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The proton-exchange membrane fuel cell (PEMFC) has been
regarded as one of the most promising candidates for the
efficient use of hydrogen energy.!"! However, small amounts
of CO (0.3-1%) in the H, stream from reforming processes
must be selectively removed because CO is highly poisonous
to the Pt anode of a PEMFC.?! The preferential oxidation of
CO in a Hyrich gas (PROX) is presently the most effective
approach to address this problem.”! Oxide-supported Au
catalysts are highly active for the PROX reaction even at
room temperature,’ but the lower stability and sensitivity to
CO, constrain their practical applications. Supported Pt
catalysts, on the other hand, are less active® and only a few
have shown reasonable activity for conversion of CO at
temperatures lower than 60°C.! Therefore, it is highly
desirable to develop improved catalysts with better catalytic
performance for the PROX reaction at lower temperatures.

Ir has a higher melting point and surface energy than
other metals with 5f orbitals, such as Pt and Au, and Ir can be
well-dispersed on and strongly interact with the support.”
However, compared to Pt- and Au-based catalysts, Ir-based
catalysts have limited applications in heterogeneous cataly-
sis”™ and are rarely investigated for the PROX reaction, most
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probably because of its inferior activity. Although much effort
has been made to improve the activity of Ir-based catalysts
and remarkable progress has been achieved,” their activities
for the PROX reaction are still low at low temperatures. In
fact, there is no report so far claiming that Ir-based catalysts
can show high activity at temperatures below 80°C; thus it
remains a formidable challenge to utilize Ir-based catalysts for
the PROX reaction at ambient temperatures.

One basic task of modern catalysis is to rationally design
catalysts based on the fundamental understanding of their
reaction mechanisms.”) Especially, the contribution of sup-
port materials to the performance of the final catalysts should
be taken into account.'”! For the PROX reaction, the strong
binding of CO to Ir poisons the surface so that O, cannot
competitively adsorb on the Ir surface and be activated at low
temperatures, thereby prohibiting the conversion of CO to
CO,. Therefore, weakening the adsorption strength of CO
and/or promoting the activation of O, at lower temperatures
have become the crucial steps. Ferric oxide has proven
effective for O, activation and has been used extensively as an
additive to Pt-based catalysts.’*! Recently, we have designed
a bimetallic catalyst by adding FeO, to a supported Ir catalyst,
and the activity for the PROX reaction was improved.? '
Further study of the catalytic reactions showed that the
reaction rate of CO oxidation correlated well with the
presence and amount of Fe®", suggesting that Fe?' sites
were indeed the active sites for O, activation.¥) The
coordinatively unsaturated Fe center was also recently
identified as the site to activate O,, which helped the design
of a highly active FeO,/Pt/SiO, catalyst to totally convert CO
at room temperature.®? All of these studies suggest that the
presence of low-valent Fe (Fe*") played a decisive role in
improving the PROX activity, thus providing a clue for
obtaining a highly effective Ir-based catalyst by incorporating
materials containing, or easily forming, Fe*" species.

Ferric hydroxide (Fe(OH),) is a novel support material
which has recently been adopted to stabilize various types of
metal species for CO oxidation. It possesses a large surface
area and a large amount of OH™ groups; these unique
properties make Fe(OH), a good candidate for generating
highly dispersed metal clusters or even single-atom cata-
lysts.™ Furthermore, the longer Fe—O bonds in Fe(OH),
(compared to those in Fe,0,) make it easier to form Fe*"
species during the reduction processes,' even around room
temperatures (< 50°C).'"l We expect that properly synthe-
sized Ir/Fe(OH), catalysts should be highly active for the
PROX reaction. In this work, we prepared a novel Ir/Fe(OH),
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catalyst by a co-precipitation method and found that it indeed
provided a high activity for the PROX reaction with a total
conversion of CO at temperatures between 20-60°C. The
turnover frequency (TOF) of this catalyst is comparable to
that of the standard gold catalyst (provided by the World
Gold Council, WGC). Our approach to catalyst design can be
extended to preparation of other noble-metal catalysts, for
example, Pt and Rh. Thus we believe that such a design
strategy is general and other Fe(OH),-supported noble-metal
catalysts should provide improved activity for the PROX
reaction.

An Fe(OH),-supported Ir catalyst with a 2.4 wt% of Ir
loading was obtained by co-precipitation of an aqueous
solution of H,IrCls and Fe(NOs); in an aqueous solution of
NaOH, similar to the procedure for preparing the Ir-CeO,
catalyst reported previously (see the Supporting Information
for more details on the sample preparation)."®! The as-
synthesized sample dried at 80°C without calcination here-
after is denoted as Ir/Fe-UC, and those calcined at 200°C or
400°C are denoted as Ir/Fe-C2 or Ir/Fe-C4, respectively.

The Ir loading level in the Ir/Fe-UC catalyst, measured by
inductively coupled plasma spectrometry (ICP-AES, see
Table S1 in the Supporting Information), is equal to the
theoretical loading, indicating that there was no Ir loss during
the preparation process. The Ir loading levels in the calcined
samples increase slightly with the calcination temperature
because of weight loss of the Fe(OH), support. Correspond-
ingly, the BET surface areas of the calcined catalysts decrease
with increasing calcination temperature. However, even after
calcination at 400°C, this catalyst still possesses a very large
surface area (192 m?g™).

Figure 1a illustrates the profiles of CO conversions for the
PROX reaction as a function of reaction temperature. Prior to
the activity test, all the catalysts except Au/Fe,0;-WGC were
pre-reduced at 200°C in a flow of 20 mLmin™" of 10% H, in
He for 30 min. The 4.4 wt % Au/Fe,O;-WGC catalyst, which
is well-known for its high activity for oxidation of CO,!'”) was
tested first to benchmark the activity measurement system.
The conversions of CO on this sample reach 100% at
temperatures between 20—40°C and then decrease gradually
with reaction temperature because of the competitive oxida-
tion of H,. For comparison, we also tested a conventional Ir/
SiO, catalyst (3.0 wt%) prepared by an impregnation
method. The CO conversion is negligible at room temper-
ature and is only about 38 % at 100 °C. On the other hand, our
Ir/Fe-UC and Ir/Fe-C2 catalysts yield a total conversion of
CO at ambient temperature; they are as active as the Au/
Fe,O;-WGC catalyst and provide an activity significantly
higher than that of the Ir/SiO, catalyst. Furthermore, the
temperature ranges for achieving 100% conversion of CO
(20-60 and 20-50°C, respectively) are much wider than that
of the Au/Fe,O;-WGC catalyst. A wider temperature range
for complete CO oxidation is considered to improve the
operational flexibility for practical applications. Although Ir/
Fe-C4 is less active than Ir/Fe-UC and Ir/Fe-C2, it still
provides a total conversion of CO at temperatures between
40-60°C. Our Ir/Fe catalysts contain only about half the
amount of noble-metal loading compared to the Au/Fe,O;-
WGC catalyst. As far as we know, our Ir/Fe-UC catalyst is the
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Figure 1. Conversion of CO as a function of a) the reaction temper-
ature and b) the reaction time at 40°C over Ir/Fe(OH), and Au/Fe,O;-
WGC catalysts. Reaction conditions: 1 vol % CO, 1 vol% O,, 40 vol %
H, (in some cases addition of 20 vol % CO,), and balance He. Weight
hourly space velocity (WHSV): 18000 mLh™' g, ™.

most active and selective Ir-based catalyst reported in the
literature, and is even higher than or at least comparable to
the most active supported Pt catalyst reported previously (see
Table S2 in the Supporting Information).

The activity decreases with the Ir loading (see Figure S1 in
the Supporting Information): when the Ir loading decreases to
1.2 wt %, the temperature range for complete oxidation of
CO shifts to 40-70°C and with a 0.7 wt% Ir loading the
conversion rate for CO does not reach 100 % even at 100°C.
This result indicates that the temperature ranges for the total
conversion of CO could be adjusted, to a certain extent, by
varying the Ir loading. It also suggests that Ir clusters or
nanoparticles affect the behaviour and performance of the
catalysts.

To further show the surprisingly high activity of these Ir/
Fe catalysts, we measured the specific rate and turnover
frequency (TOF) at 27°C and 80°C (the typical working
temperature of PEMFC) under differential conditions (the
conversions of CO were maintained below 20%). As shown
in Table 1, either the specific rate for the oxidation of CO over
Ir/Fe-UC (0.15 mol,,h ™' g;, ") or the TOF (calculated with the
dispersion of Ir; 3.03x107%s™"), is only slightly lower than
that of Au/Fe,0;-WGC (0.22 mol,,h ' g, ' or4.75x 107257,
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Table 1: Specific rate and turnover frequency (TOF) of Ir/Fe catalysts compared with Au- and Pt-based

comparison, the CO conversion on

catalysts. Au/Fe,0,-WGC catalyst begins to

Metal Reaction T Specific rate TOF Note decay after only 30 min of contact

loading  type with the reactants and with a faster

[wt %] [°’C  [mol,h'g, T 10757 decreasing rate to 75% for the
Au/Fe,0,-WGCH 4.4 CO oxidation 27 0.22 4.75 this work ~ conversion of CO after 900 min.
Ir/Fe-UC 2.4 CO oxidation 27 0.15 3.03 this work ~ Figure 1b clearly shows that our Ir/
Au/Fe,0;-WGCH 4.4 PROX 27 0.39 8.60 this work  Fe-UC catalyst has a better toler-
Ir/Fe-UC 2.4 PROX 27 0.48 10.00 th?s work  ance to the poisoning by CO,. We
Au/Fe,0;-WGCEl 4.4 PROX 80 0.80 17.60 th!s work 1 ve also investigated the stability
Ir/Fe-UC 2.4 PROX 80 0.66 13.80 this work .
Ir/CeogsZr03,0, 2.0 PROX 80 0.07 1.30 Ref. (8]  OF our catalyst at the working
Ir-in-CeO, 5.0 PROX 100 - 430 Ref.18)  temperature of PEMFC (80°C) by
Ir/SiO, 3.0 PROX 100 0.12 0.64 Ref.[21]  greatly increasing the space veloc-
Pt/Al,O, 0.5 PROX 80 - 0.20 Ref. [4a] ity to avoid a conversion of 100 %
K-Pt/Al,O, 2.0 PROX 80 0.24 3.30 Ref. [6e] of CO. As shown in Figure S3 in
Pt/Fe-UC 2.0 PROX 27 0.19 14.00 thiswork (e Supporting Information, the
Rh/Fe-UC 2.0 PROX 27 0.14 3.04 this work

catalyst shows a good stability for

[a] Provided by the World Gold Council. [b] The gold dispersion was calculated according to the
relationship between dispersion and particle size, that is, D=1/d,,. I, Pt, and Rh dispersions were
measured by CO chemisorption on Auto Chem Il 2920 by assuming CO/Ir, Pt, Rh=1/1.

indicating that they possess comparable activities. For the Ir/
Fe-UC catalyst, the activity for the PROX reaction is
increased by two and three times compared to that for the
oxidation of CO, which may be due to the promotion of the
existence of H, or the formation of H,O.*"! This significant
enhancement indicates that Ir/Fe-UC is more suitable for the
PROX than for the oxidation of CO. On the other hand,
although the calcination treatment results in a decrease of the
activity, Ir/Fe-C2 and Ir/Fe-C4 still give high TOF and specific
rate for the PROX reaction (see Table S3 in the Supporting
Information). In fact, compared with the reported Ir- and Pt-
based catalysts (Table 1), our Ir/Fe-UC catalyst is at least one
order of magnitude more active, unambiguously showing an
extremely high activity for the PROX reaction. We have also
calculated the apparent activation energies (E,) of Ir/Fe-UC
for the oxidation of CO and the PROX reaction based on the
TOF values measured at different temperatures (see Fig-
ure S2 and Table S4 in the Supporting Information). It shows
alow E, of 15.4 kJmol ™' for the oxidation of CO and an even
lower value of 5.2kJmol™! for the PROX reaction. The
outstanding performance of our Ir/Fe-UC catalyst correlates
well with the lower activation barriers for the oxidation of
CO.

The presence of CO, in H, from reforming gases usually
exerts a negative effect by its adsorption as carbonates during
the reaction, thereby constraining the practical application of
supported metal catalysts."*® ! We tested the influence of
CO, on this new Ir/Fe-UC catalyst through a conversion
versus time mode at 40°C and compared the result with that
obtained on the Au/Fe,O;-WGC catalyst. As shown in
Figure 1b, the conversion of CO over Ir/Fe-UC remains
100% for 1200 min at 40°C without any decay. When
20vol% CO, was added, the total conversion of CO only
maintains for about 360 min, and then decreases gradually.
Even so, the 95% CO conversion could further maintain for
another 540 min and the complete CO conversion is recov-
ered by purging the catalyst with He at 40°C for 30 min. For
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a run of 1000 min. Moreover, with
the addition of 5vol% water
vapor, both the conversion of CO
and the stability are significantly
promoted, indicating that the Ir/
Fe-UC catalyst is also water resistant. These results show that
our Ir/Fe-UC catalyst is a promising catalyst for the PROX
reaction.

High-resolution transmission electron microscopy
(HRTEM) and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) techniques
were used to examine the distribution of the Ir species on Ir/
Fe-UC (after reduction with 10% H, in He at 200°C for
30 min) and representative images were shown in Figure 2
and Figure S4 in the Supporting Information. As expected,
the Ir species are highly dispersed and too small to be
detected by the HRTEM technique (Figure 2a). Lattice

Figure 2. HRTEM and HAADF-STEM images of Ir/Fe-UC (prereduced
at 200°C for 30 min with 10% H, in He).

fringes with spacings of 0.297 and 0.251 nm corresponding
to the (220) and (311) planes of Fe;0,, respectively, are clearly
shown, indicating that the support changed to Fe;O,. This
conclusion is corroborated by X-ray diffraction (XRD) and
H, temperature-programmed reduction (H,-TPR) measure-
ments. The XRD patterns (see Figure S5 in the Supporting
Information) show typical Fe;O, patterns of all Ir/Fe catalysts
after reduction at 200°C for 30 min. Prior to reduction they
are all amorphous. As shown in Figure S6 and Table S5 in the
Supporting Information, the TPR spectra are composed of
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low- and high-temperature peaks. The amount of H, con-
sumption related to the low-temperature peak centered at
about 108°C (T,) is 1842 umolg™',, for Ir/Fe-UC, which is
approximately eight times higher than that required for
reducing Ir** to Ir°, indicating that not only Ir** but also Fe*"
species are reduced at this temperature. This suggests that Ir
interacts strongly with the support and there is an electron
transfer between them, which is consistent with a higher
binding energy (BE) of reduced Ir (BE,y,=61.5¢V, see
Table S1 in the Supporting Information) than that of Ir metal
(BE,g,, =60.2 e V). Increasing the calcination temperature
shifts 7, to a higher temperature, whereas T is always around
660°C. This indicates that the calcination pre-treatment
mainly affects the reducibility of the iron oxide neighbored
by Ir, that is, the lower the calcination temperature, the easier
the iron oxide neighbored by Ir is reduced. It has been
suggested that the enhancement of surface oxygen reduc-
ibility at the metal-support interfaces determines the partic-
ularly high activity for the oxidation of CO.” Therefore, the
slightly lower activity of Ir/Fe-C4 may be due to its lower
reducibility of surface oxygen.

Imaging by HAADF-STEM technique with sub-Ang-
strom resolution (Figure 2b) clearly shows that Ir species are
uniformly dispersed over the support and exist as small
clusters with sizes <1 nm. By examining various regions at
different magnifications (see Figure S4 in the Supporting
Information), we did not detect any Ir nanoparticles with sizes
> 2 nm, which suggests that the support of Fe(OH), or Fe;0,
should play an important role in stabilizing the Ir particles so
that no significant aggregation takes place.

The above results show that the Ir/Fe(OH), catalysts
possess extremely high activity for the PROX reaction as well
as for the oxidation of CO. The XRD, HRTEM, HAADF-
STEM, XPS, and H,-TPR characterizations indicate that the
Ir species are highly dispersed on/into and strongly interact
with the Fe(OH), support. However, according to our design
strategy, the crucial factor contributing to the observed high
activity is the promotion of O, activation by the special
Fe(OH), support. To prove that the catalyst works according
to the design strategy, we adsorbed CO and O, on our catalyst
and compared the results with those achieved on conven-
tional Ir/SiO,; microcalorimetry and in situ diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS)
techniques were used. As shown in Figure S7 in the Support-
ing Information, the adsorption heat of CO is high on the Ir/
SiO, catalyst (140 kI mol™"), whereas it significantly decreases
to 100 kJmol™ on the Ir/Fe-UC catalyst, which is favorable
for the desorption of CO followed by the adsorption of O,. On
the other hand, O, adsorption on Ir/Fe-UC is significantly
facilitated. Not only does the adsorption heat increase greatly
(from 389 kImol™' on Ir/SiO, to 470 kJmol™" on Ir/Fe-UC)
but also the adsorption amount drastically increases by more
than 25 times (from 55pmolg’', on Ir/SiO, to
1460 umolg~',, on Ir/Fe-UC). The fact that the catalyst was
pre-reduced at 200°C before measurements and that the
support primarily consists of Fe;O,, influences the observed
value of 1460 pmolg~'.,. This influence may originate from
two different sources: normal adsorption of O, and oxidation
of Fe;O,. Even if the amount of oxidizing Fe;O,
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(1078 umol g, is deducted, the amount of O, adsorption
(385 umolg~' ) is still more than seven times higher than that
on Ir/SiO,. Therefore, the presence of Fe(OH), greatly
promotes the adsorption and activation of O,.

The insitu DRIFTS measurements further showed the
important role of Fe(OH), for the high reactivity of our
catalyst. As shown in Figure S8 in the Supporting Informa-
tion, the adsorption of CO on Ir/Fe-UC produces two bands
centered at 2068 and 1996 cm™!, which are attributed to the
linear adsorption of CO on Ir and Ir-Fe interfacial sites,
respectively.">*! After addition of O,, these peaks do not shift
but the strength of the 1996 cm™' peak decreases with
concurrent release of CO,. This result shows that O, may
not adsorb on Ir sites but most probably on the support; if O,
adsorbs on the Ir sites, then after the addition of O,, the Ir—
CO peak would shift to higher frequency because of the
decreased back-donation from Ir to CO. All these data
suggest that the reaction of CO with O, most probably occurs
according to the noncompetitive Langmuir—Hinshelwood
mechanism, that is, CO adsorbs and is activated on the Ir
sites whereas O, adsorbs on the support and the reaction then
takes place at the interfaces between Ir and the support.
Microcalorimetry and in situ DRIFTS results clearly indicate
that, as expected, the Fe(OH), support greatly improves the
adsorption of O, and successfully addresses the crucial issue
of activation of O, on the supported Ir catalyst, thereby
dramatically enhancing its activity for the PROX and the
oxidation of CO.

All Pt-group metals face the same problem of O,
activation for the CO oxidation and the PROX reactions.
Since our design strategy is to promote O, activation by use of
a special support, it should be, theoretically, effective for all
Pt-group metals. To test this hypothesis, we extended our
work to other Pt-group metals and synthesized Pt/Fe(OH),
and Rh/Fe(OH), catalysts. The experimental data unambig-
uously show that both the Pt/Fe(OH), and Rh/Fe(OH),
catalysts can fully convert CO at room temperature (see
Figure S9 in the Supporting Information). The specific rates
and TOFs (see Table 1) show that, although the reactivities
are slightly different depending on the various metals, they
are all of the same order of magnitude relative to that of the
Au/Fe,0;-WGC catalyst. The activity (specific rate and
TOFs) of our Rh/Fe(OH), catalyst for the PROX reaction
at room temperature is comparable to that of the most active
Rh/CeO, catalyst tested at 110°C.%4 To our knowledge, our
Rh/Fe(OH), should be also the most active Rh-based catalyst
for the PROX reaction so far. The details on the synthesis and
performance of this catalyst will be reported separately. This
set of experiments unequivocally shows that our design
strategy is versatile for the preparation of Pt-group metals for
the PROX reaction.

In summary, we have successfully designed an extremely
active Ir/Fe(OH), catalyst for the PROX reaction. The
adsorption and activation of O, is significantly promoted by
use of an appropriate support. The adsorbed O, reacts with
the adsorbed CO at the Ir-Fe interfaces to produce CO,
through a noncompetitive Langmuir—Hinshelwood mecha-
nism. Compared with traditional Ir-based catalysts, the
activity of our catalyst is at least one order of magnitude
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higher. This catalyst shows a comparable activity level but
a wider temperature range and a better tolerance to CO,
poisoning than the Au/Fe,O;-WGC catalyst, which is one of
the most active catalysts for the PROX reaction. Of more
importance, this design strategy is general and can be
extended to other Pt-group metal catalysts.

Experimental Section

The catalysts were prepared by a co-precipitation method. Under
stirring at 80°C, to a NaOH solution an aqueous mixture of H,IrClg
and Fe(NO;);-9H,0 was added dropwise until the pH of the final
solution reaches approximately 8. After 4 h of stirring and aging, the
resulting precipitate was filtered, washed with distilled water several
times, and then dried at 80°C overnight (denoted as Ir/Fe-UC) and
calcined at 200 and 400°C for 6 h (denoted as Ir/Fe-C2 and Ir/Fe-C4,
respectively).

The activity measurements were carried out in a fixed-bed reactor
with 100 mg of catalyst. The feed gas for CO oxidation was 1 vol %
CO and 1 vol % O, balanced with He. For the PROX reaction, the gas
was 1 vol% CO, 1 vol% O,, and 40 vol % H, balanced with He. The
total gas flow rate was 30 mLmin~!, corresponding to a space velocity
of 18000 mLh™'g™!,.. The inlet and outlet gas compositions were
analyzed online by a gas chromatograph (HP 6890-TCD, TDX-01
column) using He as the carrier gas.

Specific reaction rates and TOFs of the Ir/Fe and Au/Fe,0;-WGC
catalysts were measured under differential conditions by decreasing
the weight of the catalyst from 100 mg to about 10 mg to ensure the
conversion of CO below 20%. The conversion of CO used to
calculate the TOF and reaction rate was the average of three data
points obtained at 20, 40, and 60 min. The dispersion of the Ir/Fe
catalyst was measured by pulse adsorption of CO, using a Micro-
meritics AutoChem II 2920 chemical adsorption instrument at 50°C.
The dispersion of 4.4 wt % Au/Fe,O;-WGC was calculated according
to the relationship between the dispersion degree and particle size.

Detailed procedures for HRTEM, HAADF-STEM, H,-TPR,
XRD, adsorption microcalorimetry, and in situ DRIFTS are given in
the Supporting Information.
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