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Introduction

For the successful commercialization of PEM fuel cells for portable power and
transportation applications, there is a strong need to lower the amount of water-gas shift
catalyst used within fuel processor for H, production/purification. While most recent studies
have improved the current understanding of water-gas shift catalysis, especially regarding
structural-property relationships and catalytic mechanism, a highly active and stable catalyst
has remained elusive. With the advent of combinatorial approaches, however, this situation is
improving.

In 2005, Brooks et al." reported results of combinatorial screening of over 250,000
catalyst materials. One of the findings was that an important improvement in catalyst activity
was realized when Pt/ZrO, was promoted with the alkali, Na. While ceria has received
considerable attention as the partially reducible oxide component for low temperature shift
catalysts,?” there are few reports in the literature for water-gas shift over ZrO»-based catalysts.
However, recently reported catalytic behavior for Pt/ZrO, suggests that defects (e.g.
vacancies) in the surface of zirconium oxide could be generated with the presence of Pt.
is possible that these defects can form bridging OH groups, that once formed, have been
proposed to react with CO to produce surface formates, as seen in ceria systems.?%71%-12
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For ceria-based catalysts, while there is general agreement that surface reduction of
ceria is important for the heterogeneous catalysis, there is still a debate as to how these defect
sites function. On one hand, the partial reduction of ceria in H, has been proposed to lead to
the formation of Type Il bridging OH groups '3, and once formed they react with CO to
produce surface formates. Also, they proposed that Pt° facilitated the dissociation and
spillover of hydrogen to the ceria surface, in order to reduce the ceria and form the Type Il
bridging OH groups directly. In the presence of H,O, the formates decomposed much more
rapidly, and in the forward direction, to yield H, and unidentate carbonate, which decomposed
further to CO,. Based on mechanistic studies, including kinetic isotope effect studies > and
isotope tracer studies ', it has been suggested that the rate limiting step of the surface
formate mechanism involves cleaving the C-H bond of the formate for low temperature water
gas shift.



Analogous bridging OH groups and surface formate species °>"'" have been identified
for thoria and Z|rcon|a -based catalysts. It has been noted that, doped with Pt metal, Pt/thoria®
and Pt/zirconia '® materials exhibit a much higher water-gas shift activity relative to the
undoped oxides. This was attributed to a lower temperature for the bridging OH group
activation, the formation of analogous formate species as observed for ceria, and a rapid
forward decomposition of these formates in the presence of steam. Similar normal kinetic
isotope effects were observed for these materials as seen previously for Pt/ceria, suggesting
that the rate limiting step was likely the C-H bond scission of the formate intermediate.

In other reports, for ceria, it has also been proposed that the role of oxygen vacancies
is not to activate H,O by dissociative adsorption (as in the formate mechanism) but rather to
directly replenish the O from the H,O molecule. This results in reoxidizing the ceria and
liberating H in the process. The vacancy would be generated again by reaction of CO,
chemisorbed on Pt, with O on the ceria surface at the interface, g)roducing CO; in the process.
This process is known as the ceria-mediated redox mechanism.”™ In this work, the promoting
effect of Na on Pt/ZrO, was examined in terms of the formate mechanistic perspective using
DRIFTS. The aim of the current investigation was to determine whether or not the Na
influenced the formate intermediate and to determine specifically if the turnover rate of the
formate was enhanced during the water-gas shift.

Experimental

Catalysis Preparation CommerC|aI high surface-area zirconium support Gobain
NorPro, BET surface area of 117 m?/g, was impregnated with aqueous platinum and sodium
salt containing solutions. The impregnated catalysts were dried in an oven at 110°C for 24
hours and then calcined at 300°C for 3 hours in a furnace. Sequential impregnations were
carried out by drying and calcining after each metal addition.

BET surface area BET surface area measurements were carried out on
Micromeritics TriStar 3000 gas adsorption analyzer. Approximately 0.35 g of sample was
weighted out and loaded into a 3/8” inch sample tube. Nitrogen was used as the adsorption
gas and sample analysis was performed at the boiling temperature of liquid nitrogen.

Temperature programmed reduction Temperature programmed reduction (TPR)
was conducted on ZrO,, Pt/ZrO,, Na/ZrO,, and PtNa/ZrO, catalysts using a Zeton-Altamira
AMI-200 unit equipped with a thermal conductivity detector (TCD). The temperature range
was 50 to 1100°C, and the ramp rate was 10 °C/min. Argon served as the reference gas, and
10 %Hz in Ar was used as the treatment gas. The flow rate of the H, treatment gas was 30
cm®/min. The temperature of the catalyst was recorded from a thermocouple positioned inside
the catalyst bed. Approximately 0.15-0.30 g of catalyst was utilized in each test.

Diffuse reflectance Fourier transform infrared spectroscopy The infrared
spectrometer was a Nicolet Nexus 870, equipped with a DTGS-TEC detector. A chamber fitted
with ZnSe windows capable of high temperature and high pressure served as the reactor for
CO adsorption and water-gas shift experiments. The catalyst amount used was 40 mg.



Catalysts were activated with H:N 100 cm®min:130 cm®min at 300°C, purged in N, 130
cm®min, and cooled to a temperature of interest in N, to obtain background scans. Reference
spectra were generated for formate species by adsorption of formic acid, while reference
spectra for carbonate species were generated by adsorption of CO,. For CO adsorption
measurements, CO:N; 3.75 cm®min:130 cm*/min was flowed at 300°C and cooled to the
temperature of interest. Following CO adsorption experiments, steady state water-gas shift
measurements Were carried out (300°C or 225°C) using CO:H,0:N, 3.75 cm®min: 62.5
cm®min: 67.5 cm®min.

Results and Discussion

Temperature programmed reduction profiles are reported in Figure 1. Reduction of
ZrO; support exhibited two distinct TPR peaks, both of which are most likely due to reduction
in the surface shell, at ~ 440°C and 630°C, respectively. The reduction process involves both
surface carbonate decomposition and uptake of hydrogen during formation of the Type Il
bridging OH groups. The addition of Pt caused a remarkable shift in the surface reduction
process to lower temperature. A major asymmetric peak is observed at 175°C, with a
pronounced shoulder at 140°C. With such systems as metal/CeQ, catalysts, it has been
observed that reduction of Pt oxide occurs first, at a slightly lower temperature than that of the
CeO, surface shell reduction’. Therefore the lower temperature shoulder is most likely
ascribed to reduction of Pt oxide to Pt°, while the more intense peak is due to reduction in the
surface shell of zirconia. There are also two primary peaks observed in the reduction of
Na/ZrO,. In agreement with the higher concentration of surface carbonate, the TPR peaks for
reduction of Na/ZrO, are greater in area. They are also shifted to higher temperature relative
to the ZrO, support, with positions at 525 and 725°C. The shift to higher temperature is
attributed to interactions between Na and ZrO, which hinder the kinetics of the process. The
addition of Pt to Na/ZrO,, not surprisingly, shifted the reduction peaks to lower temperature,
though not as low as in the case of Pt/ZrO, (again, attributed to the Na-ZrO, interaction), with
peaks situated at 225 and 450°C. The intensity of the peak at 450°C was verified by several
tests. The higher intensity relative to the Na/ZrO, is likely attributed to the greater extent of
reduction due to the presence of Pt. Both Na-doped catalysts exhibited higher intensity TPR
peaks relative to their un-doped counterparts, which can be explained in part by the
decomposition of carbonates, which were much higher in surface concentration.
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Figure 1: TPR profiles of, moving upward, high surface area zirconia (a), high surface area
zirconia loaded with 2 % Pt (b), high surface area zirconia loaded with 2.5 % Na (c), and high

surface area zirconia loaded with 2 % Pt and 2.5 % Na (d).

Results of CO adsorption at 300°C after catalyst activation for ZrO,, Pt/ZrO,, and
PtNa/ZrO, are displayed in Figure 2. CO was observed to react with bridging OH groups
(3715 - 3650 cm™ range) to generate bands indicative of surface formate species. These
bands included C-H stretching (v(C-H) 2880, minor bands 2966, 2745 cm™) and vas(OCO)
asymmetric (1568 cm™) and vs(OCO) symmetric (1386, 1366 cm™') modes, for ZrO, and
Pt/ZrO, catalysts. Pt/ZrO, was observed to exhibit higher intensity formate bands versus the
ZrO, support. This is likely attributed to the role that Pt plays in facilitating the formation of
reduced defect sites at low temperature 8'*. Additionally, CO adsorption also resulted in the
formation of Pt-CO bands assigned to linear v(CO) (2069, 2050 cm™") and bridge-bonded

v(CO) (1880 cm™) CO.
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Figure 2: DRIFTS spectra of the adsorbed CO after activation in H, at 300°C and purging in
N2, moving upward, ZrO; (a), Pt/ZrO; (b), and PtNa/ZrO (c). Conditions: CO:N, 3.75
cm®min:130 cm®min at 300°C.

While the band positions for the formate species are virtually identical for the ZrO, and
Pt/ZrO, catalysts, there are remarkable shifts in band positions when switching from Pt/ZrO; to
PtNa/ZrO, catalyst. Firstly, there is an important change in the linear to bridge (i.e., L:B) Pt-
CO ratio for the v(CO) mode from 5:1 for Pt/ZrO, to 5:4, favoring bridge-bonded CO in the
PtNa/ZrO, catalyst. Secondly, it is clear in this case that the alkali Na+ influences not only the
so-called Pt-CO L:B ratio %, but also shifts the formate C-H bands to a lower wavenumber.
This appears to be a result of the formate’s interaction with Na.

At high H,O/CO ratios, the rate of partially reducible oxides with precious metals (e.qg.,
metal/ceria) has been suggested to be zero order in H,O (i.e., whereby an adsorbed H,O
species is close to saturation), while that of CO is suggested to be first order, where the
reaction rate essentially controls the coverage of the adsorbed CO intermediate °. In Figure 3
at 225 °C, the coverage of the formate for the Pt/ZrO, and PtNa/ZrO; catalysts is very limited,
while Pt-CO remains close to saturation during steady state. Note, that partial pressure of CO
remains unchanged in Figure 3, and this suggests that the adsorbed CO intermediate is likely
the formate species. Additionally during CO adsorption, the formate bands are higher in
intensity for the PtNa/ZrO, catalysts, suggesting that the catalyst exhibits a higher population
of active OH groups. The slightly higher intensity of the C-H bands for the Pt/ZrO, catalyst
during water-gas shift, however, suggests that the formate is reacting more slowly relative to
its Na promoted counterpart.
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Figure 3: DRIFTS spectra of Pt/ZrO, (Bottom) and PtNa/ZrO, (Top) after CO adsorption (solid)
at 225°C to H; activated catalysts and after switching to steady state water-gas shift conditions
(dashed). Formate bands more reaction rate limited during WGS for Na-promoted catalysts,
suggesting that formate is reacting faster. CO adsorption: 3.75 cm®min CO:130 cm®*min N,.
Steady state WGS: 3.75 cm®min C0:62.5 cm*/min H,0:67.5 cm®/min N..

To explore the reactivity of the formate species further, the pseudo-stable formate was
generated by CO adsorption to the H, activated catalyst, with cooling to 130°C. Transient
decomposition of the formate was followed in steam as a function of time. Figure 4 provides a
comparison of the transient formate decomposition fraction for Pt/ZrO, and PtNa/ZrO,. Here,
20 % of the formate’s initial intensity is decomposed in 5.2 min for Pt/ZrO, and 2.4 min for
PtNa/ZrO,, suggesting that the formate is more reactive for the Na-promoted catalyst.
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Figure 4: Formate area response to steaming at 130°C in H,O:N, 62.5 cm*/min:67.5 cm®/min
for Pt/ZrO, (Unfilled circles) and PtNa/ZrO; (Filled circles). The 0.20-life of formate is indicated
for each case, demonstrating a faster rate for PtNa/ZrO,. Forward decomposition.
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Figure 5. Before and after transient formate decomposition in H,O at 130°C, including Pt/ZrO»

(Left) and PtNa/ZrO, (Right).

Interestingly, the carbonates (~ 1850 - 1300 cm™') are very low for the Pt/ZrO, after
streaming (Figure 5, left), consistent with the observed CO; evolution for that sample (see
Figure 3). In contrast, the carbonates are retained on the surface of PtNa/ZrO, at 130°C
(Figure 5, right), and it is interesting to note that more carbonate was retained on the surface of
the PtNa/ZrO, catalyst after H, activation, too (see Figure 6, top). A close-up of the
carbonates generated from the formate decomposition of Pt/ZrO, is also provided (Figure 6,

bottom).
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Figure 6: The resultant difference bands for after - activated for Pt/ZrO, and PtNa/ZrO, (right).
Note that for Pt/ZrO,, little formate and carbonate remains, consistent with CO, evolution (see
Figure 3). However, for PtNa/ZrO,, significant carbonate residual remains on the surface after
formate decomposition at 130°C.

Conclusions

As explored by infrared spectroscopy, CO adsorption at 300°C displayed the C-H
stretching bands indicative of the formate species for ZrO,, Pt/ZrO, and PtNa/ZrO..
Additionally, Pt/ZrO, and PtNa/ZrO, demonstrated higher intensity of formate than compared
to ZrO, alone. More notable change was the red-shifting C-H bands of the Na doped sample
suggesting a weakening of the C-H bond, which has been proposed to be the rate-limiting step
of the low temperature water-gas shift mechanism. First, steady state water-gas shift testing at
225°C indicated that the coverage of formate was more limited for the PtNa/ZrO2 catalyst
compared to Pt/ZrO,, suggesting that it was reacting faster. Secondly, in transient formate
decomposition tests at 130°C in steam, forward decomposition to carbonate species was
observed, and the formates on PtNa/ZrO, decomposed to 20 % of their initial value in 1/2 the
time in comparison with Pt/ZrO..
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