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Abstract An as-synthesized 8.8wt% Pd/ZnO/Al,03
catalyst was either pretreated under O, at 773 K followed
by H, at 293 K or under H, at 773 K to obtain, respec-
tively, a supported metallic Pd° catalyst (Pd°/Zn0O/Al,03)
or a supported PdZn alloy catalyst (PdZn/ZnO/Al,03).
Both catalysts were studied by CO adsorption using FTIR
spectroscopy. For the supported PdZn alloy catalyst (PdZn/
Zn0/Al,03), exposure to a mixture of methanol and steam,
simulating methanol steam reforming reaction conditions,
does not change the catalyst surface composition. This
implies that the active sites are PdZn alloy like structures.
The exposure of the catalyst to an oxidizing environment
(O, at 623 K) results in the break up of PdZn alloy,
forming a readily reducible PdO with its metallic form
being known as much less active and selective for metha-
nol steam reforming. However, for the metallic Pd°/ZnO/
Al,O5 catalyst, FTIR results indicate that metallic Pd° can
transform to PdZn alloy under methanol steam reforming
conditions. These results suggest that PdZn alloy, even
after an accidental exposure to oxygen, can self repair to
form the active PdZn alloy phase under methanol steam
reforming conditions. Catalytic behavior of the PdZn/ZnO/
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1 Introduction

Based on the current rate of consumption of fossil fuels,
most of these resources could be depleted in a few decades
[1]. A movement toward the generation of renewable
energy is imperative. Proton-Exchange Membrane Fuel
Cells (PEMFCs) powered by hydrogen from renewable
sources to produce electricity appear to be an alternative
solution. Hydrogen fuel can be obtained from steam
reforming of alcohols such as methanol. Methanol is an
attractive candidate due to its high hydrogen/carbon ratio,
low sulfur content [2, 3], low cost [3, 4], relatively low
reforming temperature (473-623 K) [2-5], easy storage
feasibility [6] and high availability [4, 7].

Methanol steam reforming is catalyzed by supported
metals [8—15]. Many studies [16-28] have focused on
copper-based catalysts which exhibit a high reactivity and
favorable selectivity to CO, and H,. However, the
Cu-based catalysts can readily undergo deactivation at high
temperature [29] (=553 K) due to metal sintering and their
pyrophoric nature makes them undesirable for safe and
efficient operation of PEM fuel cells. PdZn catalysts, on the
other hand, do not have the disadvantages of Cu-based
catalysts and have attracted much attention recently [9, 10,
12, 14, 30-38]. Iwasa et al. [11, 39] showed that Pd/ZnO
catalysts reduced at high temperatures (>573 K) are very
active and selective to H, and CO,. The high catalytic
performance of Pd/ZnO catalysts was attributed to the
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presence of PdZn alloy, as revealed by the combination of
XRD, XPS and TPR methods [9, 39]. According to Iwasa
et al. [39] the PdZn alloy is formed during the reduction
under H, at a temperature higher than 573 K. Metallic Pd®,
on the other hand, predominantly produces CO and H, via
methanol decomposition. Since their pioneering work,
several papers [12, 31, 36, 40—43] have investigated the
alloying effect on the reactivity of the Pd/ZnO catalysts.
Chin et al. [44] studied the reactivity of a 16.7% Pd/ZnO
catalyst which only has metallic Pd°. The results showed a
continuous increase in methanol conversion during the first
half hour to a steady state conversion of 32%. The corre-
sponding CO selectivity decreased from 47% to 14%
throughout the experiment. It was proposed that the
bimetallic PdZn alloy, responsible for the activity changes,
was formed under reaction conditions. In agreement with
these findings, recent results from Conant et al. [45],
illustrated a modification of the PdZn nanoparticle surface
affected by the reducing/oxidizing environment and the
reactions conditions. However, the surface compositions of
either metallic Pd® or PdZn alloy under methanol steam
reforming or oxidizing conditions have not been studied
yet. The purpose of the present study is twofold: (1) to
understand the influence of the methanol steam reforming
and oxidizing conditions on the surface composition of
PdZn alloy; and (2) to investigate the potential PdZn alloy
formation from the metallic Pd° under methanol steam
reforming conditions.

2 Experimental
2.1 Preparation of the Catalyst

An 8.8wt% Pd/ZnO/Al,O5 (Pd relative to Pd/Zn0O/Al,03)
catalyst was prepared by multiple incipient wetness
impregnations. Specifically, a palladium nitrate solution
(4.4 wt% Pd, Aldrich) was mixed with a Zn(NO3), - 6H,O
(99.5%, Aldrich). The premixed Pd and Zn nitrate solution
(Pd:Zn molar ratio 0.38) was added drop by drop to the
alumina support (boehmite from Sasol) calcined at 1,123 K
for 5 h prior to the multiple impregnations. A total of five
impregnations were used. Between each impregnation step,
the powder was dried at 353 K for 2 h. A Pd:Zn ratio of
0.38 was chosen since it is optimum ratio for methanol
steam reforming based on our previous report [33].

2.2 Infrared Spectroscopy
IR spectra were recorded with a Nicolet Magna 750

spectrometer, equipped with a MCT detector (resolution:
4 cm™!, 128 scans). The sample pressed into a pellet (ca.

@ Springer

30 mg for a 1.32 cm? pellet) was activated using two dif-
ferent pretreatment methods. The first pretreatment method
reduces the catalyst under H, for 2 h at 773 K. The second
pretreatment includes the calcination of catalyst under O,
for 2 h at 773 K, followed by first cooling the sample under
vacuum to 293 K and then reduced under H, at 293 K for
2 h. During the oxidation (or reduction) treatment, the
sample was alternatively exposed to O, (or H,) for 4 min
and evacuated under vacuum for 2 min to simulate flow
conditions. After these pretreatments, CO adsorption was
conducted at 293 K. For some of the experiments, CO was
then evacuated under vacuum at 623 K and a mixture of
H,0 + CH;0H (molar ratio 1.8:1), was introduced into
the cell for 30 min at 548 K (5 cycles: H,O + CH3;0H for
4 min and evacuation under vacuum for 2 min). This step
was followed by an evacuation under vacuum at 623 K and
a CO adsorption at 293 K. For each CO adsorption, 1.1
pmol of gas was introduced.

2.3 Reactivity

Methanol steam reforming activity was evaluated in a
4 mm LD quartz tube reactor. Approximately 200 mg of
catalyst was loaded between two layers of quartz wool
inside the reactor. A thermocouple was placed in the
middle of the catalyst bed. A pre-mixture feed of water/
methanol (molar ratio of 1.8:1), was aerated through a
vaporizer operating at 643 K and introduced into the
reactor using a syringe pump. Nitrogen purge was fed into
the system using a Brooks Mass Flow Controller (5850E
series). The nitrogen consisted of 29% of the total vapor
feed (molar). Total throughput was run at GHSV =
21,845 h™' at a temperature of 548 K. Prior to activity
tests, the catalyst was reduced in-situ under 10%H,/N, at
623 K for 2 h. A glass condenser at 273 K was used to
separate liquid products from gaseous products. The
product gases, CO, CO, and H, were separated using MS-
5A and PPQ columns and analyzed on-line by means of a
MTI Quad Micro GC (Model Q30L) equipped with a TCD.

3 Results and Discussion
3.1 CO Adsorption

Based on our previous work [33, 40] and that of others
[39], reduction temperatures higher than 573 K are suffi-
cient to reduce the supported and unsupported Pd/ZnO to
form PdZn alloy. Therefore, a PdZn alloy catalyst, desig-
nated as PdZn/ZnO/Al,0;, was obtained by reducing the
8.8% Pd/ZnO/Al,Oj5 catalyst under H, at 773 K for 2 h. To
identify the surface compositions of PdZn alloy that are
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prevalent under the methanol steam reforming conditions,
infrared spectra of CO adsorbed on the PdZn alloy catalyst
before and after the exposure to a mixture of methanol and
steam at 548 K were measured and are shown in Fig. 1
(spectra a and b). To study the potential surface composi-
tion change of PdZn alloy and its correlation with the
stability of PdZn alloy in the presence of O, under a typical
methanol steam reforming temperature, infrared spectrum
of CO adsorbed on PdZn alloy catalyst after the exposure
to O, at 623 K was also measured and is included in Fig. 1
(spectrum c).

In Fig. 1, both spectra a and b are similar. They both
show a main band at 2,071 cm™! characteristic of linear
CO adsorption. A small band between 2,000-1,800 cm ™!,
due to multibonded CO species, is also noted. According to
our previous HREELS results on the Zn/Pd(111) alloy
surfaces and the FTIR results on a similar high surface area
PdZn/ZnO/Al,05 catalyst [38], the band situated at
2,071 cm™! is ascribed to the vibration of CO linearly
adsorbed on the PdZn alloy particles. It is also worth noting
that the area of the band at 2,071 cm™! for both spectra a
and b is almost identical. Therefore, these results indicate
that the surface composition of the PdZn alloy catalyst is
not affected by the exposure to a mixture of methanol and
steam at a typical methanol steam reforming temperature of
548 K. In other words, the surface composition of the PdZn
alloy is likely the active composition for methanol steam
reforming.
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Fig. 1 FTIR spectra recorded after CO adsorption, (a) just after
pretreatment under H,, (b) after exposure to H,O/CH3OH and (c)
after oxidation, for the PdZn/ZnO/Al,O; catalyst. Spectra are
normalized to a pellet of 100 mg

The spectrum c in Fig. 1 was recorded after the PdZn
alloy catalyst was exposed to O, at 623 K. It has a main
band at 1,975 cm~! and a shoulder at 1,940 cm™! in
addition to a band at ~2,069.5 cm™!, which are unlike the
spectra a and b where the band at 2,071 cm™! due to linear
CO adsorption on PdZn alloy dominates. IR bands at
similar positions were previously observed on a 2.77% Pd/
Al,O5 catalyst (i.e. 2,069, 1,981 and 1,936 cm_l) [46] and
were assigned to the v(CO) mode of CO adsorbed on Pd°.
Our separate HREELS results on Pd(111) and FTIR results
on a high surface area Pd catalysts also suggest that the
bands at 1,975 cm~! and 2,069.5 cm™' are indicative of
CO adsorbed in bridging and atop sties on the Pd,
respectively. Therefore, we can deduce that the IR sample
collected for spectrum c has the properties of metallic Pd°.
Exposure of the PdZn alloy to oxygen at 623 K likely
broke up the PdZn alloy to form PdO, which is known to be
readily reduced to form the metallic Pd® either due to the
evacuation of the IR sample at 623 K and/or because of the
exposure of the IR sample to CO for the IR measurement.
In other words, exposure of the PdZn alloy to oxygen under
a methanol steam reforming temperature can lead to the
break up of the active PdZn alloy phase to PdO, which can
be readily reduced to form the metallic Pd°. As discussed
above, metallic Pd° is known to dominate the decomposi-
tion of methanol.

To study the surface composition change of metallic Pd°
under the methanol steam reforming reaction conditions,
infrared spectra of CO adsorption on a supported metallic
Pd° catalyst before and after the exposure to a mixture of
methanol and steam at 548 K were measured and are
shown in Fig. 2 (spectra a and b). The supported metallic
Pd° catalyst, designated as Pd°/ZnO/Al,O3, was obtained
by calcining the 8.8% Pd/ZnO/Al,Oj; catalyst under O, at
773 K for 2 h followed by a reduction under H, at 293 K
for 2 h. Based on our previous work [41] and that of others
[13, 47], such a pretreatment Pd® results in the formation of
a mostly metallic Pd°/ZnO/Al,O5; catalyst. The spectrum a
in Fig. 2 has two bands at 2,062 and 1,980 cm~! and a
shoulder at 1,940 cm~!. As discussed above on the spec-
trum c in Fig. 1, these bands are attributed to the vibration
of CO coordinated to metallic Pd® supported on ZnO/
Al,Os3. Spectrum b in Fig. 2 recorded after introduction of
the H,O + CH3OH mixture is quite different than spec-
trum a. It has a main band at 2,073 cm_l, characteristic of
atop or linear CO adsorption, and a small band between
2,000 and 1,800 cmfl, due to multibonded CO species.
The band at 2,073 cm ™! is characteristic of bimetallic
PdZn alloy, as discussed above, for spectra a and b in
Fig. 1. Metallic Pd® catalyst can be formed by either a mild
reduction as in the case of the Pd°/ZnO/Al,O3 catalyst or
decomposition of PdZn alloy in the presence of O, fol-
lowed by a mild reduction as in the case of the catalyst
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Fig. 2 FTIR spectra recorded after CO adsorption, (a) under O, at
773 K + H, at 293 K and (b) under H, at 773 K after exposure to
H,O/CH;0H, for the metallic Pd°/ZnO/Al,O3 catalyst. Spectra are
normalized to a pellet of 100 mg

measured in Fig. 1 spectrum c. The results in Fig. 2 indi-
cate that under the methanol steam reforming conditions,
metallic Pd can transform to the PdZn alloy which is the
active phase for methanol steam reforming. Hydrogen
produced during methanol steam reforming may facilitate
the PdZn alloy formation. In our previous report, a con-
tinuous increase in methanol conversion accompanied with
a continuous decrease in CO selectivity were observed on a
supported metallic Pd°/ZnO catalyst [44], likely due to the
PdZn alloy formation from Pd and ZnO under the methanol
steam reforming conditions according to the FTIR results
discussed here.

3.2 Reactivity

The above FTIR results suggest that in the presence of O,
the active PdZn alloy phase can break up to form PdO,
which is readily to be reduced to form the much less active
and selective metallic Pd® while the metallic Pd® can self-
repair and transform to the active PdZn alloy phase under
methanol steam reforming conditions. To correlate these
FTIR observations with the activity measurement, a sup-
ported PdZn alloy catalyst, PdZn/ZnO/Al,0O5, was studied
for methanol steam reforming. This catalyst was first
studied in methanol steam reforming at 548 K for 2 h, then
purposely exposed to an air flow at 623 K for 1/2 h, and
followed by re-evaluating its methanol steam reforming
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activity at 548 K. Figure 3 shows the methanol conversion
and CO selectivity as a function of time on stream. For the
first 2 h time-on-stream (i.e. before oxidation), the CH;0H
conversion and the CO selectivity are ~77% and 2.3%,
respectively, as expected from the catalytic performances
on a PdZn alloy catalyst. The CO selectivity is below the
equilibrium value (5.6%). These results are in agreement
with the FTIR data displayed in Fig. 1a and b showing that
the surface composition of PdZn alloy is not modified by
the methanol steam reforming conditions.

After catalyst was exposed to air, a marked decrease in
methanol conversion (60%) and an increase in CO selec-
tivity (76%) were initially observed, which is in sharp
contrast to those measured before the catalyst was exposed
to air, i.e., 77% and 2.3%, respectively. The initial poor
methanol conversion and CO selectivity are due to the
presence of metallic Pd, which is formed from the PdZn
alloy break up in the presence of oxygen followed by a
mild reduction according to the FTIR results discussed
above (spectrum c in Fig. 1), and metallic Pd° is well
known to possess a poor methanol steam reforming activity
[11, 15]. From Fig. 3 we can also see that methanol con-
version increases and CO selectivity decreases with the
time-on-stream. The gradual increase of the CH3;OH con-
version and the corresponding decrease of the CO
selectivity are attributed to the continuous formation of
PdZn alloy from the metallic Pd° under methanol steam
reforming as supported by the FTIR results in Fig. 2.
Therefore, metallic Pd°® formed due to the decomposition
of PdZn alloy in the presence of oxygen can self-repair and
re-form the active PdZn alloy phase under the methanol
steam reforming conditions.
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Fig. 3 Methanol conversion and CO selectivity versus time on
stream (minutes) for a 8.8% Pd/ZnO/Al,O; catalyst (T = 548 K,
GHSV = 21,845 h™})
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4 Conclusion

In this study, we examined the effects of gaseous envi-
ronment on the surface composition of a 8.8% Pd/ZnO/
Al,O5 catalyst using CO-FTIR spectroscopy. The gaseous
environment was chosen to simulate that during methanol
steam reforming and after an accidental exposure to oxy-
gen. It was found that the surface composition of the active
PdZn alloy is not affected by the exposure to methanol
steam reforming conditions, and the active phase in
methanol steam reforming is likely the PdZn alloy. Expo-
sure of the active PdZn alloy to oxygen can lead to the
break up of PdZn alloy to readily reducible PdO with its
metallic form being known as much less active and
selective for methanol steam reforming. However, the
metallic Pd°® can form the active PdZn alloy phase again
under the methanol steam reforming conditions.
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