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Abstract

A mechanistic study was performed regarding the preferential oxidation of CO in excess H, (PROX)
over a Pt;Co intermetallic compound supported on various metal oxides (Pt;Co/MO,: MO, = SiO,,
ALO;, MgO, CaO, and La,0;). Pt;Co/MgO catalyst exhibited the highest catalytic activity (97% CO
conversion at 100°C). CO chemisorption revealed that (1) Pt dispersion differed depending on the nature
of the support and preparation conditions and (2) catalytic activity strongly depended on Pt dispersion
but not on the acid-base properties of the support. A kinetic study suggested that CO and O, adsorbed
competitively on Co sites. In situ Fourier transform infrared analysis using D, indicated that, at a low
temperature (< 60°C), a bicarbonate species was formed as a reaction intermediate from CO, O,, and
hydrogen that was supplied form the surface hydroxyl groups, not gas phase H,, followed by its
decomposition to CO; and H,O in a 1:1 ratio. At a high temperature (> 80°C), gas phase H; is likely to
participate in the formation of the bicarbonate-like intermediate. This study provides the first
spectroscopic evidences of bicarbonate formation as an intermediate and the contribution of surface
hydroxyl groups toward catalysis. The proposed reaction mechanism based on bicarbonate formation is

unique compared with those reported for other PROX systems.

Keywords: Pt;Co; PROX; intermetallic compound; bicarbonate; mechanistic study
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Introduction

The preferential oxidation of CO (PROX) in excess H, is a very important reaction for the removal of
residual CO in crude hydrogen, which otherwise fatally deactivates Pt electrodes in polymer electrolyte
fuel cells (PEFCs).! However, it remains an attractive and challenging task to attain both high catalytic
activity under mild conditions close to the working temperature of PEFCs (approximately 100°C) and
high selectivity for CO oxidation over H, combustion. To date, various Pt-based bimetallic materials
have been reported as effective catalysts for PROX by many researchers, including us.”" The second

element is typically a late 3d transition metal (Mn,2 Fe,3'9 Co,lo'14 Cu,14'18 or Nilg) present in various

2,3,8,12,15,18 4,5,9,13

states such as oxides, alloys, or intermetallic compounds.'®'*'” The most commonly
accepted interpretation for their high catalytic activities at low temperature is that the second metal acts
as an adsorption site for O,:*° a kinetically favored Langmuir-Hinshelwood-type association of CO and
an oxygen species is permitted in the presence of O, adsorption sites, whereas an Eley—Rideal
association is imposed in the absence of such sites because of the strong adsorption of CO on the Pt
surface. An O, supply to the catalyst surface could also be achieved using ceria-based reducible oxides
such as CeOzg’ 21,22 , TixCe(l_x)0223 or CeOz—Zr02.24 However, regardless of the vast amount of research,
very few studies have attempted to determine a detailed reaction mechanism including the nature of the
reaction intermediates. Understanding the mechanism of Pt-catalyzed PROX would be advantageous not
only for establishing the chemistry of this reaction but also for developing more efficient catalysts.

We previously reported that intermetallic Pt;Co nanoparticles supported on SiO, exhibited much
higher CO conversion than that in monometallic Pt/SiO,."* Intermetallic compounds have specific
crystal structures and ordered atomic arrangements; therefore, the metallic surface predominantly
comprises of the Pt—Co interface, at an atomic level, which provides an ideal reaction site for PROX.
Furthermore, the ordered atomic arrangement simplifies the discussion regarding the reaction
environment and mechanism.

In the present study, we performed a detailed mechanistic study on the nature of PROX over Pt;Co
catalysts on various oxide supports. Several approaches combined with isotope experiments and the in

situ Fourier transform infrared (FT-IR) characterization were applied to determine the stepwise reaction

mechanism. The effect of the catalyst support on the mechanism was also investigated. Herein, we
3
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demonstrate a unique reaction mechanism for PROX that is strongly supported by spectroscopic

evidence.

Experimental Section

Catalyst Preparation

Supported Pt;Co catalysts (Pt 3 wt%, Pt/Co = 3) were prepared via a co-impregnation method using a
mixed aqueous solution of Pt and Co salts. As the catalyst support, either SiO, (Cariact G-6, Fuji Silysia
Co., Sger = 640 m’g "), Al,O; (JRC-ALO-8, y + 0 phase, Sger = 250 m°g '), TiO, (JRC-TIO-7, anatase,
Sger = 120 m?g "), La,05 (Kanto, 99%, Sger = 1.9 m’g '), CaO (Wako, 99%, Sger = 3.6 m’g "), or MgO
(UBE Materials, Sggr = 28-38 ng_l) were used. CaO was hydrated in water at 80°C for 2 h, followed
by drying and calcination under Ar flow (60 mL-min ") at 500°C for 2 h. This procedure significantly
increased the specific surface area (Sger = 37 m’g'). Two kinds of SiO,-supprted catalysts were
prepared using pore-filling impregnation. (1, designated by SiO,-a) The mixed aqueous solution of
Pt(NH3)4(OCOCHj3),°H,0O and Co(NOs)3-6H,O was added dropwise to dried silica gel such that the
solution just filled the pore. The mixture was then dried on a hot plate, followed by reduction under
hydrogen flow (60 mL-min"!, 99.9995%, Taiyo Nippon Sanso) at 600°C for 2 h. (2, designated by
Si0,-b) HPtCls6H,0 was used instead of Pt(NH3)4(OCOCH3),-H,0, followed by a procedure similar to
(1) with calcination at 400°C for 3 h prior to reduction. Other supported catalysts were prepared by the
impregnation of an aqueous mixture of HPtCls-6H,O and Co(NOs3);-6H,0 to an aqueous slurry of the
support without calcination. The reduction was performed at either 600°C (TiO;), 800°C (Al,O3, MgO,
La,O3, H-ZSM-5), or 900°C (CaO) for 2 h.

PROX Reaction

PROX reaction was carried out in a fixed-bed continuous flow reactor under atmospheric pressure. A
specific amount (0.050 g) of catalyst was mixed with a-alumina (0.1 g) and placed in a 17-mm ID quartz
tubular reactor. Prior to the catalytic reaction, the catalyst was reduced under hydrogen flow at 400°C

for 30 min and purged under helium flow at 400°C. The reaction was initiated at 60°C by supplying a

4
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reactant gas composed of CO (2.0%), O, (2.0%), H2 (35%), and He (balance) with a total flow rate of
135 mL min . The reaction temperature was increased stepwise with product analysis at each
temperature. Gaseous products were analyzed using an online thermal conductivity detection gas
chromatograph (Shimadzu, GC-8A) with an active carbon column (2 mm ID, 3 m length, GL Science).
At each temperature, analysis was repeated until the CO conversion reached a constant value. The final
values were reported. CO,; selectivity was calculated based on the total amount of oxygen converted to
CO; and H;0. A kinetic study was performed at 60°C, where CO conversion was below 25%, by
changing pressure of CO (Pco) and O, (Po,). The reaction rate (r) was defined as follows: r
[mL-min g '] = F x x / W, where F, x, and W are feeding rate, CO conversion, and catalyst amount.
The reaction orders of Pco and Pp, were estimated by the slopes of Plnr—InPco and Inr—InPo, plots,
respectively. A transient experiment with H, on/off treatments was also performed at 100°C. PROX and

CO oxidation were switched with short intervals by shutting and resuming the H, supply.

Characterization

The crystal structures of the catalysts were examined by powder X-ray diffraction (XRD) with a Rigaku
RINT2400 diffractometer using a Cu Ka X-ray source. In the case of Pt3Co/Al,Os, difference XRD
pattern was obtained by the subtraction of the Al,O; support pattern from that of Pt;Co/AlOs.
Transmission electron microscopy (TEM) was conducted on a JEOL JEM-2010F microscope at an
accelerating voltage of 200 kV. In order to prepare the TEM specimens, all samples were sonicated in
carbon tetrachloride and dispersed on copper grids supported by an ultrathin carbon film. For the
observed nanoparticles in a TEM image, a volume averaged particle (dtpm) size was estimated as a mean

particle size defined as the following equation:

d _ Zinid?
TEM T S 3

where, d; and n; represent the particle sizes and the number of particles of which sizes are d;.,

respectively.



Catalysis Science & Technology Page 6 of 22

CO pulse chemisorption was carried out at room temperature to estimate the Pt dispersion. One-to-one
adsorption of CO on Pt was assumed. Temperature-programed desorption (TPD) of CO or CO, was
carried out in a glass circulation system equipped with a vacuum line and a Quadrapole Mass
Spectrometer (Spectra International, MICROVISION). Pt;Co/SiO>—b (100 mg, for CO) or Pt;Co/MgO
(50 mg, for CO,) was reduced under flowing hydrogen (60 mL-min ") at 400°C for 0.5 h, followed by
He flowing (60 mL-min ") and cooling to room temperature. Then the smaple was exposed to CO or
CO; at room temperature, followed by evacuation. The heating rate was set to 5 (CO) or 10 °Cmin”’
(CO,). FT-IR spectra of surface species over Pt;3Co/MgO were obtained under in situ conditions with a
JASCO FT/IR-430 spectrometer in transmission mode. A self-supporting wafer (50 mg-cm 2) of the
catalyst was placed in a quartz cell with CaF, windows and attached to a glass circulation system. The
catalyst was reduced under H, or D, flow at 400°C for 0.5 h, evacuated at the same temperature for 0.5 h,
and cooled to room temperature. We confirmed that no surface species other than surface hydroxyl
group was detected with the as-pretreated catalyst. After pretreatment, a spectrum was recorded as a

baseline for subsequent measurements. The reaction was started at room temperature by introducing the

reaction mixture (CO and O,: 0.5 kPa, H; or D,: 3 kPa). All spectra were recorded at a 1 cm ! resolution.

Results and Discussion

A series of Pt;Co catalysts supported on various metal oxides (Pt;Co/MOx, M = Si, Al, Mg, Ca, and La)
were prepared via an impregnation method. The metallic phases of the prepared Pt;Co catalysts were
analyzed by XRD. As shown in Figure 1, for all catalysts, Pt3Co was formed in almost a single phase
without any other metallic phases that were XRD-observable. The estimated crystallite sizes of Pt;Co
nanoparticles are listed in Table 1. Al,O3 and MgO afforded relatively small crystallite sizes (< 7 nm),
whereas CaO (18 nm) and La;Os; (30 nm) gave larger sizes. For the silica-supported catalysts, Pt;Co
nanoparticles with different crystallite sizes were obtained by changing the preparation method; with
(Si0z-a, 2 nm) or without (SiO,-b, 7 nm) calcination prior to reduction. This is most likely because
oxide phases formed by calcination favor highly dispersed states because of their lower surface energies

25,26

than those of metallic phases. Figures 2a—d show the TEM images and size distributions of Pt;Co

supported on SiO; (-a and -b), Al,O3, and MgO. For silica-supported catalysts, SiO,-a resulted in a
6
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smaller particle size and narrower size distribution than SiO,-b. The volume average particle sizes
(dtem) for Pt3Co/SiO;-a and -b were 2.8 and 7.4 nm, respectively (Table 1), which are consistent with
the crystallite sizes mentioned above. Good agreement with the crystallite size was also observed for
Pt;Co/ALL O3 and Pt;Co/MgO (approximately 6 nm: Figure 2c, 2d, and Table 1). Figure 2e shows the
magnification of a single nanoparticle on MgO, designated by a square in Figure 2d. A polyhedral shape
with lattice fringes of 2.23 A spacing was observed, which agrees with that of Pt;Co(111) planes (2.22 A,
Figure 2f). The crystal shape and fringe direction are also consistent with those of the Pt;Co
cuboctahedron viewed along the [35—2] direction.

The number of exposed Pt atoms on the Pt;Co nanoparticle surface was estimated by CO
chemisorption for the SiO,-, Al,Os3-, and MgO-supported catalysts (Table 1). The highest Pt dispersion
was obtained with MgO (Dco: 16.0%), followed by Al,O3 (Dco: 13.5%). These values slightly exceeded
the dispersions calculated based on drpy and the cuboctahedron model (Drgyv). This indicates that the
Pt;Co particles on MgO and Al,Oj; have slightly Pt-rich surfaces. Conversely, the Dco values for SiO—
supported catalysts were lower than the Drgy values for both preparation methods (a and b, entries 1 and
2), implying the presence of Co-rich surfaces. SiO,-a gave larger Do values than SiO,-b, most likely
because of its small particle size. For Pt-3d-metal alloy nanoparticles, it is known that Pt skins tend to

2728 However, our results indicate that the surface Pt—-Co

form on the outermost layer after annealing.
composition of the supported Pt;Co particles differs depending on the support. La,O3 and CaO gave
very low dispersion (< 1%), as anticipated by the large dxrp size. No apparent correlation between the Pt
dispersion and surface area of the support was observed (Table 1). Thus, in the present study, Pt
dispersion strongly depends on both the nature of the support and preparation method. We also
performed a CO-TPD experiment for Pt3Co/SiO;-b catalyst to confirm the enrichment of Co on the
surface (Figure S1). In a low temperature region (<300°C), two desorption peaks were observed at 85°C
and 150°C. These agreed with the reported desorption temperatures of CO molecularly adsorbed on Co
and Pt sites of Pt—Co alloys, respectively.”” Note that the lower temperature of desorption from Co
indicates the weaker adsorption. The peak intensities of desorption from Pt and Co were comparable

despite the bulk composition (Pt/Co = 3.0). This result is very similar to that of Co-rich Pt-Co alloy

(Pt/Co =0.25) in the li‘[erature,29 demonstrating the enrichment of Co on the surface of Pt;Co/SiO,-b.
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We subsequently compared the catalytic performances of the prepared Pt;Co catalysts in PROX.
Figure 3a shows the CO conversions in PROX over various Pt;Co catalysts as a function of reaction
temperature. For all catalysts, CO conversion was increased by elevating the temperature. The order of
catalytic activity was as follows: MgO > SiO;-a > Al,O3 > SiO,-b >> La,0; > Ca0, which agrees with
the order of Pt dispersion (Figure 3b). In the present study, we employed an activity scale (7sg), which
represents the temperature at which CO conversion reaches 50% (note that lower 75, values reflect
higher catalytic activity). The relationship between 75y and Dco for the tested catalysts is shown in
Figure 3b. An obvious correlation was observed, demonstrating that the catalytic activity of this system
depends largely on Pt dispersion. We also focused on other factors such as the acid-base properties of the
support (pH of isoelectric point as a scale); however, no correlation was observed (Figure S2). Figure 4
shows the conversion-selectivity curves obtained in PROX over several Pt;Co catalysts. CO; selectivity
differed slightly depending on the support and preparation method at low CO conversion. For all
catalysts, the CO, selectivity declined upon increasing temperature and converged to 50% at full
conversion. The 50% CO, selectivity corresponds to the 1:1 formation of CO, and H,O (formally, 1:1
combustion of CO and H,), implying the involvement of a specific reaction pathway for all catalysts. In
our reaction condition, this selectivity also means that only 3% of H; is combusted.

Next, a kinetic study for low temperature (60°C) PROX over Pt or Pt;Co catalysts was performed
(Figure S3, the results were summarized in Table 2). A first-order dependence of O, pressure (Po,) and
negative-order relationship with CO pressure (Pco) was observed for monometallic Pt/SiO,. This
indicates that O, adsorption is the rate-determining step and is competitive with strong CO adsorption on
Pt. In contrast, for Pt3Co catalysts, the kinetic order of Po, was 0.79-0.85, suggesting that the
rate-determining step for Pt;Co catalysts is not O, adsorption, but most likely the surface reaction.
Although the kinetic order of Pco remains negative, the absolute values were slightly lower than that of
Pt/Si0,, implying that the competing CO adsorption was weakened in the presence of Co atoms. Based
on the change in kinetics, we concluded that Co atoms, where CO adsorption is much weaker than that
on Pt atoms, act as effective O, adsorption sites. This is also supported by the result of CO-TPD (Figure
S1), where CO desorption from Co sites began at room temperature and completed below 100°C,

suggesting that Co sites are open even in the low temperature PROX condition.
8
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We then focused on the effect of H, on the catalytic performance and reaction mechanism. Figure 5a
shows CO conversions for the Pt;Co/MgO-catalyzed PROX reaction (CO + O, + excess Hy) and CO
oxidation (CO + O,) at various temperatures. The absence of H, resulted in significantly lower CO
conversion even at high temperatures (> 120°C). Figure 5b shows changes in CO conversion during a
transient experiment with H, on/off treatments. CO conversion decreased to the level of CO oxidation
after shutting off the H, supply but recovered immediately after the H, supply was resumed. This
response was repeatedly observed during the following on/off treatments, strongly suggesting an
involvement of hydrogen in the catalysis of PROX. Considering the 1:1 formation of CO, and H,O at
high temperature region (>100°C), a reaction pathway involving CO, O,, and H; in a 1:1:1 ratio, which
is quite different from direct CO oxidation, is likely to occur. Note that the response of CO conversion
when H, supply was shut off was slower than that when H, supply was resumed. This implies that (1)
some H-containing species having long life times or high concentrations are involved in the reaction and
that (2) they are immediately recovered by H, resumption.

We subsequently investigated the change in the surface species during PROX reaction using FT-IR
to better understand the role of hydrogen. Figure 6 shows changes in FT-IR spectra during
low-temperature PROX over Pt;Co/MgO (at room temperature). An intense peak at 2088 cm ' and small
shoulder at approximately 2000 cm ' were assigned to linearly adsorbed CO on Pt atoms with high
(terrace) and low (edge or corner) coordination numbers, respectively.’’ A small amount of bridge CO
was also observed at 1850 cm'.*! A decrease in linear CO and an increase in gas phase CO, at 2330
cm ' with reaction time showed that CO was converted to CO; at room temperature. A broad band
appeared at approximately 3000-3500 cm ', corresponding to hydrogen-bonded O-H groups,
suggesting H,O evolution. The production of H,O as a byproduct is consistent with the CO, selectivity
less than 100% shown in Figure 4. A set of peaks observed in the region of 1000—1700 cm ' can be
assigned to monodentate carbonate (1060, 1430, and 1525 cm™ ') and bicarbonate (1218, 1392, 1495, and

0.%* % Negative peaks were also observed at 3755 and 3530 cm ',

1650 cm ') species adsorbed on Mg
corresponding to isolated and hydrogen-bonded surface hydroxyl groups on MgO, respectively.*
Decrease in the surface hydroxyl groups implies that they are either consumed during catalysis or form

strong interactions with water upon reaction. The time courses of normalized peak intensities of the
9
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observed species are summarized in Figure 6 inset. In contrast to the monotonic increase in gaseous CO,,
adsorbed CO kept its initial value in the first stage and subsequently declined. The initial constant region
corresponds to saturation coverage maintained by gas phase supply and the subsequent decrease
indicates the complete consumption of gas phase CO. The peak intensity of bicarbonate decreased as the
reaction proceeded, whereas those of carbonates increased. This consumption of bicarbonate can be
observed clearly in the difference spectrum (12 min—10 s) as negative peaks. It should be noted that
carbonates showed a monotonous increase even at the end of the reaction period. These changes indicate
that bicarbonate is formed as an intermediate species of PROX reaction and that carbonates are formed
as byproducts, not as intermediate species. It has been reported that carbonate species are formed by the
adsorption of CO, on MgO.” Thus, in our system, a portion of the produced CO, seems to form
carbonates upon readsorption on MgO. The time courses of CO, and carbonates show that carbonate
formation occurs prior to the evolution of CO; in the gas phase. This may be because strong basic sites
on MgO capture the initially formed CO; as a carbonate, followed by equilibration between the gaseous
and adsorbed CO, on moderate or weak basic sites. We confirmed the presence of various basic sites on
the Pt;Co/MgO catalyst through a CO,-TPD (Figure S4): strong (730°C), moderate (500°C, major
species), and weak (250°C). The difference spectrum in Figure 6 showed a sharp negative peak at 2088
cm ', whereas almost no change was observed in the 2000 and 1850 cm ™' regions, implying two types of
CO adsorption sites, i.e., active (2088 cm ') and inactive (2000 and 1850 cm™'), for PROX reaction.
This is probably because a stronger CO adsorption, where the vibrational frequency is lowered because
of enhanced back-donation, makes CO less active.

We also performed an isotope experiment to clarify the involvement of surface hydroxyl groups in
the catalysis. Instead of H,, D, was used for hydrogen pretreatment and/or PROX reaction. The D,
pretreatment was performed at 400°C such that the surface hydroxyl groups on MgO were completely
deuterated. Figure 7 shows the FT-IR spectra during PROX reactions at room temperature using either
D, or H,. Hy-treatment and D,-reaction (hereafter, H,—D,) resulted in surface—OH consumption and
non-deuterated bicarbonate formation (O—H bending and stretching vibrations, 1218 cm ' and 3670
cm ', respectively) at the initial stage (10 s). This strongly leads to an idea that the hydrogen atom

constituting bicarbonate originated from surface hydroxyl groups, not from gas phase hydrogen. This
10
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bicarbonate disappeared as the reaction proceeded, which is clearly shown in the difference spectrum.
The newly developed peak at 1200 cm ™' can be assigned to DOD bending vibration of the produced
D,0.** The formation of D,O was also demonstrated from the broad band between 2300 and 2700 ¢cm .
The corresponding HOH bending vibration of H,O, which has been reported to appear at 1645 cm™',*
was not clearly observed when H,-treatment and H,-reaction were performed (hereafter, H,—H;). This
may be because of peak cancellation by an overlapping negative peak of bicarbonate at 1650 cm ',
which is clearly observed in H,—D, condition. It should be noted that a sharp peak appeared at 2770
cm ', which corresponds to isolated surface O-D, suggesting that the consumed surface hydroxyl groups
were recovered by gas phase hydrogen and/or water. When D,-treatment and Dj-reaction were
performed (D,—D;), a decrease in surface O—D bonds was observed instead of the O—H analogs,
demonstrating the H-D exchange on the surface hydroxyl groups by D, pretreatment. Interestingly, the
O-H bending mode of the bicarbonate species was absent (1218 cm ™', 10 s) despite the presence of
other modes, suggesting the formation of deuterated bicarbonate.® This is consistent with the
assumption that the bicarbonate hydrogen originated from surface hydroxyl groups. Figure 7 inset shows
the change in the intensity of the bicarbonate O—H bending vibration (1218 cm_l) for H,—H, or H,—D,
condition. Although the O—H vibration was maintained for several minutes for H,—H, condition, it
disappeared at the beginning (1 min) for H,—D, condition. This indicates that the non-deuterated
bicarbonate is immediately converted to the product, followed by replacement with the deuterated
bicarbonate in the latter case. As the number of surface O—H groups accessible to adsorbed CO and/or
O, at the Pt;Co—MgO interface is limited, the initially formed H,O should be significantly diluted with
the subsequently formed D,O. Indeed, for H,—D, condition, H,O formation (approximately 3500 cm ")
was almost negligible compared with D,O formation (approximately 2600 cm™'). These results, however,
cannot exclude the possibility that the hydrogen atoms constituting water do not originate from surface
hydroxyl groups but merely from gas phase hydrogen. In other words, this observation does not
necessarily correspond to true catalysis, which is often indicated via spectroscopic studies. Therefore,
we performed a similar experiment with sufficiently low gas content (CO/Pt = 0.7, CO:0,:D;, = 1:1:17)
to exclude the influence of excess D,. Under this condition, the evolution of H,O with CO, could be

observed, followed by a small amount of D,O (Figure S5). This provides strong evidence that
11
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bicarbonate is formed as a true reaction intermediate by hydrogen supply from surface hydroxyl groups
followed by decomposition to CO; and H,O. We also performed in situ FT-IR measurements in PROX at
a higher reaction temperature (100°C). Bicarbonate and carbonate were formed along with H,O and CO,
(Figure S6), similar to Figure 6. However, spectral change over time (Figure 8) differed slightly from
that at room temperature (Figure 6 inset). CO, formation reached near saturation at the beginning (14 s),
as is consistent with the significantly higher CO conversion. Adsorbed CO did not reach saturation
coverage at the initial stage (14 s—3 min), which was followed by saturation and a subsequent decrease.
This is most likely because of weaker CO adsorption at higher temperature, suggesting that the
competitive adsorption of O, and/or H; is allowed. Bicarbonate gradually decreased compared with the
drastic increase in CO», indicating another reaction pathway that is independent of surface-OH-derived
bicarbonate. A possible interpretation is that a Langmuir-Hinshelwood-type reaction between the
adsorbed CO, O,, and H; (or H) occurs on the Pt;Co surface, as well as that involving surface OH at the
Pt;Co-MgO interface.

Based on these results, a plausible reaction mechanism is proposed, as shown in Scheme 1. CO
molecules are adsorbed on surface Pt and Co atoms, with adsorption on Co being weak, allowing for O,
adsorption on the catalyst surface. The presence of such effective O, adsorption sites changes the
rate-determining step from O, adsorption to surface reaction. At low temperature regions, CO is
converted to bicarbonate intermediate by reacting with O, and hydrogen derived from surface hydroxyl
groups at the Pt3Co—MgO interface (Scheme 1a). The formed bicarbonate is decomposed to CO, and
H,O by receiving another hydrogen atom. This decomposition step may be the rate-determining step at
low temperature regions as bicarbonate can be detected, i.e., its decomposition should be slower than its
formation. Hydrogen supply from surface hydroxyl groups can be mediated in a reverse spillover
fashion by Pt or, more simply, by proton migration. A portion of CO, is captured by MgO as carbonate.
The consumed surface hydroxyl groups are recovered through spillover hydrogen or byproduct water.
This reaction pathway yields CO, and H,O in essentially a 1:1 ratio, i.e., 50% CO; selectivity. It should
be noted that an increase in temperature weakens CO adsorption (Scheme 1b), enhancing O, adsorption
and accelerating the overall reaction rate. Weaker CO adsorption also enables H, dissociation and

hydrogen supply on Pt sites such that some intermediate is formed without the aid of surface OH. The
12
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reaction pathway via a bicarbonate-like intermediate is consistent stoichiometrically with the CO,
selectivity converged to 50% at high temperature (Figure 4, >100°C). In this context, assuming a
formate-like intermediate as mention in the next paragraph does not agree with the stoichiometry.
Greater than 50% CO, selectivity at low temperature (60—-80°C, corresponding to 20%—40% CO
conversion, Figure 4) may be because the byproduct water is used for the regeneration of surface
hydroxyl groups. The contribution of direct CO oxidation would also be involved. Thus, surface
hydroxyl groups play an important role in the reaction mechanism by generating the bicarbonate
intermediate. This reaction mechanism is also consistent with the CO conversion response in the
transient H, on-off experiment shown in Figure 5b. The slow response in H, shutting off may be
attributed to the consumption of surface hydroxyl group and the residual adsorbed water as hydrogen
sources for low temperature PROX. The H, resumption immediately allows the H-involved reaction
pathways to recover the original CO conversion.

Finally, we summarize the two noteworthy features of this study and discuss the difference
between our intermetallic system and other catalytic systems. First, this is the first example of
spectroscopic evidence of a bicarbonate intermediate in PROX. Among a number of Pt-based PROX
catalytic systems, only one research group has reported spectroscopic evidence for a reaction
intermediate. Tanaka et al. proposed that formate species (HCOO) were formed as reaction intermediates
from adsorbed CO and migrating OH anions in PROX over a FeO,-modified Pt/TiO, catalyst.37’ 38
Formate species adsorbed on MgO typically show an OCO symmetric stretching vibration in the
1280-1360 cm™ region,” which is clearly distinguishable from the O-H bending vibration of
bicarbonate at ca. 1220 cm™'. In Figure 6, a very small peak observed at 1280 cm™" might be assignable
to formate. However, no spectral change was observed during the PROX reaction, indicating that its
contribution to catalysis is negligible. Second, surface hydroxyl groups play an important role in PROX.
Although some researchers investigated the involvement of surface hydroxyl groups in PROX, the
reaction mechanism differs from that of our system. Fukuoka et al. reported that surface hydroxyl groups
on Pt/FSM-16 were highly reactive toward CO adsorbed on Pt nanoparticles at the interface of Pt and
FSM-16.% However, the CO-CO; conversion fashion (CO + -OH — CO, + 1/2 H;) was entirely

different from that proposed in our study and reaction intermediates were not discussed. Similar
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involvement of surface hydroxyl groups has also been proposed for Pt/CeQO, catalyst; however, surface
hydroxyl group reacts directly with adsorbed CO to convert into formate intermediate.*"* ** Thus, the
present study proposes a novel and unique reaction mechanism of PROX with strong spectroscopic
evidence. This unique reaction pathway stems from the presence of the Pt—Co support double interface

as an effective reaction site for association of CO, O,, and H at low temperature.

Conclusion

In this study, the reaction mechanism and intermediate behavior in PROX over Pt;Co intermetallic
catalysts supported on various oxides (SiO,, Al,O3, MgO, CaO, and La,;0s) were investigated in detail.
The nature of the support and preparation method affects the Pt;Co particle size and Pt dispersion. CO
conversion depends strongly on Pt dispersion, but not on the acid—base properties of the support.
Pt;Co/MgO demonstrated the highest catalytic activity (97% CO conversion and 50% CO, selectivity at
100°C) among the tested catalysts. Co atoms act as effective O, adsorption sites. At low temperature (<
60°C), a bicarbonate species is formed as a reaction intermediate from adsorbed CO, O,, and surface
hydroxyl groups at the Pt;Co-support interface, followed by decomposition to CO, and H,O. At high
temperature (> 80°C), H, activation at Pt sites occurs to enable bicarbonate-like intermediate formation
without the aid of surface hydroxyl groups. These reaction pathways generate CO, and H,O in a 1:1
ratio, i.e., 50% CO, selectivity. The present study provides the first spectroscopic evidence of
bicarbonate formation as an intermediate in PROX and the involvement of surface hydroxyl groups in
its formation. In addition, the proposed reaction mechanism is unique compared with those reported for

other PROX systems.
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Tables

Table 1. Size of Pt;Co nanoparticles supported on various

oxides and their Pt dispersion.

support /SleT1 dXRDa dTEMb D COC D TEI\;II
m'g / nm / nm (%) (%)
Si0;-a 500 2 2.8 11.7 16.4
SiO,-b 500 7 7.4 3.6 8.7
AlLO; 270 6 6.2 13.5 10.0
MgO 33 6 6.0 16.0 10.3
CaO 37 18 - 0.86 —
La,05 2 30 - 0.27 -

“ Crystallite size estimated by the Scherrer equation.
Volume average particle size obtained from TEM analysis.
Pt dispersion determined by CO chemisorption. ¢ Pt

dispersion estimated by the cuboctahedron model with drgm.

Table 2. Reaction order of reactant pressure on CO,
formation rate in PROX (60°C) over Pt and Pt;Co catalysts.

catalyst Pco Po,
Pt/SiO, -1.42 1.08
Pt;Co/Si0;-a -1.39 0.84
Pt;Co/AlL O3 -1.29 0.79
Pt;Co/MgO -1.27 0.85
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Figure 2. TEM images and size distribution of Pt;Co nanoparticles supported on (a) SiO,-a, (b) SiO,-b,

(c) ALl,Os3, and (d) MgO. (e) High-resolution TEM image of a single nanoparticle designated by the small

square in (d). (f) Cuboctahedron models of intermetallic Pt;Co nanocrystals projected along the [35-2]

direction with small-ball (left) and space-filling (right) models.
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Figure 3. (a) Temperature dependence of CO conversion in PROX over various Pt;Co/MO, catalysts

(MO i1s indicated by symbols) and (b) relationship between the 75, and Pt dispersions.
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Figure 4. Conversion-selectivity curves for PROX over various Pt;Co/MO; catalysts.
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Figure 5. (a) Temperature dependence of CO conversion in PROX (CO + O, + H;) and CO oxidation
(CO + Oy) over Pt;Co/MgO and (b) change in CO conversion in the presence and absence of H; at
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Figure 6. FT-IR spectra during low-temperature PROX over Pt;Co/MgO (at room temperature). Inset

shows the time courses of normalized peak intensity for relevant species.
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Figure 7. FT-IR spectra during low-temperature PROX over Pt;Co/MgO with Hy(D,) pretreatment and
H,(D,) feeding, designated as H,(D,)—H,(D,). Inset shows time courses of normalized peak intensity at
1218 cm ™', corresponding to the O—H bending mode of bicarbonate.
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Figure 8. Changes in normalized intensities of FT-IR bands observed during high-temperature PROX
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Scheme 1. Proposed reaction mechanisms of PROX over Pt3Co on an oxide support at (a) low and (b)

high temperature regions.
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