition of FeOx on Ir NPs but not on the silica support
(Figure 1a) would allow exploring the properties of the Fe

species on Ir NPs without any interference of the ones on the
silica support. Such selective deposition was achieved by
lowering the deposition temperature to 120 °C, far below the
conventional temperatures of 300−350 °C for the FeOx ALD
using ferrocene and O2;

29,30 therein, the surface reaction
between ferrocene and the SiO2 support was completely
prohibited. In addition, variation of the number of ALD cycles
would precisely tune the coverage of FeOx on Ir NPs, thus
modulating the interfacial sites between Ir and FeOx.
In order to confirm the selective deposition, Ir/SiO2-350

with an Ir loading of 3.70 wt % was chosen to be a
representative catalyst, and different cycles of FeOx ALD were
applied on Ir/SiO2-350 as well as the blank SiO2 support. The
ICP results of Fe loadings with respect to nFe/Ir/SiO2-350
catalysts were shown in Figure 1b. In the first five cycles, the Fe
loadings increased nearly linearly as a function of ALD cycles,
which were 0.06, 0.12, 0.17, and 0.30 wt % in 1Fe/Ir/SiO2-
350, 2Fe/Ir/SiO2-350, 3Fe/Ir/SiO2-350, and 5Fe/Ir/SiO2-
350, respectively. Further increasing the number of FeOx ALD
cycles, the increase in Fe loadings became slower, and the Fe
loading reached only 0.63 wt % after applying 20 cycles of
FeOx ALD, close to saturation. The slower growth rate of Fe
loadings on 10Fe/Ir/SiO2-350 and 20Fe/Ir/SiO2-350 indicates
that the Ir NPs are gradually covered up. In sharp contrast,
after applying 5 cycles and 20 cycles of FeOx ALD on the bare
SiO2 support, the Fe loadings were nearly negligible, only 0.01

wt %. Thus, the above ICP results clearly demonstrate that
FeOx can be selectively deposited on the Ir NPs in Ir/SiO2
catalysts but not on the SiO2 support, in line with our recent
work.27 On the other hand, the absence of growth of FeOx
ALD on oxide surfaces at 120 °C suggests that 20 cycles of
FeOx ALD on Ir NPs reached the nearly full monolayer
coverage, which is the maximum FeOx coverage on Ir NPs.
Consequently, the FeOx coverages of other samples,
normalized by the Fe loadings, were about 0.10, 0.19, 0.27,
0.48, 0.79, and 0.95 monolayers, for the 1c, 2c, 3c, 5c, 10c, and
16c of FeOx-coated Ir/SiO2-350 samples, respectively. In
addition, the Fe loadings of 2Fe/Ir/SiO2-UC, 2Fe/Ir/SiO2-
250, and 2Fe/Ir/SiO2-600 were 0.12, 0.15, and 0.11 wt %,
respectively, which are all close to that (0.12 wt %) of 2Fe/Ir/
SiO2-350. To note, the Ir loadings in these Ir/SiO2 catalysts
with FeOx overcoating were all about 3.70 wt %, nearly the
same as the uncoated one, due to the low loadings of Fe.

3.2. Morphology. XRD was conducted on Ir/SiO2 samples
with and without FeOx overcoats. The uncoated Ir/SiO2
samples calcined at 350 °C or below showed a very weak
diffraction peak at 40.5° (Figure 2), assigned to Ir(111)

according to PDF card 9008470, indicating ultrasmall Ir
particles in these samples. When the sample was calcined at
600 °C, the diffraction peaks at 40.5 and 47.5° became more
pronounced, where the latter peak is assigned to Ir(200),31,32

indicating the growth of Ir particle size with the increase of
calcination temperature. XRD was also conducted on 2Fe/Ir/
SiO2-250, 2Fe/Ir/SiO2-350, and 2Fe/Ir/SiO2-600 to evaluate
the possible aggregation of Ir NPs during FeOx ALD. It was
found that the diffraction peaks in these XRD spectra remained
intact after FeOx ALD, suggesting FeOx ALD did not affect the
size of Ir NPs, in line with previous studies.27,33−35 In addition,
there was no sign of diffraction peaks with respect to the Fe
species due to their high dispersion as we found in the system
of FeOx on Pt NPs in our recent work.27

Since FeOx ALD did not affect the size of Ir NPs, FeOx-
coated Ir/SiO2 catalysts were selected to perform the STEM
measurements to investigate the morphology of Ir NPs. As
shown in Figure 3, the size of Ir NPs in 2Fe/Ir/SiO2-UC, 2Fe/
Ir/SiO2-250, 2Fe/Ir/SiO2-350, and 2Fe/Ir/SiO2-600 was 1.5
± 0.6, 2.0 ± 0.3, 2.1 ± 0.5, and 4.2 ± 0.8 nm, respectively.
Higher calcination temperature produces larger Ir particle size,
which is consistent with the XRD analysis in Figure 2. In

Figure 1. (a) Schematic illustration of selective deposition of FeOx
ALD on Ir/SiO2 catalysts to tune Ir-FeOx interfacial sites by varying
the number of FeOx ALD cycles. (b) A plot of the Fe loadings as a
function of FeOx ALD cycles on the Ir/SiO2-350 catalyst and blank
SiO2 support.

Figure 2. XRD patterns of Ir/SiO2-X and nFe/Ir/SiO2-X catalysts.
Prior to XRD measurement, all the catalysts were calcined in 10 vol %
O2 in Ar followed by reduction in 10 vol % H2 in Ar at 200 °C.
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addition, elemental mapping using the energy-dispersive X-ray
spectroscopy (EDS) was also carried out to further verify the
selective deposition of FeOx on Ir NPs. In order to achieve a
better contrast of the Fe species in the samples, 10Fe/Ir/SiO2-
350 with a high Fe content was selected for the EDS elemental
mapping. As shown in Figure 3i−l, the Fe signal overlapped
with the Ir signal, again unambiguously confirming the

selective deposition of FeOx on Ir NPs, in line with the ICP
results (Figure 1b).

3.3. In Situ DRIFTS CO Chemisorption. In situ DRIFTS
CO chemisorption measurements were performed to study the
gradual FeOx overcoating on the Ir/SiO2-350 catalyst with an
increase of ALD cycles. As shown in Figure 4, the sample

without an FeOx overcoat showed a strong peak at 2057 cm−1,
corresponding to the linear CO chemisorbed on Ir NPs.32

After two cycles of FeOx overcoating, the intensity of the CO
chemisorption peak decreased remarkably, along with a small
red shift to 2054 cm−1, indicating the Ir NPs are partially
covered by the FeOx overcoat, indicating the formation of Ir−
FeOx interfaces. The intensity of the CO chemisorption peak
continually decreased with increasing ALD cycles, implying
that the Ir particle surfaces were gradually covered up. The
DRIFTS CO spectra of the FeOx-coated Ir samples were
identical to the uncoated one in shape, which might suggest a
rather uniform coating of Ir particles. On the other hand,
DRIFTS spectra in Kubelka−Munk units can also provide a
good estimation of FeOx coverage on Ir NPs since the amount
of chemisorbed CO is close to a linear relationship with the IR
peak intensity.36,37 Quantification of the CO peak intensities in
Figure 4 revealed that the FeOx coverages were about 0.21,
0.60, and 0.80 monolayers for the 2c, 5c, and 10c of FeOx-
coated samples, respectively, which agree very well with the
one determined by the Fe loadings. In brief, the DRIFTS CO
chemisorption results clearly describe the precise tailoring of
the Ir−FeOx interfacial sites by varying the number of FeOx
ALD cycles.

3.4. H2-TPR. H2-TPR was also carried out on Ir/SiO2-350
and nFe/Ir/SiO2-350 (n = 2, 5, 10) to investigate the
reduction properties of Fe species. As a control experiment,
H2-TPR was also performed on a Fe/SiO2 sample, which was
synthesized by FeOx ALD at 290 °C for 10 cycles. It was found
that there were several broad reduction peaks between 250 and
650 °C, with the main peak located at 567 °C (Figure 5),
corresponding to the complete reduction of Fe3+ species on
SiO2 to metallic Fe.38 The major reduction peak of the Ir/
SiO2-350 catalyst locates at about 92 °C with a H2
consumption of 156 μmol/gcat, which is assigned to the
reduction of Ir oxide to metallic Ir. The remaining three
weaker features at ∼210, 335, and 465 °C might be attributed
to the reduction of Ir species at the interfaces between Ir and
SiO2 support.

21,39 When two cycles of FeOx ALD were applied

Figure 3. HAADF-STEM images of different Ir−Fe catalysts. (a,b)
2Fe/Ir/SiO2-UC; (c,d) 2Fe/Ir/SiO2-250; (e,f) 2Fe/Ir/SiO2-350; and
(g,h) 2Fe/Ir/SiO2-600. (i) 10Fe/Ir/SiO2-350 and the corresponding
EDX mapping images: (j) Ir Lα1 and (k) Fe Kα1 signals and (l) the
reconstructed Ir−Fe composition.

Figure 4. In situ DRIFTS spectra of CO chemisorption on nFe/Ir/
SiO2-350 catalysts.
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onto Ir/SiO2-350, the main reduction peak shifted to a lower
temperature of 84 °C, along with a shoulder at around 45 °C.
The H2 consumption of this main peak increased to 174 μmol/
gcat. This result infers that the reduction of FeOx species from
Fe3+ to Fe2+ probably appeared at around 45 °C, in line with
our observation of the reduction of the Fe species on Pt NPs
from Fe3+ to Fe2+ at room temperature.27 The remaining three
weaker features remained 2Fe/Ir/SiO2-350 but shifted slightly
to higher temperatures of ∼236, 390, and 500 °C, respectively,
an indication of the strong interaction between Ir and FeOx.
Increasing the number of FeOx ALD cycles, the main

reduction peak shifted to higher temperatures of 86 and 92 °C
with an increased H2 consumption also increased to 187 and
210 μmol/gcat, on 5Fe/Ir/SiO2-350 and 10Fe/Ir/SiO2-350,
respectively. Such a shift of reduction peak with the increase of
FeOx ALD cycles might be attributed to the decreased
reducibility with the increase in the FeOx size, again in line
with the case of FeOx on Pt NPs.27

3.5. Catalytic Performance. Here, the representative
catalysts of nFe/Ir/SiO2-350 with different cycles of FeOx ALD
overcoating (n = 0, 1, 2, 3, 5, and 10) were first selected to
investigate the catalytic performance in the COOX and PROX
reaction as a function of the number of FeOx ALD cycles. In
the absence of H2, the catalytic activity in the COOX reaction
was rather low for all the catalysts (Figure 6a). The uncoated
Ir/SiO2-350 sample showed negligible CO conversion at below
120 °C. After FeOx overcoating, the CO conversions on all
these samples at below 120 °C were still only ∼2 to 10%.
Complete CO conversion was achieved at literally the same
temperature of 180 °C on all these samples. It appears that the
Ir−FeOx interfacial sites formed in nFe/Ir/SiO2-350 have
limited improvements on the CO oxidation activity in the
absence of H2, in line with the literature in regard to the low
activity of Ir−Fe catalysts in CO oxidation.38,40

In sharp contrast to the catalytic behaviors in COOX, FeOx
exhibited a remarkable activity enhancement in the PROX
reaction. As shown in Figure 6b, the uncoated Ir/SiO2-350
catalyst showed a low CO conversion of less than 10% at
below 120 °C, and the CO conversion only reached 86% at
200 °C, consistent with the literature.38 However, after one
cycle of FeOx overcoating, the catalytic performance was
improved dramatically by achieving 100% CO conversion in
the temperature range of 120−160 °C. When two cycles of
FeOx overcoating were applied on Ir/SiO2-350, the CO

conversion was about 20% at 40 °C and rapidly increased to
100% at 80 °C, yielding a temperature window of 80−160 °C
for complete CO conversion.
The catalytic performance of 3Fe/Ir/SiO2-350 was very

similar to 2Fe/Ir/SiO2-350. While further increasing the
number of FeOx ALD cycles, the activity decreased
considerably. On 10Fe/Ir/SiO2-350, the maximum CO
conversion was only ∼87% at 200 °C. Figure 6c plots the
specific rates of these nFe/Ir/SiO2-350 catalysts in the PROX
reaction at 40 °C as a function of FeOx ALD cycles. It was
found that the specific rates were in a volcano-like shape as a
function of ALD cycles, with a maximum rate of 0.036 mol
gIr

−1 h−1 achieved on 2Fe/Ir/SiO2-350. Taking the FeOx
coverages on Ir NPs as determined by ICP-AES (Figure 1)
and the DRIFTS measurements (Figure 4) into account, these

Figure 5. H2-TPR profiles of nFe/Ir/SiO2-350 and Fe/SiO2 samples.
The amount of H2 consumption for the strong reduction peak
between 0 and 150 °C is indicated for the nFe/Ir/SiO2-350 samples.

Figure 6. Catalytic performance of nFe/Ir/SiO2-350 catalysts in the
COOX and PROX reaction. (a) COOX. Reaction condition: 1 vol %
CO; 10 vol % O2; Ar balance. Weight hourly space velocity: 36 000
mL h−1 gcat

−1. (b) PROX. Reaction condition: 1 vol % CO; 1 vol %
O2; 48 vol % H2; Ar balance. Weight hourly space velocity: 18 000 mL
h−1 gcat

−1. (c) A plot of specific rates in the PROX reaction at 40 °C as
a function of FeOx ALD cycles.
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results suggest that the Ir−FeOx interfacial sites are the active
sites in the PROX reaction, and the number of these interfacial
sites is varied in a volcano-like trend as a function of ALD
cycles.33 On the other hand, the higher reducibility of FeOx
species in 2Fe/Ir/SiO2-350 than those in 5Fe/Ir/SiO2-350 and
10Fe/Ir/SiO2-350 (Figure 5) might also contribute to the high
activity of 2Fe/Ir/SiO2-350 considerably.
The presence of H2 showed a dramatic activity promotion

on the FeOx-coated Ir/SiO2-350 samples but not on the
uncoated one (Figure 6b). Such an activity promotion by H2
on the Ir/Fe(OH)x catalyst was also reported by Zhang et al.40

They attributed such a promotion to the formation of hydroxyl
groups on the FeOx support. Tanaka et al. also suggested that
CO reacts with surface OH instead of oxygen to form a
HCOO intermediate on the FeOx/Pt/TiO2 catalyst in the
PROX reaction, thus largely improving the CO oxidation
activity.41 Recently, we also found that in the PROX reaction
the Fe species in the ALD-FeOx-decorated Pt catalyst was
atomically dispersed iron hydroxide, Fe1(OH)3.

27 Therefore,
the remarkable H2 promotion of CO oxidation activity on the
FeOx-coated Ir/SiO2-350 samples can be attributed to the
formation of rich hydroxyl groups on the FeOx overcoat.
3.6. Particle Size Effect on the Catalytic Performance.

To investigate the Ir particle size effect on the catalytic
performance, two cycles of FeOx ALD were also performed on
other Ir/SiO2 samples, where the size of Ir NPs was tuned
from 1.5 ± 0.6 to 4.2 ± 0.8 nm by varying the calcination
temperature (Figures 2 and 3). As shown in Figure 7a, the
activity in COOX showed a strong Ir particle size dependence,
and the smaller the Ir particle size, the higher the activity. The
2Fe/Ir/SiO2-600 sample with a particle size of 4.2 ± 0.8 nm
showed a poor activity by achieving 20% CO conversion even
at 160 °C, while the 2Fe/Ir/SiO2-UC sample, with the smallest
Ir particle size of 1.5 ± 0.6 nm, showed a remarkably high
activity in CO oxidation, by achieving ∼20% CO conversion
even at 28 °C and complete CO conversion at 120 °C. The
increased amount of Ir−FeOx interfacial sites and the varied
CO adsorption strength on the smaller size of Ir NPs as
observed on other Pt-group metals42−45 might play a major
role.
In the PROX reaction, a similar trend of particle size on the

activity was observed (Figure 7b). On the 2Fe/Ir/SiO2-600
sample, the maximum CO conversion was only about 90% at
120 °C, which kept nearly constant at the temperatures
between 120 and 160 °C. On 2Fe/Ir/SiO2-250, the complete
CO conversion was achieved at between 80 and 180 °C,
slightly broader than the complete CO conversion temperature
window (80−160 °C) achieved on 2Fe/Ir/SiO2-350. Further
decreasing the particle size to 1.5 ± 0.6 nm, 2Fe/Ir/SiO2-UC
showed an even broader complete CO conversion temperature
window of 60−180 °C, which is the broadest temperature
window for complete CO conversion in the PROX reaction
over Ir-based catalysts reported and also among the broadest
ones for all catalysts reported in the literature (Table 1). The
observation of higher activity on the smaller Ir particle size
sample in the CO oxidation and PROX reaction here also
agrees excellently with the literature on the Ir/Fe(OH)x
catalyst in the PROX reaction.21 Based on the achievement
of the low-temperature window of 20−60 °C for the complete
CO conversion over subnanometer Ir clusters,21 we speculate
that downsizing the Ir particle size to the subnanometer range
along with our strategy of FeOx coating might allow the

achievement of broadening the low onset temperature to 20
°C.
The stability of the 2Fe/Ir/SiO2-UC catalyst in the PROX

reaction was also evaluated at the operation temperature of 80
°C for PEMFCs. We found that the catalyst was very stable by
preserving CO conversion of 100% and selectivity of 50% for
at least 20 h (Figure 8a). We further examined this catalyst at a
more severe condition of 200 °C and found a similar result by
preserving CO conversion at 95% in 24 h (Figure 8b). These
results suggest that the Ir−FeOx interfacial sites generated by
ALD are stable under the PROX reaction conditions.

4. CONCLUSION
In summary, we have demonstrated that selective deposition of
the FeOx overcoat onto SiO2-supported Ir NPs using ALD
allows precisely tailoring Ir−FeOx interfacial sites for
optimized catalytic activity. ICP-AES and EDS elemental
mapping confirmed the selective deposition. We found that the
deposition of FeOx on Ir NPs could largely enhance the CO
oxidation activity in the PROX reaction by showing a volcano
trend as a function of the numbers of FeOx ALD cycles;
therein, the 2Fe/Ir/SiO2-UC catalyst with an Ir particle size of
1.5 ± 0.6 nm showed a temperature range of 60−180 °C for
complete CO oxidation in the PROX reaction, a broadest
temperature window over Ir-based catalysts reported in the
literature so far. These results strongly indicate that the Ir−
FeOx interfacial sites are the active sites. Interestingly, the
activity promotion by FeOx in the PROX reaction was found

Figure 7. Size-dependent catalytic activity of the 2Fe/Ir/SiO2-X
catalyst in the COOX and PROX reaction. (a) COOX. Reaction
condition: 1 vol % CO; 10 vol % O2; Ar balance. Weight hourly space
velocity: 36 000 mL h−1 gcat

−1. (b) PROX. Reaction condition: 1 vol
% CO; 1 vol % O2; 48 vol % H2; Ar balance. Weight hourly space
velocity: 18 000 mL h−1 gcat

−1.
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to be much greater than that in the COOX reaction in the
absence of H2. This result infers that hydroxyls are likely
formed on the FeOx overcoat under the PROX reaction
conditions.
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