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ABSTRACT: We report on the direct promotional effect of
sodium on the water−gas shift activity of platinum supported on
oxygen-free multiwalled carbon nanotubes. Whereas the Na-free
Pt catalysts are shown to be completely inactive, the addition of
sodium is found to improve the water−gas shift activity to levels
comparable to those obtained with highly active Pt catalysts on
metal oxide supports. The structure and morphology of the
catalyst surface was followed using aberration-corrected HAADF-
STEM, which showed that atomically dispersed platinum species
are stabilized by the addition of sodium. In situ atmospheric-
pressure X-ray photoelectron spectroscopy (AP-XPS) experiments
demonstrated that oxidized platinum Pt−OHx contributions in
the Pt 4f signal are higher in the presence of sodium, providing
evidence for a previously reported active-site structure of the form Pt−Nax−Oy−(OH)z. Pt remained oxidized in all redox
experiments, even when a H2-rich gas mixture was used, but the extent of its oxidation followed the oxidation potential of the gas.
These findings offer new insights into the nature of the active platinum-based site for the water−gas shift reaction. A strong
inhibitory effect of hydrogen was observed on the reaction kinetics, effectively raising the apparent activation energy from 70 ± 5
kJ/mol (in product-free gas) to 105 ± 7 kJ/mol (in full reformate gas). Increased hydrogen uptake was observed on these
materials when both Pt and Na were present on the catalyst, suggesting that hydrogen desorption might limit the water−gas shift
reaction rate under such conditions.

■ INTRODUCTION

The water−gas shift (WGS) reaction is an essential step in the
purification process for on-board fuel reforming and hydrogen
production. It is of particular importance for low-temperature
polymer electrolyte membrane (PEM) fuel cell applications,
where CO levels must be decreased to <1 ppm at relatively low
temperatures to prevent poisoning of the anode catalysts.1 The
current industrial Cu−ZnO-based low-temperature WGS
catalysts are not well-suited for this process because of their
pyrophoricity and susceptibility to deactivation under ambient
conditions. As such, attention has recently turned to advanced
copper-based catalysts2−4 and a new generation of noble-metal
catalysts5−8 in an effort to find suitable alternatives.
Platinum has been of particular interest as an alternative

WGS catalyst owing to its high WGS activity and resistance to
poisoning.9 As a result of the considerable progress made in the
area of automotive exhaust catalysis, significant improvements
in our understanding of how platinum catalyzes the water−gas
shift reaction at low temperatures have been made, especially
on ceria and doped-ceria supports.5,6,8,10−14 This topic has
recently been reviewed.15,16 A bifunctional mechanism has been

inferred in the literature on the subject, in which the support
oxide activates water as CO is adsorbed on Pt.17 For Pt
surfaces, the concentration of hydroxyl groups has been shown
to control the rate of the WGS reaction14 and is therefore
indispensable for high CO conversions. Accordingly, the
activity of ceria-supported catalysts is attributed to the high
oxygen defect concentrations in this support,5,8,11,13,18 leading
to a high rate of water activation to surface hydroxyl groups
and, in turn, to high WGS activity.
The active site on these materials has been identified as

oxidized platinum present as Pt−Ox−Ce species on the
surface.5,19 The strong interaction created by this structure
gives the catalyst improved stability (i.e., resistance to
sintering)19 and makes ceria the support of choice for Pt as
well as other active metals such as gold5,20−22 and copper.4,23 At
low temperatures, however, ceria itself is susceptible to
deactivation due to hydroxycarbonate formation, which can
be overcome by using O2-assisted WGS conditions13 or by

Received: December 5, 2013
Published: February 6, 2014

Article

pubs.acs.org/JACS

© 2014 American Chemical Society 3238 dx.doi.org/10.1021/ja4123889 | J. Am. Chem. Soc. 2014, 136, 3238−3245

pubs.acs.org/JACS


doping ceria with additives (i.e., zirconia).12 It is therefore fair
to say that the search for improved low-temperature shift
catalysts has continued unabated over the years.
It was recently reported that the addition of alkali metals to

platinum supported on metal oxide supports promotes its
activity.24−29 Furthermore, Pt was shown to be promoted by
alkali metal oxides even on inert supports such as silica; the
resulting catalysts have comparable activity and improved
stability when compared to Pt/CeO2.

27,29 Using ab initio
molecular dynamics to match the reactivity and spectroscopic
characterization data, plausible clusters centered on Pt ligated
to alkali atoms through oxygen and containing some number of
−OH species were proposed27 (the Pt atom is positively
charged in such clusters). We recently reported that Pt can be
promoted by Na even when deposited on multiwalled carbon
nanotubes (MWNTs).30 The presence of oxygen-containing
groups on the surface of the carbon was shown to strongly
affect the stability of the oxidized platinum species in such
catalysts.
In an effort to understand whether this active site is common

across all supports, we have chosen here an inert, oxygen-free
carbon material as the support for the Pt−Nax−Oy−(OH)z
clusters. These catalysts were characterized under reaction
conditions using ambient-pressure X-ray photoelectron spec-
troscopy (AP-XPS)31,32 to provide new insights into the nature
of adsorbed species and their effects on the active Pt sites.
Carbon-supported Pt catalysts have historically been avoided in
the study of the WGS reaction because of their low activity.17

However, the stability and activity that Na imparts to the Pt
catalyst provides a means of accurately monitoring platinum
and oxygen changes on the carbon-based surface because of the
low contributions from the bulk (i.e., support) oxygen.
We show here that the activity and stability of Pt deposited

on annealed (oxygen-free) MWNTs are strongly promoted by
the addition of sodium. Characterization by atomic-resolution
microscopy and AP-XPS demonstrates the presence of highly
dispersed Pt−OHx species on alkali-promoted Pt catalysts. In
addition to steady-state activity tests, dynamic reactivity studies
are used to further elucidate the properties of the Pt−Ox−Nay−
OHz active site for the WGS reaction.

■ EXPERIMENTAL SECTION
Multiwalled carbon nanotubes (>95%, o.d. 20−30 nm, length 10−30
μm) were purchased from Cheap Tubes, Inc. Purification and
introduction of surface oxygen was performed by nitric acid oxidation.
The as-received MWNTs (denoted CN) were suspended in 70%
HNO3 (Alfa Aesar) (25 mL per gram of MWNTs) and refluxed at 120
°C for 2 h (denoted 2h-CN). After being refluxed, the oxidized
MWNTs were filtered and washed repeatedly with deionized water
until neutral pH was observed in the filtrate. The washed nanotubes
were placed in a vacuum oven and dried overnight at 60 °C. They
were then annealed at 1000 °C for 4 h under flowing helium to
remove all surface oxygen (denoted 1000-2h-CN).
Platinum-containing catalysts (1 wt % Pt) were prepared by

incipient wetness impregnation of the as-received and treated MWNTs
using a tetraamine platinum nitrate (Sigma-Aldrich) precursor
dissolved in the appropriate amount of water (CN pore volume =
1.5 mL/g). SiO2-supported catalysts were prepared using fumed silica
(Sigma-Aldrich, pore volume = 3 mL/min). For the sodium-promoted
catalysts, sodium nitrate (Alfa Aesar) was added to the impregnation
solution to give a 6:1 molar ratio of Na to Pt. Following impregnation,
the MWNT-supported catalysts were dried in a vacuum and annealed
in flowing helium at 400 °C for 1 h.
Steady-state WGS activity tests were performed in a packed-bed

quartz reactor operated at atmospheric pressure. The feed and product

gas compositions were analyzed using an SRI 331 gas chromatograph
(GC) equipped with a Carbosphere 80/100 packed column and a
thermal conductivity detector (TCD). In a typical experiment, 0.1−0.2
g of catalyst was diluted with calcined quartz sand and loaded between
two plugs of quartz wool. The gas composition for product-free
activity tests was 2% CO/10% H2O/88% He, using a flow rate of 70
mL/min. Full reformate gas tests were performed using a gas mixture
of 11% CO/25% H2/25% H2O/7% CO2/32% He at flow rates of
150−210 mL/min. The samples were first exposed to the full gas
composition at 350 °C for 2 h and 300 °C for 48 h before the kinetic
tests were performed under full reformate gas conditions. The CO
conversion was kept below 15% during the kinetic tests. Methane
production was not observed under any of the WGS reaction
conditions used.

H2 temperature-programmed desorption (TPD) experiments were
performed using a Micromeritics AutoChem 2920 II apparatus. In a
typical experiment, 0.1 g of catalyst was placed in a U-shaped quartz
reactor between two plugs of quartz wool. The catalysts were
prereduced in 10% H2/Ar at 400 °C (10 °C/min) and then cooled to
room temperature and purged in He. The temperature was then
ramped to 400 °C in flowing He (30 mL/min) at 10 °C/min, and the
effluent gas was monitored by a residual gas analyzer (SRS RGA 200).

Aberration-corrected (ac) high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imaging was
performed using a Zeiss Libra 200 MC microscope operated at 200
kV. Samples were prepared by dispersing the powders in ethanol and
dropping the resulting solutions onto a 200-mesh copper grid coated
with a lacey carbon film. Particle sizes were estimated from the images
by counting at least 300 particles.

Ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) was
performed using an in-house spectrometer31,32 equipped with a
benchtop monochromated Al Kα source, a reaction cell, and a series of
differential pumping stages leading to the analyzer. Samples were
mounted on a highly oriented pyrolytic graphite (HOPG) substrate
and placed into the sample holder. Reactions were performed under
ultrahigh vacuum (UHV) at varying reaction conditions (0.1 mbar of
CO, 0.5 mbar of H2O, 0.5 mbar of H2, and combinations thereof) and
various temperatures (25−350 °C). The samples were heated
conductively through an external heating source installed in the
UHV chamber to eliminate the influence of a filament. Reactant gas
was allowed to flow through the reaction cell during XPS analysis,
while the sample was kept at a maximum distance of 0.3 mm from the
aperture of the analyzer to ensure a spacing smaller than the inelastic
mean free path of photoelectrons of 500 eV in the corresponding
gaseous environment. The presence of gas-phase CO2 contributions at
536.3 eV (in addition to CO and H2O at 538.0 and 535.4 eV,
respectively) in the O 1s signal at elevated temperatures when the Na-
promoted catalyst was used indicated that XP spectra were collected
under representative reaction (i.e., CO conversion) conditions.

The deconvolution of AP-XP spectra was performed using the
CasaXPS analysis software suite. Gaussian (70%)/Lorentzian (30%)
peak shapes were used for all components. The binding energy and full
width at half-maximum (fwhm) were fixed for each component
(determined using UHV and room-temperature scans) and maintained
throughout all fits. The variability for all binding-energy and fwhm
values was kept below ±0.1.

The initial Pt 4f UHV spectra of both the Na-promoted and
unpromoted catalysts were fitted using known peak positions33 for Pt0

(71.4 eV), Pt1+/Pt−OH (72.4 eV), Pt2+ (74.1 eV), and Pt4+ (74.9 eV),
with the fwhm set to 1.2 for Pt0, 1.5 for Pt1+, 1.5 for Pt2+, and 1.5 for
Pt4+. Upon the addition of CO to the gas phase at room temperature,
the peaks corresponding to CO bound to Pt in top and bridge
positions (72 eV with 0.9 fwhm) and CO bound to low-coordinated Pt
sites (72.7 eV with 0.9 fwhm)34−36 were added. All fitting was
performed using the Marquardt algorithm.

■ RESULTS AND DISCUSSION

Catalyst Activity Studies. The water−gas shift (WGS)
activity of the Na-promoted and unpromoted Pt catalysts under
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product-free conditions are shown in Figure 1. The CO
conversion for the 1 wt % Pt/CN catalyst (prepared on as-

received MWNTs) was observed to light off around 275 °C and
approach full conversion at 400 °C. In addition to the 1 wt %
Pt/CN catalyst, platinum was also deposited on carbon
nanotubes that were purified/oxidized by HNO3 treatment
and annealed at 1000 °C in flowing helium to completely
remove surface oxygen functionality, labeled 1 wt % Pt/1000-
2h-CN. Interestingly, this catalyst did not show any activity for
the WGS reaction in the temperature range of 200−400 °C.
This can be explained by the lack of surface sites that are able to
activate (i.e., dissociate) water molecules. Indeed, previous
reports have shown the formation of hydroxyl groups to be key
for WGS activity.14,27,37 On the as-received nanotubes (CN),
significant amounts of functional groups, including carboxylic
and hydroxyl groups, are present (see Figure S1, Supporting
Information) on the surface. These groups act to anchor and
disperse Pt as well as activate water, thus explaining the
measurable WGS reaction activity (at >275 °C) of the 1 wt %
Pt/CN catalyst shown in Figure 1.
The coimpregnation of Pt and Na on the annealed

nanotubes (labeled 1 wt % Pt1Na6/1000-2h-CN) resulted in a
catalyst of high WGS activity (Figure 1). This is in line with
previous reports that have shown sodium to have a strong
promotional effect on metal-oxide-supported Pt cata-
lysts.24,25,27−30,38 However, the current finding of high WGS
activity over Pt supported on an oxygen-free (MWNT) surface
corroborates the ability of sodium (oxide) alone to interact with
platinum and provide sites for water activation. This is of
particular importance, as metal oxide supports are typically
thought to play the essential role of dissociating H2O in the
WGS mechanism on highly active Pt catalysts5,6,39,40 (e.g., Pt/
CeO2; the CO conversion on a 5 wt % Pt/CeO2 sample is also
shown in Figure 1 for comparison6). In fact, the 1 wt % Pt1Na6/
1000-2h-CN catalyst prepared in this study was observed to
have nearly identical WGS activity to the analogous sodium-

ion-promoted platinum catalyst prepared on fumed silica (i.e., 1
wt % Pt1Na6/SiO2

27 in Figure 1). Furthermore, the apparent
activation energy for the WGS reaction on Pt1Na6/1000-2h-CN,
calculated from the low-conversion points in Figure 1, is 70 ± 5
kJ/mol, in accordance with the values observed on other alkali-
promoted Pt catalysts on various supports.14,17,24,27−29,41

Hence, the sodium oxide can be considered as a “ceria
analogue” in activating the platinum both on inert oxide
surfaces27,29 and on oxygen-free carbon. It is important to note
here that the surface oxygen content of the annealed
multiwalled carbon nanotubes (as measured by XPS; Table
S1, Supporting Information) did not increase significantly
(from 0.7 to 0.9 at. %) after the addition of Pt and Na.
ac-HAADF-STEM images of the fresh catalysts (after

calcination in flowing He at 400 °C for 1 h) are shown in
Figure 2. It can be seen from the images and the particle size

distributions that very well-dispersed platinum clusters can be
prepared on the carbon nanotubes with or without the addition
of sodium. In both of these materials, more than 70% of the
counted Pt particles were found to be smaller than 1 nm in
diameter. After use in the WGS reaction, however, the average
particle size of the Na-free catalyst increased to 1.7 nm, whereas
that of the Na-promoted catalyst remained below 1 nm (Figure
3). From the ac-HAADF-STEM image and particle size
distribution of Pt1Na6/1000-2h-CN in Figure 2C,D, it can be
seen that 50% of the Pt on the Na-promoted support remained
atomically dispersed below 1 nm.
The 1 wt % Pt1Na6/1000-2h-CN catalyst was also tested in a

full reformate gas feed. The apparent activation energy (Eapp)
was found to increase from 70 ± 5 kJ/mol (in a product-free
gas feed) to 105 ± 7 kJ/mol (in a full reformate gas feed)
within the temperature range of 200−280 °C, as shown in the
Arrhenius-type plot in Figure 4. We identified the cause of this
inhibition of the WGS rate to be the presence of hydrogen in
the reaction gas. Such an increase in the apparent activation
energy has not been observed on alumina- or silica-supported
Pt−Na catalysts,27,29 except in one study that reported
activation energies as high as 89 kJ/mol for very high alkali-

Figure 1. Steady-state WGS activity of Pt catalysts prepared on
untreated (Pt/CN) and acid-treated/annealed (Pt/1000-2h-CN)
supports in the absence of Na and the corresponding sodium-
promoted (Pt1Na6/1000-2h-CN) catalyst. Results for the Na-promoted
catalyst on SiO2 (Pt1Na6/SiO2) and a 5 wt % Pt/CeO2 catalyst are
shown for comparison. Conditions: 70 mL/min 2% CO/10% H2O/
88% He, 0.1 g of catalyst.

Figure 2. (A,C) Aberration-corrected HAADF-STEM images and
(B,D) corresponding particle size distributions of fresh (A,B) 1 wt %
Pt/1000-2h-CN and (C,D) 1 wt % Pt1Na6/1000-2h-CN catalysts.
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to-platinum ratios (e.g., 60:1) on Pt/Al2O3 catalysts.28 This
behavior, therefore, appears to be unique to the carbon-based
catalysts examined here.
For comparison, an analogous Pt1Na6/SiO2 catalyst (1 wt %

Pt; Na/Pt = 6:1 mol/mol) was also tested under the same
conditions. The two catalysts were prepared and treated in the
same manner, such that the only difference between the two
materials was the support material (i.e., SiO2 versus MWNTs).
The rates and activation energies under product-free and full
reformate gas conditions are shown in Figure 4. Nearly
identical rates were measured on the two catalysts (Pt1Na6/
1000-2h-CN and Pt1Na6/SiO2) under product-free WGS
conditions. Under full reformate gas conditions, however, the
WGS rate and Eapp value deviated significantly on Pt1Na6/1000-
2h-CN, whereas they remained unchanged on Pt1Na6/SiO2. We
can interpret such a deviation in simple kinetic terms as a shift
to a desorption-limited rate on the carbon-based catalyst, as
discussed below.

It is well-known that hydrogen adsorption and spillover
occur readily at high partial pressures of hydrogen on alkali-
modified carbon nanotubes.42,43 Silica, on the other hand, does
not have any hydrogen storage capacity under these conditions.
A series of hydrogen uptake experiments, shown in Figure 5

(quantified in Table 1), demonstrate the hydrogen storage
capacity of the MWNTs in the presence of Pt and Na. It is
particularly noteworthy that a 4-fold enhancement in hydrogen
uptake was achieved on the Na-promoted Pt catalyst compared
to the Na-doped, but Pt-free, MWNT support. Although
hydrogen is generally known to have an inhibitory effect on the
WGS reaction rate,14,28,41 this is exacerbated on the carbon-
supported catalyst because of the high hydrogen affinity of the
catalyst surface.
The apparent reaction order with respect to hydrogen on the

1 wt % Pt1Na6/1000-2h-CN catalyst was found to be lower (i.e.,
more inhibitory) than that reported for metal-oxide-supported
materials28 (see Figure S2, Supporting Information), further
suggesting a higher surface hydrogen concentration. Further-
more, the adsorption of hydrogen onto such materials is an
activated process; that is, the adsorption capacity increases with
temperature.44,45 In this light, we can attribute the inhibitory
effect of hydrogen on 1 wt % Pt1Na6/1000-2h-CN under the
conditions used here to a H2-desorption limitation. Indeed,
previous studies have shown the hydrogen desorption energy
from Pd-doped and annealed MWNTs to be as high as 130 kJ/
mol,46 in line with the increased apparent activation energy
observed in Figure 4. This attenuation of the reaction rate was

Figure 3. (A,C) Aberration-corrected HAADF-STEM images and
(B,D) corresponding particle size distributions of used (conditions in
Figure 1) (A,B) 1 wt% Pt/1000-2h-CN and (C,D) 1 wt % Pt1Na6/
1000-2h-CN catalysts. Atomically dispersed species are circled in red.

Figure 4. Arrhenius-type plot of Pt1Na6/1000-2h-CN and Pt1Na6/SiO2
in product-free (2% CO/10% H2O/88% He) and full reformate gas
(11% CO/25% H2O/25% H2/7% CO2/32% He) conditions.

Figure 5. Temperature-programmed desorption of hydrogen from
various MWNT-based materials. Reaction conditions: 30 mL/min He,
10 °C/min ramp rate. All materials were treated in 10% H2 at 400 °C
prior to the desorption study.

Table 1. Quantitation of Hydrogen Evolution from TPD
Experimentsa

catalyst H2 (μmol/g)

PtNa/1000-2h-CN 28.3
Na/1000-2h-CN 6.8
Pt/1000-2h-CN 0.0

aAs shown in Figure 5.
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observed to be reversible (by the removal of hydrogen), as
shown in Figure S3 (Supporting Information) and in the XPS
analysis below, indicating that the effect is not structural.
In Situ AP-XPS Studies. To better understand the

response of the catalytic surface to the reaction conditions,
AP-XPS experiments were conducted using the 1 wt % Pt1Na6/
1000-2h-CN and 1 wt % Pt/1000-2h-CN catalysts. Acquisition
of data was performed at steady-state conditions, after the
samples had been held for 1 h at the conditions noted below.
The catalysts were first examined by XPS under UHV
conditions, after which the reactant gases (0.1 mbar of CO
and 0.5 mbar of H2O) were introduced sequentially at room
temperature. The temperature was then increased to 250 °C
under WGS reaction conditions (product-free gas feed). To
probe the effect of a reducing atmosphere at elevated
temperature, H2O was removed from the gas phase and then
reintroduced to test for the reversibility of the surface response.
The stability of the catalyst was tested by increasing the
temperature to 350 °C and then cycling back to 250 °C.
Finally, to investigate the inhibitory effect of hydrogen, 0.5
mbar of H2 was introduced in addition to the reactant gases
(CO and H2O) at 250 °C.
The Pt 4f signals for the Na-free (Pt/1000-2h-CN) and Na-

promoted (Pt1Na6/1000-2h-CN) catalysts are shown in panels
A and B, respectively, of Figure 6 (under various reaction
conditions labeled 1−9). A close examination shows that the
peak shape of the Pt1Na6/1000-2h-CN signal (Figure 6B) is
significantly more responsive to changes in the reaction
atmosphere than the Na-free signal (Figure 6A), whereas the
Pt 4f7/2 and Pt 4f5/2 peak positions (of Pt1Na6/1000-2h-CN)
remain constant. Conversely, the Pt 4f peak positions of Na-
free Pt/1000-2h-CN were observed to decrease in binding
energy with reaction temperature, as indicated by the dotted
line in Figure 6A. This is indicative of the progressive reduction
of Pt with temperature under the reaction conditions. The lack
of an overall shift of the Pt 4f peaks of Pt1Na6/1000-2h-CN
throughout the course of the reaction (Figure 6B) suggests that
sodium is able to stabilize Pt in its active oxidation state.
The downshift of the Pt 4f signal for Pt/1000-2h-CN along

the reaction sequence was also consistent with the higher

propensity for sintering of Pt particles on the Na-free catalyst
(Figure 3A) compared to Pt1Na6/1000-2h-CN (Figure 3B).
The aggregation of Pt nanoparticles on Pt/1000-2h-CN
decreased the fraction of low-coordinated Pt atoms dispersed
on the MWNT surface, resulting in an increase of the metallic
Pt signal at lower binding energies. The Pt atoms in Pt1Na6/
1000-2h-CN, on the other hand, are strongly bound to oxygen
atoms within the Pt−Nax−Oy−(OH)z complex, which
contributes to their stabilization and prevents aggregation.
Deconvolution of the Pt 4f spectra of both Pt/1000-2h-CN

and Pt1Na6/1000-2h-CN (Figure S4, Supporting Information)
demonstrates the relative stability of the −OH groups on these
surfaces, manifested as Pt−OH (i.e., Pt1+) contributions. The
change in intensity of the Pt−OH component over the course
of reaction is shown in Figure 7 for both catalysts (with the

conditions on the x axis corresponding to the conditions
numbered in Figure 6). For the Na-free sample, a progressive
decrease in the relative intensity of the Pt−OH contribution as
a function of temperature can be seen; two plateaus are
observed (conditions 4−6 and 7−9) in Figure 7, corresponding

Figure 6. Pt 4f XP spectra of (A) Pt/1000-2h-CN and (B) Pt1Na6/1000-2h-CN under WGS reaction conditions.

Figure 7. Pt−OH contributions to the Pt 4f signals of Pt1Na6/1000-
2h-CN (red) and Pt/1000-2h-CN (black) over the course of the
reaction. Circled points indicate benchmark reaction conditions (250
°C, 0.1 mbar of CO + 0.5 mbar of H2O).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4123889 | J. Am. Chem. Soc. 2014, 136, 3238−32453242



to temperature increases (to 250 and 350 °C, respectively) that
resulted in the agglomeration/reduction of Pt.
In contrast, the Na-promoted catalyst demonstrated a

significantly higher contribution from the Pt−OH signal
throughout the course of reaction. When the temperature
was increased to 350 °C, where the WGS rate is very high and
high surface coverages are not favored, this contribution
dropped significantly (condition 7). Decreasing the temper-
ature from 350 °C (condition 7) to 250 °C (condition 8) in the
mixture of CO and H2O resulted in a restoration of the Pt−OH
signal intensity (condition 8). In fact the stability of this surface
species (Pt−OH) at the benchmark reaction condition of 0.1
mbar of CO and 0.5 mbar of H2O at 250 °C can be observed
by the circled points in Figure 7, indicating the reversible
response of the surface of Pt1Na6/1000-2h-CN to varying
conditions. The introduction of hydrogen (to the mixture of
reactants CO and H2O gas at 250 °C) in condition 9 of Figure
7 (corresponding to Figure 6B, condition 9) reduced the Pt−
OH contribution. This indicates a decrease in the surface
concentration of active sites, as corroborated by the kinetic data
of Figure 4. Furthermore, the lack of response in the Pt−OH
signal of the Na-free catalyst (Pt/1000-2h-CN) demonstrates
that Na contributes to the adsorption of −OH groups to Pt
atoms.
The evolution of the O 1s photoemission features of the two

catalysts, Pt/1000-2h-CN and Pt1Na6/1000-2h-CN, over reac-
tion conditions 1−9 are shown in Figure 8. The contribution to
O 1s from gas-phase CO (at ∼535.5 eV) was subtracted from
the signal where appropriate. As shown in Figure 8A, the
distribution of oxygen states for the Na-free catalyst appears to
be relatively insensitive to the reaction conditions. This also
corresponds to the observations for the Pt surface species
shown in Figure 6A.
In contrast to the Na-free catalyst, the Pt1Na6/1000-2h-CN

catalyst exhibited significantly different O 1s photoemission
features. Large surface changes were found to take place along
the sequence of experimental conditions in Figure 8B.
Compared to the Na-free catalyst (Figure 8A), for Pt1Na6/
1000-2h-CN, a significant contribution to the low-binding-
energy (531.2 eV) side of the O 1s spectra is evident (Figure

8B). This binding energy is often attributed to surface hydroxyl
surface species47 and metal hydroxides.48 We therefore assign
the peak at 531.2 eV to the OH groups of the Pt−Na−Ox−
(OH)y structure. The slight shift in this component under
condition 5 (H2O removed from the feed gas) is likely due to a
high coverage of CO,34,35 which was completely reversed upon
the reintroduction of H2O (condition 6), further demonstrating
the stability of active −OH structure at these conditions.
Upon increasing the temperature to 350 °C under H2O and

CO pressure (Figure 8B, condition 7), the appearance of a
strong new peak at 530.5 eV was observed. This new
photoemission feature did not result from the shift of the
peak at 531.2 eV, as the relative intensity of the peak at 530.5
eV to that at 533.8 eV increased significantly in conditions 7−9
(Figure 8B) compared to all previous conditions. The feature
persisted on the surface even after the reaction temperature was
again decreased to 250 °C (Figure 8B, condition 8) and after
hydrogen was introduced into the gas phase (Figure 8B,
condition 9). This component appears to be related to the
enrichment of sodium on the surface, as shown in Figure 9.
The changes observed in the O 1s spectra are strongly

reflected in the Na 1s signal shown in Figure 9. An upshift of
the Na 1s binding energy upon increasing the temperature from
25 °C (Figure 9, condition 3) to 250 °C (Figure 9, condition 4)
in the mixture of CO and H2O was observed. This is likely the
result of H2O dissociation to OH, effectively oxidizing Na; that
is, a transfer of electron density from Na to the adsorbed −OH
group contributes to an upshift in the binding energy of Na 1s.
Furthermore, the stability of the hydroxyl structure upon the
removal of gas-phase water at 250 °C is apparent (condition 5).
Indeed, these changes were also observed in the O 1s signal
(Figure 8B).
The atomic ratio of Na to O at conditions 7−9 suggests that

(1) the enrichment of sodium clearly takes place upon
increasing the reaction temperature to 350 °C, corresponding
to the appearance of the new O 1s features, and (2) this
segregation of sodium is irreversible, as the atomic ratio Na to
O remains nearly constant in conditions 8 and 9. This surface
restructuring upon exposure to high temperatures might be
responsible for the partial deactivation of Pt1Na6/1000-2h-CN

Figure 8. O 1s XP spectra of (A) Pt/1000-2h-CN and (B) Pt1Na6/1000-2h-CN under WGS reaction conditions.
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observed in the cooling cycle (Figure 1, arrow pointing from
high to low temperature) by site blocking after exposure to
WGS conditions at 400 °C. Thus, the in situ XPS studies
rationalize both the activation of Pt by the presence of sodium
and the partial deactivation of Pt1Na6/1000-2h-CN catalyst after
high-temperature exposure.

■ CONCLUSIONS
We have shown that the coimpregnation of Pt and Na onto a
1000 °C-annealed MWNT surface results in the formation of
Pt−Nax−Oy−(OH)z clusters. These subnanometer-sized active
sites give rise to the observed WGS activity. In situ AP-XPS
results show that, in the presence of Na, the Pt−OHx species
are stabilized and the concentration of these species is a
function of the gas-phase oxygen potential. Concomitantly, the
reaction rate follows the changes in the Pt−OHx concentration.
The stabilization of oxidized Pt by sodium and the ability of
sodium to aid in the activation of water, even on carbon
supports, is what gives rise to the high WGS activity on these
catalysts. A strong inhibitory effect of hydrogen on these
catalysts is explained by a (H2) desorption-limited rate, as a
strong uptake of hydrogen on the Pt−Na−carbon surfaces was
measured above ∼200 °C.
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Ex situ XPS of support materials, apparent reaction order
results, reversibility of WGS rate with H2 addition/removal, and
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