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The effect of Zn addition on the Pd turnover rate (TOR) for the water–gas shift (WGS) reaction was
studied on 2 wt% Pd on alumina with Zn content varying from 0 to 19% Zn by weight. Over 85% of
the Zn reacted with alumina to form zinc aluminate with a fraction reacting with Pd. The average Pd–
Zn coordination number as measured by extended X-ray absorption fine structure (EXAFS) increased
monotonically from 0 to 4.5 as the Zn loading on alumina increased. At a loading of 2% Pd and 19% Zn
on alumina the molar fraction of Zn in the Pd particles was 0.34, and the turnover rate increased by
a factor of 13, as compared with the pure metallic Pd supported on alumina, to 3.6 × 10−2 mol H2 s−1

(mol exposed Pd)−1 at 280 ◦C, 6.8% CO, 8.5% CO2, 21.9% H2O, and 37.4% H2 at 1 atm. The formation of
the ordered 1:1 PdZn intermetallic compound by deposition of Pd on zinc oxide increased the average
Pd–Zn coordination number to 5.9 and the WGS turnover rate by a factor of 20 to 5.3 × 10−2 mol H2 s−1

(mol exposed Pd)−1. The bonding of adsorbed CO changed from 80% bridging on pure Pd to 90% linear
on the 1:1 PdZn intermetallic compound as determined by diffuse reflectance infrared spectroscopy
performed under WGS conditions. The fraction of CO binding linearly to Pd correlated linearly with the
WGS rate per Pd on the surface. Because the dispersion of the samples was about the same, this result
implies that the number of active sites can be counted by the fraction of CO binding linearly. A simple
random substitution model for PdZn distribution was used to estimate the concentration of Pd and Zn
on the surface, based on the coordination numbers measured by EXAFS. The correlation of the reaction
rate with the types of sites on catalysts with six different Pd–Zn compositions shows that the data is
consistent with an active site composed of surface Pd atoms with surface coordination to 2 Pd and 4 Zn
atoms, which is the coordination expected for the (111) plane of the 1:1 PdZn intermetallic compound.
An alternate explanation for the promotional effect of Zn on Pd/alumina is that the formation of zinc
aluminate breaks a deleterious Pd–alumina interaction.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Interest in fuel cell research has flourished in recent years due
to the possible application of fuel cells in mobile or domestic
power generation [1]. The areas of hydrogen generation and CO
purification have attracted much interest. In both areas, the water–
gas shift (WGS) reaction (CO + H2O → CO2 + H2) plays an impor-
tant role [2]. Commercially available Cu/ZnO/Al2O3 catalysts have
the highest rate per unit of volume but suffer from poor stability
under constant startup-shutdown conditions and at high temper-
atures [3]. Therefore, attention has been given to supported noble
metals such as Pt and Pd [4–9]. These catalysts are more robust
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but exhibit lower turnover rates (TOR) than that exhibited by the
industrial Cu/ZnO/Al2O3 catalyst.

In the related field of methanol reforming (H3COH + H2O →
CO2 + 3H2), the reaction proceeds selectively over Cu catalysts,
whereas methanol preferentially decomposes to CO over Pt and
Pd catalysts [10,11]. However, the selectivity toward methanol re-
forming is improved when Pd is supported on ZnO [12–22]. Iwasa
and coworkers [16] were the first to observe that Pd/ZnO had a
high rate per gram toward methanol reforming with high selectiv-
ity toward CO2, which was attributed to the formation of a PdZn
intermetallic compound during the reduction pretreatment of the
catalyst at temperatures above 300 ◦C. Photoelectron spectroscopy
and valance band structure calculations showed that on PdZn, the
Pd 4d local density of states (LDOS) was similar to the LDOS of
Cu [23–26]. Therefore, it was suggested that PdZn could be a good
catalyst for other reactions catalyzed by Cu [13].
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Iwasa and coworkers [19] also studied the effect on methanol
reforming of Zn addition to supported Pd catalysts. Whereas the
addition of Zn to CeO2- and ZrO2-supported Pd induced the forma-
tion of PdZn during steam reforming, the addition of Zn to SiO2-
and Al2O3-supported Pd did not affect its structure. No reduction
of Zn or intermetallic formation was observed on the SiO2 sup-
port even at temperatures of 700 ◦C. Xia et al. [27] studied the
activity of Pd/ZnO catalysts supported on high surface area Al2O3
for methanol reforming. The Al2O3-supported catalysts with low
Pd/Zn ratios were less selective toward methanol decomposition to
CO than the ZnO-supported sample. Only at Pd loadings >12% and
Pd/Zn molar ratios >0.76 was formation of PdZn observed after
reduction in 3% H2 at 400 ◦C. Ab initio calculations, coupled with
X-ray photoelectron spectroscopy measurements, showed that the
electronic perturbations caused to the Pd atom by the formation of
PdZn reduced the ability of Pd to adsorb CO by transferring elec-
trons from Pd to Zn, which in turn weakened the Pd(4d)–CO(2π∗)
bonding interactions [28].

Here we report on the turnover rate of Pd/Zn/Al2O3 catalysts for
the forward WGS reaction at 280 ◦C and 6.8% CO, 8.5% CO2, 21.9%
H2O, and 37.4% H2 at 1 atm total pressure. We investigated the
effect of Zn by preparing samples with intermediate loading be-
tween pure Pd and the 1:1 PdZn intermetallic compound. The clus-
ter structure was characterized by extended X-ray absorption fine
structure (EXAFS) and X-ray diffraction (XRD). Diffuse-reflectance
infrared Fourier transform spectroscopy (DRIFTS) measurements
were obtained under reaction conditions to study how the addi-
tion of Zn affects the adsorption of CO on the surface and how it
correlates with the reaction turnover rate.

2. Experimental

2.1. Catalyst preparation

All of the reagents used were obtained from Aldrich except the
γ -alumina, which was a high-purity γ -Al2O3. The γ -Al2O3 had a
BET area of 241 m2 g−1, a pore volume of 0.5 ml g−1, and an aver-
age pore diameter of 7 nm. The supports were calcined at 500 ◦C
before the metal precursors were added. A typical synthesis in-
volved adding 0 to 7 g of Zn(NO3)2·6H2O in 3.6 ml of H2O to 6.0 g
of alumina. The sample was dried at 100 ◦C and calcined at 300 ◦C
for 2 h in flowing air. After 3.4 g of 10% solution of Pd(NH3)4(NO3)2
were added to this support, it was dried at 100 ◦C, calcined at
300 ◦C in flowing air for 2 h, and prereduced at 250 ◦C in H2 at at-
mospheric pressure. Identification of the various samples is based
on the amount of Pd and Zn; for example, sample 2Pd6Zn is a 2%
Pd on Al2O3 with 6% Zn loading by weight. In addition, a physi-
cal mixture of 2% Pd on Al2O3 (2Pd0Zn) and ZnO was prepared.
The amount of ZnO added was adjusted until the Zn concentration
in the mixture reached 6% by weight. This sample was designated
2Pd6ZnPM. For the ZnO-supported Pd catalyst, 1.75 g of a 10% solu-
tion of Pd(NH3)4(NO3)2 was added to 6.0 g of ZnO (14 m2 g−1 and
0.04 cm3 g−1). The solid was dried at 100 ◦C, calcined at 250 ◦C in
flowing air for 2 h, and then prereduced at 250 ◦C in H2 at at-
mospheric pressure; the resulting sample is designated 1PdZnO.
The actual Pd and Zn weight loadings for all samples were veri-
fied by inductively coupled plasma atomic emission spectrometry
(ICP-AES).

2.2. Catalyst characterization

2.2.1. O2 and H2 chemisorption measurements
The chemisorption properties of the used catalysts were deter-

mined with a H2–O2 titration method [29,30] in a standard volu-
metric apparatus at 100 ◦C in the pressure range of 50–180 Torr.
The catalysts (0.35–0.50 g) were dried in open air at 150 ◦C for
12 h before being transferred to the apparatus, after which they
were reduced at 300 ◦C for 30 min under 33 ml min−1 of flowing
H2. The temperature was then reduced to 100 ◦C, and the system
was evacuated. First, O2 chemisorption was performed. Then the
system was evacuated and H2 titration was done. Finally, the BET
area was measured at LN2 temperature. For sample 2Pd19Zn, the
Pd dispersion also was measured by H2 chemisorption after reduc-
tion at 300 ◦C for 4 h.

2.2.2. Powder X-ray diffraction (XRD)
Powder XRD patterns were collected in air on a Scintag X2

diffractometer with a θ–θ setup. The patterns were collected be-
tween the 2θ angles of 25 and 50 degrees in 0.04-degree steps.
The collection time per step was 30 s.

2.2.3. Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies

The Spectra-Tech DRIFTS cell and FTIR spectrometer used in this
study have been described elsewhere [9]. All presented spectra
were collected at a resolution of 4 cm−1 and averaged over 32
scans. For the in situ studies, CO, H2, CO2, and N2 were bubbled
through a H2O saturator heated to a temperature at which the va-
por pressure gave the desired concentration. The total flow was
maintained at 50 sccm, and all lines were heat-traced with heat-
ing tape and covered with insulation and aluminum foil to prevent
condensation of the water vapor.

The diffuse reflectance (DR) spectra are presented in absorbance
units defined as

Abs = log

(
1

R∞

)
, (1)

where R∞ is as defined by Phatak et al. [9]. Although we realize
that these are not true absorbance values, because we are col-
lecting diffusely reflected infrared radiation, we refer to them as
absorbance units from here on. Absorbance units were used due to
the findings of a recent study by Sirita et al. [31] that compared
the use of both absorbance and Kubelka–Munk units for quanti-
tative analysis of CO adsorption on a Pt/SiO2 catalyst and found
that absorbance units gave the most appropriate representation
of adsorbate surface concentration for reflectance values >0.6. All
spectra presented in our study had reflectance values >0.6 at the
peak maximum for CO adsorption, and thus absorbance units were
used.

The catalysts loaded into the DRIFTS cell were the used cata-
lysts from the kinetic study. They were pretreated by first heating
in flowing N2 to 150 ◦C and holding for 15 min. The temperature
was then increased to 300 ◦C at a constant rate of ∼8 ◦C min−1.
Once at 300 ◦C, the catalyst was exposed to 10 min of 10% O2, fol-
lowed by a 4-min nitrogen purge and 30 min of 25% H2. Once the
cell was purged of H2, the temperature was decreased to 100 ◦C
in N2 for various CO adsorption experiments (results not pre-
sented). The catalyst was then heated to 280 ◦C at a constant rate
of ∼8 ◦C min−1 and exposed to H2O vapor by bubbling 50 sccm
N2 through the heated saturator. Once the single-beam background
had stabilized, a 256-scan background was collected, and the cat-
alyst was exposed to the complete WGS mixture of 6.8% CO, 11%
H2O, 8.5% CO2, 37.3% H2, and N2.

Deconvolution of the DR spectra was completed with CasaXPS
version 2.3.12. Once the data were collected, the spectra were
baseline-corrected with a linear background from 2144 cm−1 (Q
branch of gas-phase CO) to ∼1700 cm−1. The region of interest for
peak deconvolution was the area at which CO adsorbs on Pd. How-
ever, the gas-phase CO spectrum partially overlaps the region of
linear CO on Pd. We attempted to subtract the gas-phase CO bands
with a reference spectrum of CO flowing over an alumina sample
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at room temperature (RT), but the shape of the gas-phase spec-
trum collected under WGS conditions at 280 ◦C was not the same
as that of the reference. To remedy this, we used a pure Gaus-
sian curve to simulate the P branch of the gas-phase CO spectrum.
Compared with the reference spectrum, the Gaussian curve cap-
tured the shape of the lower wavenumber side of the P branch, as
shown in Fig. 4. Thus, we believe that this methodology for sub-
tracting out the gas-phase CO spectrum is sufficient for quantifying
the adsorbed CO peaks.

The region set for deconvolution for the Pd/Al2O3 and Pd/Zn/
Al2O3 catalysts was 2144–1674 cm−1, and that for the Pd/ZnO cat-
alyst was 2144–1809 cm−1. Pure Gaussian curves were added to
represent the different identified species. Due to the asymmet-
ric shape of the lower wavenumber side of linearly bound CO
on Pd, an extra peak was added to complete the fit. The peak
positions, areas, and their full widths at half maximum (FWHM)
were then optimized by minimizing the root mean squared er-
ror (RMSE) through Marquardt iterations completed by CasaXPS.
Once a physically reasonable fit was obtained, constraints were
put on the positions such that the peaks could not be moved out
of their respective regions. The constrained peaks were then ap-
plied to the whole data set, and the RMSE was minimized. For
the RMSE minimization on the whole set, the only constraint was
that of the aforementioned position. The linearly bound CO species
were allowed to vary by ∼ ±5 cm−1; the bridging CO species, by
∼ ±30 cm−1. The FWHM values were not constrained, but were
monitored such that a reasonable fit was obtained.

2.2.4. Pd-edge extended X-ray absorption fine structure (EXAFS)
measurements

X-ray absorption measurements were made on the insertion-
device beam line of the Materials Research Collaborative Access
Team (MRCAT) at the Advanced Photon Source, Argonne National
Laboratory. Measurements were made in transmission mode with
the ionization chambers optimized for the maximum current with
linear response (∼1010 photons detected s−1) using a mixture of
N2 and He in the incident X-ray detector and a mixture of ca. 20%
Ar in N2 in the transmission X-ray detector. A third detector in
the series collected a Pd foil spectrum simultaneously with each
measurement for energy calibration. Catalyst samples were pressed
into a cylindrical holder with a thickness chosen to give a total ab-
sorbance (μx) at the Pd K (24.350 keV) edge of about 2.0 and a Pd
edge step (�μx) of ca. 0.5. Unless stated otherwise, the Pd cata-
lysts used in the kinetic experiments were re-reduced at 300 ◦C for
30 min in 4% H2/He followed by He purge at 300 ◦C, and cooled to
RT in a continuous-flow EXAFS reactor cell. The spectra were ob-
tained at RT under static He atmosphere. Phase shifts, backscatter-
ing amplitudes, and XANES references were obtained from Pd foil
for Pd–Pd. For Pd–Zn, the phase and amplitude files were theoret-
ical from FEFF. Standard procedures based on WINXAS97 software
were used to extract the EXAFS data. The coordination parameters
were obtained by a least square fit in q- and r-space of the isolated
nearest-neighbor, k2-weighted Fourier transform data. The data fit
equally well with both k1 and k3 weightings.

2.3. Kinetic measurements

The kinetic measurements were obtained in a unit comprising
four parallel plug flow reactors (PFR), each housed inside a sepa-
rate tubular furnace to control the temperature independently. The
gases were fed to the reactors with eight mass flow controllers.
Four of these mass flow controllers were used to control the com-
position of the gases (Ar, CO, CO2 and H2) in the main gas feed,
and the other four were used to regulate the flow of the main
premixed feed to each reactor. High-purity CO was preheated to
320 ◦C on a Cu turnings-filled trap before it entered the reactor
Table 1
Summary of catalyst metal loading and O2–H2 titration results

Catalyst Metal contenta O2–H2 titrationb Pd

dispersionb
Surface
Zn/Pd
ratioc,d

Pd Zn O2 uptake H2 uptake
(wt%) (wt%) (μmol g−1) (μmol g−1)

2Pd0Zn 2.3 0 20 ± 1 75 ± 3 0.24 ± 0.01 –
2Pd2Zn 2.3 2.5 34 ± 1 91 ± 3 0.27 ± 0.01 0.2
2Pd6Zn 2.1 6.2 45 ± 1 87 ± 3 0.29 ± 0.01 0.5
2Pd6Zn 500e 2.1 6.2 51 ± 1 73 ± 3 0.24 ± 0.01 1.0
2Pd6ZnPM 1.9f 5.9f 29 ± 1 86 ± 3 0.32 ± 0.01 0.1
2Pd6ZnPM 500e 1.9f 5.9f 63 ± 1 76 ± 3 0.28 ± 0.01 1.3
2Pd10Zn 2.0 9.5 49 ± 1 76 ± 3 0.27 ± 0.01 0.9
2Pd14Zn 2.0 13.7 38 ± 1 66 ± 3 0.24 ± 0.01 0.7
2Pd19Zn 2.0 19.0 39 ± 1 23 ± 3 0.20 ± 0.02g 3.6
1PdZnO 1.0 – 23 ± 1 27 ± 3 0.19 ± 0.02 1.4

a Metal content as measured by ICP-AES.
b Titration and dispersion measurements done on catalysts after WGS reaction.
c Ratio obtained from O2–H2 titration data assuming that oxygen adsorbed on Pd

and Zn, while hydrogen only reacted with oxygen adsorbed on Pd. Oxygen coverage
on the Pd and Zn surfaces were assumed to be 0.74 and 1 monolayers, respectively.

d Zn/Pd ratio includes Zn atoms both on the surface of Pd particles and on the
surface of the support.

e Samples reduced under 25% H2/75%Ar for 2 h at 500 ◦C.
f Weight loading calculated based on addition of 0.04 g ZnO to 0.5 g 2Pd0Zn.
g Pd dispersion measured by H2 chemisorption.

to decompose the Fe-carbonyls, which otherwise can be deposited
on the catalyst surface, affecting the measured rates. High-purity
H2 was passed through a Deoxo trap. Deionized water was me-
tered by a positive displacement pump and was vaporized before
entering the reactor. To avoid fluctuations in the water partial pres-
sure, a 0.254-mm-i.d. capillary tube was used to deliver the water.
After each reactor, a condenser chilled the gases to 0 ◦C to main-
tain a low and constant partial pressure of water. A network of
valves allowed the periodic injection of the gas streams coming
from all four reactors into an Agilent 6890 gas chromatograph (GC)
equipped with a thermal conductivity detector (TCD) and a Car-
boxen 1000 column. The inlet gases were analyzed before each
injection to ensure precise measurement. In general, the rate of
CO consumption was used as the WGS rate. In the cases where
methane was detected by the GC, the WGS rate was calculated by
subtracting the rate of methane formation from the total rate of
CO consumption. The carbon mass balance was >96%. The reac-
tor temperatures were adjusted to keep the conversion of all the
gases below 10%, thereby maintaining differential conditions. The
total inlet flow rate was held constant at 75.4 ml min−1, with a
standard inlet gas composition of 6.8% CO, 8.5% CO2, 21.9% H2O,
37.4% H2, and balance Ar, which was used as an internal standard.
This gas composition mimics that seen at a fuel reformer outlet.

The temperature was varied over a range of 40 ◦C, with the con-
centrations kept at standard conditions, to determine the apparent
activation energy. Reaction orders with respect to the reactants
and products were measured by varying one gas concentration at
a time. The four concentrations were varied over the ranges 4–21%
CO, 5–25% CO2, 11–34% H2O, and 14–55% H2. Before the start of
the experimental program, the catalysts were reduced by flowing
50 ml min−1 of 25% H2/75% Ar mixture at 300 ◦C for 2 h and sta-
bilized at standard reaction conditions at 350 ◦C for 12 h. At the
end of the experimental program, the reactors were cooled to RT
under a 15-ml min−1 Ar flow. Once at RT, the catalysts were passi-
vated by switching the gas composition to 1% O2 for 1 h.

3. Results

3.1. Catalyst characterization

Table 1 contains the results from the ICP-AES, O2 chemisorp-
tion and O2–H2 titration measurements after reaction. The actual
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Pd and Zn loadings were close to the values targeted during syn-
thesis. In all Pd/Zn/Al2O3 samples, the nominal molar ratio Zn/Pd
was always >1. For sample 2Pd2Zn, the nominal ratio was 1.8. This
ratio increased to 15.4 for sample 2Pd19Zn. Thus, sufficient Zn was
available on the catalyst to react with all of the Pd and form the
1:1 PdZn alloy reported by others [20,27,32,33].

The dispersion of Pd particles was calculated using the O2–H2
titration data, assuming that 3/2 mol of H2 reacted with 1 mol
of Pd–O as suggested in the literature [29,30]. In the case of the
pure Pd/Al2O3 sample, O2 chemisorption gave similar Pd surface
area as the O2–H2 titration measurement. All samples except the
Pd catalysts with 19% Zn had similar dispersions, ranging from
0.19 to 0.32. The 19% Zn sample had a Pd dispersion of 0.08.
However, when H2 chemisorption was used, the Pd dispersion
for the 19% Zn sample increased to 0.20. The reduction temper-
atures of 300 and 500 ◦C affected the Pd dispersion only slightly,
as shown by the dispersion values for the pairs 2Pd6Zn/2Pd6Zn500
and 2Pd6ZnPM/2Pd6ZnPM500, where the 500 suffix indicates the
reduction temperature of 500 ◦C. The O2–H2 titration data for the
Al2O3-supported Pd catalyst (2Pd0Zn) showed a H2/O2 ratio of 3.8,
in disagreement with the theoretical ratio of 3.0. Two previous
studies [34,35] reported that the adsorption of oxygen on a Pd film
saturated at coverage between 0.62 and 0.74 monolayers. Corrected
for the submonolayer coverage of O2, the theoretical H2/O2 ratio
would be between 3.4 and 3.6, which can explain, at least in part,
the higher H2/O2 ratio observed experimentally. For the remaining
samples, the H2/O2 ratio decreased with Zn loading and reduction
temperature. Chemisorption data (not shown) on all fresh catalysts
before WGS reaction showed an approximate twofold greater Pd
dispersion compared with the used samples. The surface Zn/Pd
ratio was estimated from the H2 and O2 uptake, assuming that
oxygen adsorbed on Pd and Zn, whereas on the titration, hydro-
gen reacted only with oxygen adsorbed on Pd. Oxygen coverage on
the Pd and Zn surfaces were assumed to be 0.74 and 1 monolayer,
respectively (Table 1).

Fig. 1a shows the diffraction patterns of the Pd/Zn/Al2O3 cat-
alysts in air after the O2–H2 titration measurements. For compar-
ison, the diffraction pattern of the Al2O3 support is also shown.
Sample 2Pd0Zn showed a peak at 39.9◦ , attributed to metallic
Pd [36]. The relative intensity of the second Pd peak at 46◦ was
too low to be resolved. On addition of Zn on the alumina samples,
two new peaks increasing in intensity with Zn loading appeared
at 31.7◦ and 37.3◦ . These peaks have been identified as belonging
to the ZnAl2O4 structure [37]. For sample 2Pd19Zn, three addi-
tional peaks were observed at 32.2◦ , 34.9◦ , and 36.8◦ , attributed
to hexagonal ZnO [38]. To quantify the amount of ZnAl2O4 present
in each sample, the XRD findings for Al2O3, Pd, ZnAl2O4 and ZnO
were deconvoluted, and the areas under the peaks were calculated.
Before deconvolution, the intensity patterns for all samples were
scaled such that the intensity in the region in which no diffrac-
tion peaks were observed (2θ < 27◦) was the same for all samples.
Fig. 2 shows the area under the ZnAl2O4 peak at 31.7◦ as a function
of Zn loading. The amount of ZnAl2O4 as measured by XRD in-
creased linearly with the amount of Zn added to the catalyst. Fig. 2
also shows the BET area of the Pd/Zn/Al2O3 samples after WGS
reaction. For comparison, the pure Al2O3 support had an area of
241 m2 g−1. The surface area decreased linearly with the amount
of Zn added to the support. The largest loss of surface area—a 33%
decrease—was observed for the Pd/19% Zn catalyst. The BET areas
of the fresh catalysts (data not shown) also decreased linearly with
Zn loading.

None of the Pd catalysts supported on Al2O3 showed an XRD
peak belonging to the PdZn alloy. By comparison, Fig. 1b shows
that the Pd catalyst supported on ZnO was the only sample to have
a PdZn alloy as detected by XRD. The peaks observed at 41.4◦ and
44.2◦ belong to a 1:1 PdZn alloy with the face-centered tetrago-
(a)

(b)

Fig. 1. X-ray diffraction patterns in air after O2–H2 titration. The curves have been
shifted for clarity. (a) Pd/Zn/Al2O3 catalysts with different Zn loadings. (b) Pd/ZnO.

nal structure of CuAu (Llo-type, space group P4/mmm) with unit
cell parameters a = 4.100 Å and c = 3.295 Å [39,40]. This PdZn in-
termetallic compound has a bulk Pd–Zn coordination number of 8
and a Pd–Pd coordination number of 4, for a bulk Pd–Zn-to-Pd–Pd
coordination number ratio of 2.

The diffraction patterns collected for the fresh, prereduced cat-
alysts before WGS reaction showed the diffraction peaks corre-
sponding to the ZnAl2O4 phase. The Pd diffraction peaks were
difficult to separate from the background because of the small Pd
particle size.

3.2. EXAFS of reduced catalysts after WGS reaction

The catalysts after reaction were reduced at 300 ◦C with 4%
H2/96% He, flushed with He, and cooled to RT under He. The
spectra were taken at RT and under static He. Fig. 3 shows the
k2-weighted Fourier transform of the EXAFS χ(k) function for sam-
ples 2Pd0Zn, 2Pd2Zn, and 1PdZnO. The pure Pd sample showed
two distinct peaks at distances of R = 2.05 and 2.50 Å. The in-
tensity ratio of these peaks was independent of particle size. The
data for the ZnO-supported Pd had a peak at a lower distance of
R = 2.17 Å, with a small shoulder at 2.82 Å. The data for the 2%



L. Bollmann et al. / Journal of Catalysis 257 (2008) 43–54 47
Fig. 2. Experimental BET surface area (1) and area of XRD zinc aluminate peak (!)
after WGS reaction (280 ◦C, 6.8% CO, 8.5% CO2, 11% H2O, 37.4% H2, and balance N2).

Fig. 3. Pd edge EXAFS of 2% Pd/Al2O3 (2Pd0Zn), 2% Pd/2% Zn/Al2O3 (2Pd2Zn) and 1%
Pd/ZnO (1PdZnO) after reduction on 4% H2 in He. Data collected at room tempera-
ture under He atmosphere.

Zn sample showed two peaks, both at similar positions as the pure
Pd/Al2O3 sample. However, the peak intensity ratio was different
suggesting that the peak at R = 2.05 Å had a contribution from
another peak. The EXAFS data for the 6%, 10%, 14% and 19% Zn
samples showed contributions from the same peaks at 2.05 Å and
2.5 Å as the 2% Zn sample. The coordination parameters were ob-
tained by fitting one coordination shell for the Pd–Zn neighbors
and 2 coordination shells for the Pd–Pd neighbors. The reason for
including 2 coordination shells for Pd–Pd neighbors was that the
Pd–Pd nearest neighbor distance is different in pure metallic Pd
particles compared with intermetallic 1:1 PdZn particles. Based
on the crystal structure, the Pd–Pd distance in the intermetallic
is 0.15 Å larger than in the metallic particles. The fitting results
are shown in Table 2. The pure Pd catalyst supported on Al2O3
had only Pd–Pd neighbors, as would be expected with a coordina-
tion number of 11.1. The fitted Pd–Pd bond distance was 2.75 Å,
Table 2
Summary of coordination number (N), bond distance (R), Debye–Waller factor
(DWF) and energy correction factor (Eo) obtained from EXAFS measurements

Composition Scatter N R (Å) DWF
(×103)

Eo

(eV)

2Pd0Zn Pd–Pd 11.1 2.75 1.0 2.8

2Pd2Zn Pd–Zn 2.3 2.54 3.0 −7.9
Pd–Pd 6.1 2.73 3.0 2.0

2Pd6Zn Pd–Zn 3.4 2.54 3.0 −8.0
Pd–Pd 2.9 2.73 3.0 1.5

2Pd10Zn Pd–Zn 3.7 2.54 3.0 −6.5
Pd–Pd 2.4 2.73 3.0 0.5

2Pd14Zn Pd–Zn 3.8 2.55 3.0 −6.9
Pd–Pd 2.2 2.73 3.0 −0.9

2Pd19Zn Pd–Zn 4.5 2.54 3.0 −6.8
Pd–Pd 1.8 2.73 3.0 −3.6

1PdZnO Pd–Zn 5.9 2.57 3.0 −4.3
Pd–Pd 2.9 2.88 3.0 3.3

in agreement with the bond distance calculated from the crystal
structure parameters of Pd.

For the Pd/Zn/Al2O3 samples, the best fits to the EXAFS data
were obtained only when the metallic Pd–Pd shell was included
along with the Pd–Zn shell. The resulting bond distances were
2.54 Å for Pd–Zn and 2.73 Å for Pd–Pd. The Pd–Zn distance is
shorter than the 2.63 Å Pd–Zn distance obtained from the crystal
structure of the PdZn alloy. Tkachenko et al. [41] also studied the
1:1 PdZn alloy with EXAFS and reported a bond distance of 2.59 Å.
In that study, XRD data confirmed the presence of the intermetal-
lic 1:1 PdZn compound as in our case. As shown in Table 2, the
Pd–Zn coordination number increased and the Pd–Pd coordination
number decreased with increasing addition of Zn. For the physi-
cal mixture of Pd/Al2O3 and ZnO reduced at 300 ◦C (2Pd6ZnPM),
only Pd–Pd neighbors were detected by EXAFS. The average Pd–Pd
coordination and bond distance were 9.7 and 2.74 Å, respectively.
From EXAFS data, this sample behaved more like a pure Pd sample
(2Pd0Zn) rather than a Pd/6% Zn sample (2Pd6Zn). When the phys-
ical mixture was reduced at 500 ◦C (2Pd6ZnPM500), the Pd–Pd
coordination number decreased to 3.5 and the Pd–Zn coordina-
tion increased to 3.1. The corresponding bond distances were 2.73
and 2.53 Å. These values were similar to those obtained for sam-
ple 2Pd6Zn, which has the same Zn loading, with the Zn added
through an incipient wetness method.

From the best fit to the data, the Pd–Zn and intermetallic Pd–
Pd coordination numbers for the Pd/ZnO sample were calculated
as 5.9 and 2.9, respectively. The Pd–Pd coordination shell was lo-
cated 2.88 Å away from the central Pd atom. This distance is in
good agreement with the Pd–Pd distance of 2.90 Å obtained from
the intermetallic 1:1 PdZn crystal structure [40]. In addition, the
ratio of the Pd–Zn and Pd–Pd coordination numbers (Pd–Zn/Pd–
Pd = 2.0) is identical to the ratio expected from the face-centered
tetragonal structure of the 1:1 PdZn intermetallic.

3.3. DRIFTS under WGS conditions

Fig. 4 shows the steady-state DR spectra of the set of Pd/Zn/
Al2O3 catalysts under WGS reactions (6.8% CO, 11% H2O, 8.5% CO2,
37.4% H2, balance N2) at 280 ◦C. These conditions were similar
to those for the kinetic measurements in the plug-flow reactors,
except for the H2O concentration, which was lower during the
DRIFTS measurements (11% vs 22% H2O), due to limitations of
the experimental setup. The P and R branches of gas-phase CO
were visible and centered at ∼2115 and 2180 cm−1, respectively.
Linear and bridging CO species on Pd also were observed in the
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Fig. 4. DRIFTS spectra of Pd/Zn/Al2O3 and Pd/ZnO catalysts under WGS condi-
tions (280 ◦C, 6.8% CO, 8.5% CO2, 11% H2O, 37.4% H2, and balance N2). Traces for
the deconvoluted peaks are included. Data for Pd/ZnO sample has been magnified
2.5 times for clarity.

regions 2075–2000 cm−1 and 1980–1880 cm−1, respectively [42].
The possibility of three-fold CO species bound to Pd was not ex-
cluded because the lower frequency side of the bridge bonded
CO peak was not well defined and extended to ∼1700 cm−1. But
in the present study, which involves the counting of surface Pd
atoms, all adsorbed species within this range were assumed to be
bridging, because there are no reported values for the extinction
coefficient of an adsorbed CO species in threefold or higher coor-
dination.

More specifically, we followed the designations of Choi and
Vannice [43], who ascribed the peak centered at ∼2060 cm−1 to
CO linearly bound to Pd and the peaks centered at ∼1960 and
∼1905 cm−1 to CO bridge-bonded to Pd (100) and (111) crystal
faces, respectively. The CO band assignment also was in agreement
with a recent study that measured the IR frequencies of adsorbed
CO on high surface area Pd/ZnO/Al2O3 catalysts at RT after expo-
sure to CO [44]. Density functional studies of CO adsorbed on PdZn
(111) surface calculated vibrational frequencies of 2026 cm−1 and
1872 cm−1 for atop and bridging CO, respectively [45]. The next
set of peaks between 1600 and 1350 cm−1 (Fig. SI1 in Support-
ing information) indicated the presence of surface species with
O–C–O stretching. The peaks at 1592, 1392, and 1376 cm−1 fol-
low previous designations by various authors as formate species on
the alumina support [46–48]. The bands at 1592 and 1376 cm−1

were assigned to the asymmetric and symmetric O–C–O stretch-
Fig. 5. (2) Fraction of surface Pd that binds CO linearly (XPd-linCO) under WGS con-
ditions and (Q) WGS TOR as a function of the average Pd–Zn coordination number
NPdZn measured by EXAFS. Rates are expressed per exposed mole of Pd and mea-
sured at 280 ◦C and 1 atm (6.8% CO, 8.5% CO2, 37% H2O, 37.4% H2, balance Ar). Inset:
correlation between the WGS TOR and XPd-linCO.

ing vibration, respectively, whereas the 1392 cm−1 was assigned
to the C–H deformation mode [46]. We also note the presence of
the corresponding C–H vibration and combination C–H bend/O–C–
O vibration at ∼2900 and ∼3000 cm−1, respectively [49]. The rest
of the ill-defined peaks between 1592 and 1392 cm−1 represent
various types of carbonates [50].

After the peak deconvolution was completed, the areas of the
two linear CO peaks were added together along with the areas
of the two bridge bonded CO peaks. The areas were then divided
by their respective integrated absorption coefficient (IAC) reported
by Vannice and Wang [51] (6.7 × 107 cm mol−1 for linear CO and
35 × 107 cm mol−1 for bridging CO) on a Pd/η-Al2O3 catalyst and
assuming a stoichiometry of 1 CO per Pd atom for linearly bound
CO and 1 CO per 2 Pd atoms for bridging CO. The percentage of
surface Pd linearly bound to CO then could be calculated. Although
the presence of Zn might reduce the IAC for both adsorbed CO
species, it was assumed, consistent with the fact that frequencies
of the linear and bridge-bonded species do not change much with
composition, than the ratio of IACs remains fairly constant com-
pared with the Pd/η-Al2O3 sample used in Ref. [51]. The 2% Pd
on Al2O3 catalyst showed mainly CO adsorbed in the bridged con-
formation with only 19% of the surface Pd atoms linearly bound
to CO. The trend in the fraction of Pd linearly bound to CO as a
function of Pd–Zn coordination number is shown in Fig. 5. After
addition of 2% Zn, the DR spectra appeared similar to the Zn-free
sample with 18% of the surface Pd bound linearly to CO. As more
Zn was added, the fraction of Pd linearly bound to CO increased.
For the 6%, 10%, 14%, and 19% Zn samples the fraction increased
to 0.38, 0.63, 0.74, 0.75, respectively. With 0.89, the Pd supported
on ZnO had the largest fraction of Pd bound linearly to CO. For
the Pd/Zn/Al2O3 catalysts, the area under the carbonate bands in-
creased with increasing Zn loading under WGS conditions. The Pd
catalyst supported on ZnO did not shown any bands in the carbon-
ate/formate region (1600–1350 cm−1). One possible reason for the
absence of carbonate/formate bands is the surface area of the sup-
port, which is 10 times smaller than the support surface area of
sample 2Pd19Zn.
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Table 3
Summary of kinetic parameters obtained for the production of H2 on different catalysts at 1 atm total pressure, 6.8% CO, 8.5% CO2, 21.9% H2O, 37.4% H2 and balance Ar

Temperaturea

(◦C)
Apparent Ea

(kJ mol−1)

Apparent reaction orders

CO H2O CO2 H2

2Pd0Zn 280 82 ± 2 0.38 ± 0.04 0.44 ± 0.05 −0.06 ± 0.01 −0.36 ± 0.04
2Pd2Zn 280 75 ± 2 0.31 ± 0.04 0.61 ± 0.05 −0.07 ± 0.01 −0.36 ± 0.04
2Pd6Zn 285 66 ± 2 0.34 ± 0.04 0.62 ± 0.05 −0.16 ± 0.01 −0.34 ± 0.04
2Pd10Zn 280 68 ± 3 0.38 ± 0.04 0.49 ± 0.05 −0.19 ± 0.01 −0.34 ± 0.04
2Pd14Zn 280 69 ± 3 0.40 ± 0.04 0.59 ± 0.05 −0.25 ± 0.01 −0.29 ± 0.04
2Pd19Zn 275 75 ± 2 0.41 ± 0.04 0.53 ± 0.05 −0.31 ± 0.01 −0.31 ± 0.04
1PdZnO 275 88 ± 2 0.32 ± 0.04 0.45 ± 0.05 −0.27 ± 0.01 −0.26 ± 0.04

a Average temperature for the kinetic measurements.
3.4. WGS kinetics of Pd/Zn catalysts

Table 3 shows the apparent activation energies and reaction or-
ders calculated from the kinetic measurements. Because the WGS
reaction is reversible, the apparent activation energy and the reac-
tion orders with respect to CO, H2O, H2, and CO2 were fitted to a
power rate law expression of the form

r = A exp(−Eapp/RT)[CO]a[CO2]b[H2]c[H2O]d(1 − β), (2)

where r is the overall rate, β = ([CO2][H2])/(Keq[CO][H2O]) is
the approach to equilibrium; A and Eapp are the apparent pre-
exponential factor and activation energy for the forward rate; a, b,
c, and d are forward reaction orders; and Keq is the equilibrium
constant for the WGS reaction. Further details of this analysis have
been given by Koryabkina et al. [52]. Figs. 6a and 6b present the
kinetic data collected in this study. The standard conditions for the
rates reported here were 280 ◦C and a feed composition of 6.8%
CO, 8.5% CO2, 21.9% H2O, and 37.4% H2.

At 280 ◦C, the CO reaction order was 0.38 for the pure Pd/Al2O3
sample. This was larger than that of 0.1 measured for Al2O3-
supported Pt [9]. In contrast, the H2O order was lower on Pd
than on Pt (0.44 vs 1). The negative reaction orders for CO2
(−0.06) and H2 (−0.36) indicates the inhibitory effect of these
gases. When the WGS rate was normalized by the number of mol
of exposed Pd as measured by the O2–H2 titration experiments
(Table 1), the pure Pd/Al2O3 catalyst had a turnover rate (TOR)
of (2.7 ± 0.2) × 10−3 mol H2 s−1 (mol exposed Pd)−1 at 280 ◦C
and an apparent activation energy of 82 ± 2 kJ mol−1. At temper-
atures above 280 ◦C and H2 concentrations >26%, the formation
of methane (CO + 3H2 → CH4 + H2O) also was observed over the
Pd/Al2O3 catalyst. Under the same conditions reported for the WGS
TOR, the methanation TOR was (1.2±0.1)×10−4 mol CH4 s−1 (mol
exposed Pd)−1. At 2% CO conversion, the catalyst had 95% selectiv-
ity toward the WGS reaction.

For the sample 2Pd2Zn (with 2.5% Zn added to the catalyst),
the WGS TOR of (2.6 ± 0.2)× 10−3 mol H2 s−1 (mol exposed Pd)−1

was practically the same as the TOR for the pure Pd catalyst.
The changes of reaction orders and activation energy between the
Zn-free and 2.5% Zn sample were not significant; however, the
addition of Zn reduced the formation of methane to below the de-
tection limit of the GC (<3 μmol CH4 L−1).

On a gradually increase in Zn loading from 2.5 to 19%, the
WGS TOR also increased (Fig. 5). As we discuss later when con-
sidering potential active sites, the TOR should be the same for all
samples when normalized by the proper site. There was a linear
relationship between the apparent activation energies for the sam-
ples that showed a promotion effect from Zn (Tables 2 and 3) and
the average number of Zn to Pd (determined by EXAFS). The appar-
ent activation energy increased from 66 (2Pd6Zn) to 88 kJ mol−1

(1PdZnO). Another trend was observed in the apparent reaction or-
ders for CO2, which became more negative as the Zn concentration
increased, reaching a minimum value of about −0.31. The appar-
ent orders for CO, H2O and H2 demonstrated no systematic trend,
and their values remained unchanged as a function of Zn loading.
(a)

(b)

Fig. 6. (a) Arrhenius plot for pure Pd catalysts supported on Al2O3 (2Pd0Zn) and ZnO
(1PdZnO). TOR measured under 6.8% CO, 8.5% CO2, 37% H2O, 37.4% H2 at 1 atm total
pressure. (b) Apparent reaction orders for 2Pd0Zn catalyst. Concentrations expressed
as partial pressures (P/PT). TOR measured at 280 ◦C.

The TOR for the ZnO-supported Pd was (5.3 ± 0.8) × 10−2

mol H2 s−1 (mol exposed Pd)−1. This catalyst had the highest ac-
tivation energy, 88 ± 2 kJ mol−1. The CO, H2O, and H2 reaction
orders on Pd/ZnO were very similar to those for Pd/Al2O3 and
Pd/Zn/Al2O3; however, as in those catalysts, the CO2 reaction order
of −0.27 was significantly more negative than the same reaction
order for the Pd/Al2O3 sample.

Fig. 5 shows the WGS TOR as a function of the Pd–Zn coordina-
tion number detected by EXAFS. The difference between the lowest
and highest rates was a factor of 20.

The TORs for samples 2Pd6Zn and 2Pd6Zn500 were (1.2 ±
0.1)× 10−2 and (1.3 ± 0.1)× 10−2 mol H2 s−1 (mol exposed Pd)−1,
respectively. The only difference between these samples was the
reduction temperature (300 ◦C and 500 ◦C, respectively). Catalysts
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2Pd6ZnPM and 2Pd6ZnPM500 were physical mixtures of 2% Pd
on Al2O3 with bulk ZnO. The former was reduced under 25%
H2 at 300 ◦C, and the latter was reduced at 500 ◦C. The WGS
and methanation TORs for the sample reduced at 300 ◦C were
(3.1±0.2)×10−3 mol H2 s−1 (mol exposed Pd)−1 and (1.2±0.1)×
10−4 mol CH4 s−1 (mol exposed Pd)−1, respectively, which are sim-
ilar to the TORs for the pure Pd on Al2O3. The behavior of the
sample reduced at 500 ◦C was more like that of sample 2Pd6Zn;
the WGS TOR was (15 ± 1) × 10−3 mol H2 s−1 (mol exposed Pd)−1,
and the corresponding CH4 rate was below the detection limit of
the GC.

4. Discussion

4.1. WGS kinetics of PdZn alloys

Fig. 5 shows that the TOR of the WGS reaction increased by a
factor of 20 as Zn was added to Pd. The data in Tables 2 and 3
show that the apparent activation energy increases linearly as a
function of the experimentally measured Pd–Zn coordination num-
ber for the samples that showed an enhancement in WGS rate by
addition of Zn. The value of Ea corresponding to pure Pd that is
obtained by extrapolating the value to zero coordination number
is 37 kJ mol−1. Because this is distinct from the experimental value
of 82 kJ mol−1, it suggests that the reaction mechanism changes
as Zn is added to Pd. Another trend that can be seen is the de-
creasing apparent order on CO2, which again indicates a change
in the reaction mechanism as Zn is added to Pd. Although the IR
data demonstrate the presence of many species between 1700 and
1300 cm−1, including an increase in the number of carbonates as
the CO2 order becomes more negative for the samples supported
on alumina, these species are on the support and seem to be spec-
tators. It is surprising that the reaction orders for CO, H2O, and H2
show no trend.

Comparing our data with that in the literature, including Greno-
ble et al. [53], is not straightforward as previous studies did not
consider the inhibition effect of the products. As discussed previ-
ously [52], not considering these effects will cause the rates, as
well as the apparent activation energies and orders, to be incor-
rect. Assuming a differential plug flow reactor configuration and
using the kinetic parameters obtained in our study to calculate the
WGS TOR under the conditions reported by Grenoble et al. gave a
rate that is a factor of 1.6 lower than what they reported. Although
the difference is small, it agrees with the rate inhibition by H2. In
our study, the CO apparent reaction order (0.38) was higher than
the CO order (0.14) measured by Grenoble et al., likely because the
H2 inhibition effect was not taken into account.

After the addition of 2% Zn, the WGS TOR of (2.6 ± 0.2) ×
10−3 mol H2 s−1 (mol exposed Pd)−1 was practically the same as
the TOR for the pure Pd catalyst ((2.7 ± 0.2) × 10−3 mol H2 s−1

(mol exposed Pd)−1). The change of reaction orders between the
Zn-free and 2% Zn sample were not significant, indicating that
the relative concentrations of surface species did not change sig-
nificantly for this sample on the addition of Zn. In contrast, the
methanation reaction decreased to below the detection limit on
the addition of 2% Zn. It is a well-known effect in catalysis that
sites that bind most strongly on a surface are the first to be
titrated/poisoned. These are probably low-coordination sites nec-
essary to dissociate CO during methanation. Therefore, the Zn on
the surface of Pd particles could have blocked the few sites respon-
sible for methanation.

4.2. Structure of the PdZn compounds

Reduction of the catalyst at 300 ◦C was sufficient to promote Pd
alloying with Zn, as verified by EXAFS. In addition, IR data showed
that under WGS conditions, Zn was present on the surface of the
PdZn particles. But because IR and EXAFS data are averaged over
all clusters, which may not have uniform composition, the ques-
tion regarding the structure of such compounds remains. The XRD
data for the ZnO-supported Pd showed the diffraction peaks for an
ordered 1:1 PdZn intermetallic. The presence of only the 2.88 Å
Pd–Pd bond distance in the EXAFS data and the ratio between the
measured Pd–Zn and Pd–Pd coordination of 2 further confirmed
the presence of the ordered alloy. For the Pd/Zn/Al2O3 samples,
the absence of the 1:1 PdZn intermetallic diffraction peaks did not
rule out the absence of regions and/or particles with the ordered
intermetallic structure but in small enough domains to remain un-
detected by XRD. The fact that the EXAFS data were best fitted only
when the shorter Pd–Pd bond distance typical of metallic Pd was
included could suggest that there was no ordered PdZn intermetal-
lic in these samples, but rather Zn atoms were dispersed in the Pd
nanoparticles. The trend in rates for the series of samples from
PdZn/Al2O3 to the Pd/ZnO (where the Pd–Zn coordination number
was varied from 2.3 to 5.9) was smooth (Fig. 5) and suggested the
presence of homogeneous PdZn particles. For example, the pres-
ence of a bimodal distribution with pure Pd (low TOR) and 1:1
PdZn alloys (high TOR) is not consistent with the preparation pro-
cedure used for the alumina samples, because the Zn precursor
was first dispersed and calcined (probably uniformly, as shown in
Fig. 2), after which the Pd salt was added to this uniformly dis-
tributed Zn/alumina surface. The presence of pure Pd also would
imply the formation of methane, not observed in any of the sam-
ples containing Zn.

4.3. Surface composition of PdZn WGS catalysts

The data on O2–H2 titration and DRIFTS measurements contain
information about the average surface composition but not on the
arrangement of the Pd and Zn atoms. To generate more surface-
specific information, the formation of the PdZn alloy was simulated
by randomly replacing Pd atoms in a nanoparticle with Zn atoms.
The simulated particles had a cubo-octahedral geometry with 4 nm
from face to face, with a total of 4033 atoms. Of these, 1082 atoms
were at the surface with a corresponding dispersion of 0.27. The
size of the Pd particle was chosen to match the particle size as
determined by O2–H2 titration. Using random sampling, Pd atoms
were replaced by Zn in 10,000 attempts per nanoparticle. The pro-
cedure was repeated four times with different random sequences,
and the results were averaged. Because the Pd–Zn bond is stronger
than Zn–Zn bonds [28], the substitution was accepted only if the
Pd–Pd coordination number of the randomly chosen Pd was larger
than its Pd–Zn coordination number. This simple procedure en-
sured maximum Pd–Zn coordination. No other criteria (e.g., prefer-
ential surface presence by Zn due to its lower surface energy) were
used to guide the Zn substitution. The displacement of atoms after
each substitution to minimize the total configurational energy of
the particle also was not attempted. After each substitution, the av-
erage Pd–Zn coordination of the particle was calculated. Then, for
a particular Pd–Zn coordination experimentally observed by EX-
AFS, the Pd–Zn coordination of the Pd atoms on the surface of the
particle was counted; that is, surface Pd atoms were categorized
according to their Pd–Zn coordination number. For this purpose,
only Pd atoms on the (111) faces of the particle were considered
where the maximum possible Pd–Zn surface coordination in the
surface plane was 6. The (111) faces represented 67% of the total
exposed surface area. The remaining surface area was composed
of (100) faces (14%), edge atoms (17%), and corner atoms (2%). Ta-
ble 4 summarizes of the abundance of the different Pd sites on the
(111) face of the nanoparticle. We recognize that in the ordered 1:1
PdZn intermetallic present on the ZnO-supported sample (1PdZnO)
the Zn atoms should not follow a random arrangement, but rather
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Table 4
Type and number of sites present on the (111) face of a 4033 atom cubo-octahedral Pd nanoparticle. The nomenclature Pd–(Pd)x(Zn)y represents a Pd site with x Pd and y
Zn nearest neighbors along the (111) face

Pd–(Pd)6(Zn)0 Pd–(Pd)5(Zn)1 Pd–(Pd)4(Zn)2 Pd–(Pd)3(Zn)3 Pd–(Pd)2(Zn)4 Pd–(Pd)1(Zn)5 Pd–(Pd)0(Zn)6

2Pd0Zn 728 0 0 0 0 0 0
2Pd2Zn 131 217 150 58 11 2 0
2Pd6Zn 49 140 160 106 39 5 0
2Pd10Zn 37 119 160 114 46 8 1
2Pd14Zn 34 113 158 116 48 9 1
2Pd19Zn 17 76 130 131 71 14 1
1PdZnO 3 24 77 124 110 36 4
Fig. 7. (Q) Correlation between the fraction of Pd bound linearly to CO (XPd-linCO)
as measured experimentally by DRIFTS and the fraction of Pd with 4 Zn coordina-
tion on the surface of the PdZn nanoparticle as estimated by the random sampling
model (XPd4Zn). Also, (2) WGS TOR as a function of XPd4Zn.

should be ordered; however, our simple model predicted that an
average Pd–Zn coordination number of 5.9 (measured experimen-
tally for the PdZn alloy) corresponded to a bulk Zn/Pd ratio of 0.99,
in good agreement with the Zn/Pd = 1 expected for the 1:1 PdZn
intermetallic. Therefore, for consistency, we used the results of the
random sampling for sample 1PdZnO despite the nonrandom na-
ture of its structure. Because no surface or bulk segregation effects
were taken into consideration, the deviation between the resulting
percentage of Zn on the surface and in the bulk was <3%.

From the results in Table 4, it is clear that Pd atoms surrounded
by 0, 1, or 2 Zn atoms were not the sites responsible for the in-
crease in WGS TOR, because the number of these sites decreased,
rather than increased, with Zn loading. Although largely abundant,
the number of Pd sites with 3 Pd and 3 Zn neighbors did not
change significantly for samples with �6% Zn; therefore, the abun-
dance of this site in and of itself cannot explain the increase in
the rate data. Fig. 7 shows the correlation between the WGS TOR
and the fraction of Pd that is on the surface and has a Pd–Zn co-
ordination number of 4 according to the random sampling model.
The trend suggests that the abundance of Pd centers with 4 Zn and
2 Pd neighbors correlates best with the WGS reaction rate on the
PdZn catalysts. This model of the PdZn surface assumes that the
TOR for the sites with 0, 1, 2 and 3 Zn neighbors was smaller than
that of Pd centers with 4 Zn neighbors. The correlation between
the fraction of Pd with a Zn coordination number of 5 or 6 and
the WGS rate was lower than that with a Zn coordination number
of 4. The sites with a Zn coordination number of 5 were only 25%
of those with a Zn coordination number of 4, and the sites with
a Zn coordination number of 6 were very rare. This suggests that
the TOR for the 5 and 6 coordination sites was not much different
than that for 4 coordination site. Note that the foregoing model
assumes that only the surface geometry is important; for example,
we do not take into account any Zn in the second layer that inter-
acts with the Pd on the surface. Periodic DFT calculations [24] have
identified the (111) surface of 1:1 PdZn bimetallic as the most sta-
ble. This closely packed surface is composed of alternating rows of
Pd and Zn atoms, with all of the Pd atoms surrounded by 2 Pd and
4 Zn neighbors. Thus, our model is in agreement with these ab ini-
tio calculations, and suggests that enhanced WGS TOR is related to
the presence of this surface moiety. Although the PdZn nanoparti-
cle model yields a trend between TOR and surface composition, it
does not provide a conclusive evidence that the proposed Pd site
is the actual active site.

One possible explanation for the high TOR for the PdZn inter-
metallic comes from the work of Rodriguez [28], who showed that
the electronic perturbation to the Pd atom caused by the formation
of the Pd–Zn alloy reduces the ability of Pd to adsorb CO by trans-
ferring electrons from Pd to Zn. The weakened Pd–CO interaction
could be partially responsible for the shift in adsorption geometry
for CO on Pd; however, we believe that this weakened Pd–CO in-
teraction is not the main driver of the enhanced WGS TOR, because
we found no significant change in the apparent reaction order with
respect to CO (see Table 3). Interestingly, we did note a significant
change in the apparent reaction order with respect to CO2. It is in-
teresting that several studies [23,25,26] have shown that the Pd 4d
local density of states (LDOS) for the PdZn alloy appears more like
the LDOS of Cu than that of Pd. Coincidentally, Cu has also larger
WGS TOR than Pd [53], as well as a −0.6 reaction order with re-
spect to CO2.

The inset in Fig. 5 shows a trend between the fraction of Pd
that binds CO linearly (XPd-linCO) and the WGS TOR. The slope of
the line is our best estimate of the true TOR and is the same for all
samples; therefore, a correlation between XPd-linCO and the frac-
tion of Pd sites with 4 Zn coordination also would be expected,
as is shown in Fig. 7. Consequently, the fraction of Pd that binds
CO linearly is correlated with the fraction of Pd atoms with 4 Zn
neighbors and not with the fraction of surface Pd atoms that are
completely isolated (Table 4). This finding implies that although
some Pd–Pd neighbors are available, CO still binds mostly in a
linear fashion. We have no explanation for the shift in CO ad-
sorption geometry. In a density functional study, Chen et al. [45]
found similar binding energies of linear and bridging CO on PdZn
(111) (∼96 kJ mol−1), implying that similar surface coverages can
be expected for both species. In comparison, the 1:1 PdZn catalyst
(1PdZnO) studied here had about 9 times more linear CO adsorbed
than bridging CO under WGS conditions. Here we note that during
the in situ IR experiments, the ratio of linear to bridging CO ex-
hibited large but reversible changes depending on the conditions
(i.e., temperature and gas composition). More precisely, the linear-
to-bridge CO ratio was decreased at low temperatures and in the
absence of H2 (data not shown). Therefore, the DFT results are not
in direct contradiction with our findings, because the binding en-
ergies were calculated at zero temperature and pressure. It is also
possible that the presence of H2O, H2, and CO2 and their respec-
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tive surface intermediates hinders the adsorption of bridging CO.
The Chen et al. study found that C-species, such as atomic C, CO,
and CH3, were bound preferentially to Pd over PdZn, whereas O-
species, such as atomic O and CH3O, bind more strongly to PdZn
than to Pd, due to the greater affinity between Zn and O. Such a
trend would suggest that PdZn plays an important role in the ac-
tivation of H2O, which is believed to be the rate-limiting step for
the WGS reaction. A subsequent study by Lim et al. [54] calculated
the binding energies of H2O and its intermediates (O, H, OH) on
PdZn. As expected, O and OH were found to bind more strongly to
Zn-rich sites on the PdZn (111) surface. In comparison, there is no
experimental evidence to suggest that H2O dissociates on clean Pd
(111) surface, whereas the dissociation of H2O on Pt (111) is highly
endothermic (68 kJ mol−1) [55]. This suggests not only that PdZn
stabilizes the dissociation of H2O, but also that it may stabilize
other possible WGS intermediates, such as formates, carbonates,
and carboxyls. Proving this hypothesis will require additional ab
initio calculations.

4.4. Particle dispersion and Zn availability to form PdZn alloy

The particle size (in nm) can be estimated by taking the recip-
rocal of the measured metal dispersion [56]. The estimated particle
size was 4 nm for the pure Pd on alumina sample. The particle
sizes for the remaining samples were estimated from the cor-
responding Pd dispersions measured by O2–H2 titration; particle
sizes were between 3 and 5 nm. The only exception was the sam-
ple with 19% Zn loading, which had a dispersion of 0.08. But we
believe that this low dispersion value does not represent the true
Pd dispersion under reaction conditions, for two reasons. First, if
0.08 were the actual Pd dispersion, then the metal particles would
be about 12 nm in diameter. Such large particles should have
a total coordination number (NPd–Pd + NPd–Zn) close to the bulk
coordination number of 12. But the measured total coordination
number for sample 2Pd19Zn (NPd–Pd + NPd–Zn = 6.3) was far from
this value. Moreover, because the O2 uptake for this sample was
similar to that for the other catalysts, whereas the H2 uptake was
at least a factor of 2 smaller, then the Zn/Pd ratio in the particle
should be large (∼4.2), which in turn would yield a high Pd–Zn
coordination number. Second, this sample was the only one with
XRD data demonstrating the presence of bulk ZnO. It is plausible
that Zn was oxidized by O2 forming ZnO particles, which moved
on top of Pd particles, blocking Pd sites. As discussed earlier, under
reaction conditions, ZnO can be reduced and can move away from
the particles. When H2 chemisorption preceded by a 4-h reduction
at 300 ◦C was performed on sample 2Pd19Zn, the measured Pd
dispersion increased to 0.20, indicating that the reduced Zn atoms
can move away from Pd particles.

Based on the random sampling model discussed earlier (Sec-
tion 4.3), we could estimate the Zn/Pd ratio in the PdZn particles
required to match the average Pd–Zn coordination number ob-
tained by EXAFS. The results for the various samples were 0.3 for
2Pd2Zn, 0.4 for 2Pd6Zn, 0.5 for 2Pd10Zn, 0.5 for 2Pd14Zn, 0.7 for
2Pd19Zn, and 1.0 for 1PdZnO. The agreement between the Zn/Pd
ratios reported here and those estimated from the O2 and H2
uptakes (Table 1) was not good. The main reason for the incon-
sistency was the presence of reduced Zn on the surface of the
support in addition to Zn on the surface of the Pd–Zn particles.
When O2 was dosed over the sample during the chemisorption
measurements, it reacted with Pd and both types of Zn atoms (Zn
in alloy, Zn on support), leading to the large Zn/Pd ratios reported
Table 1. The amount of reduced Zn on the support would be ex-
pected to increase with increasing Zn loading. In agreement with
this idea, the deviation between Zn/Pd reported earlier and in Ta-
ble 1 was greater for the samples with high Zn loadings (i.e., 10%,
14%, and 19%).
Knowing the Zn/Pd ratio in the metallic particles and the metal
loadings of the catalysts, and assuming that the Zn not in the al-
loy reacts with the support, allows the estimation of Zn in the
ZnAl2O4 phase. For a Zn/Pd ratio of 0.3, 85% of the added Zn
formed ZnAl2O4. As the Zn loading increased, the percentage of
Zn in the form of ZnAl2O4 grew to 91%, 94%, 95%, and 96% for the
remaining Pd/Zn/Al2O3 samples. Therefore, at least 85% of the Zn
added to the catalyst reacted with the support to form ZnAl2O4.
The formation of ZnAl2O4 from mixtures of alumina and ZnO has
been reported previously. However, the formation of this phase
required calcination at temperatures above 800 ◦C [57–59]. Forma-
tion of ZnAl2O4 also has been reported at 650 ◦C, but only under
hydrothermal treatment of Al2O3/ZnO mixtures [60]. Zawadzki et
al. [61] reported the formation of the aluminate under hydrother-
mal treatment at 180 ◦C followed by calcination of the resulting gel
at 600 ◦C, with zinc acetate and aluminum nitrate as the sources of
the metals. Scott et al. [62] showed that H2 treatment at 350 ◦C did
not yield the aluminate in Al2O3/ZnO mixtures. Consequently, we
believe that under the conditions considered here (250–350 ◦C and
>25% H2), the presence of Pd catalyzed the formation of ZnAl2O4.
Although we could not measure it for our catalysts, the surface
area of ZnAl2O4 was estimated to be about 73 m2 g−1 by assum-
ing that all of the added Zn reacted with the Al2O3 support to
form a separate phase, and that the total surface area was equal to
the sum of the surface area of the Al2O3 and ZnAl2O4 phases. This
specific surface area for ZnAl2O4 is not unreasonable; Zawadzki et
al. [61] measured a BET area of 85 m2 g−1 for a ZnAl2O4 sample
calcined at temperatures below 600 ◦C.

IR data showed that as the Zn loading increased, the intensity
of the features in the 1592–1392 cm−1 region belonging to carbon-
ates also increased. The absence of any features in that region of
the DR spectra for Pd/ZnO suggests that these carbonates species
were located on the alumina support or at the metal–support in-
terface. The XRD data in Fig. 2 show that the amount of ZnAl2O4
also increased with Zn loading. Therefore, we believe that the in-
crease in IR intensity in the 592–1392 cm−1 region is related to
the increased stability of the carbonate species on ZnAl2O4 com-
pared with Al2O3. These data suggest an alternative explanation
for the effect of Zn. The linear increase in the amount of ZnAl2O4
with the amount of Zn may imply that the interaction between Pd
and alumina also will decrease as the alumina is transformed to
the aluminate. If a strong Pd–alumina interaction were to lead to
a decreased TOR of Pd, then the addition of Zn would have the ef-
fect of avoiding this interaction. Thus Zn could have two effects:
the formation of PdZn alloys, as discussed in detail above, and a
reaction with alumina, thereby weakening the Pd–alumina inter-
action and freeing the Pd to act in its more purely metallic state.
The challenge to this picture is rationalizing a strong Pd–alumina
interaction when the average Pd particle diameter is 4 nm.

The TORs for samples 2Pd6Zn and 2Pd6Zn500 were (12 ± 1) ×
10−3 and (13 ± 1) × 10−3 mol H2 s−1 (mol exposed Pd)−1, respec-
tively. The higher reduction temperature of 500 ◦C for 2 h (sample
2Pd6Zn500) did not increase the extent of Pd–Zn interaction, sug-
gesting that all of the available Zn was already trapped by the
alumina at 300 ◦C. For these samples, the zinc nitrate precursor
was added through the incipient wetness method, producing a
finely dispersed Zn phase on the support that likely was in close
contact with the Pd particles. In contrast, when the Zn was added
as ZnO physically mixed with the supported Pd catalyst (samples
2Pd6ZnPM and 2Pd6ZnPM500), the reduction temperature played
a key role in the extent of Pd–Zn interaction. As discussed in Sec-
tion 3.4, the WGS and methanation TORs for the sample reduced
at 300 ◦C (2Pd6ZnPM) were similar to those for pure Pd on Al2O3,
whereas the WGS and methanation TORs for the sample reduced at
500 ◦C (2Pd6ZnPM500) were similar to those for 2Pd6Zn. As sup-
ported by EXAFS (see Section 3.2), the Zn was able to find and
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react with Pd at 500 ◦C but not at 300 ◦C. Compared with the
finely dispersed Zn precursor obtained by impregnation, the pro-
cess of moving Zn from the precursor to the Pd particles is more
complex for the physical mixture. ZnO reduction must occur first.
The resulting Zn0, which has a high vapor pressure, must diffuse
into the alumina via gas-phase transport before it can reach the
Pd and react. Many of the Zn0 atoms are deposited on the sur-
face of the alumina support instead of reacting with Pd particles,
as supported by the chemisorption data in Table 1. The Zn/Pd ratio
estimated from the O2 and H2 uptake was 1.5 for the physical mix-
ture sample (2Pd6ZnPM500). In comparison, samples 2Pd6Zn and
2Pd6Zn500 had Zn/Pd ratios of 0.6 and 1.1, respectively, suggesting
that more Zn was available on the surface of the physical mixture
sample. In addition, XRD (data not shown) also demonstrated the
presence of ZnAl2O4 in sample 2Pd6ZnPM500. The physical mix-
ture samples likely produced particles with a nonuniform Pd/Zn
distribution.

5. Conclusion

In this study, alumina-supported Pd samples were prepared
with six Zn loadings. The extent of alloy formation increased with
the amount of Zn added; however, >85% of the Zn reacted with
alumina to form zinc aluminate, leaving only a small fraction of Zn
available to react with Pd. At 280 ◦C and 1 atm (6.8% CO, 8.5% CO2,
37% H2O, 37.4% H2), the TOR for the sample with 19% Zn added
was increased by a factor of 13, to 3.6 × 10−2 mol H2 s−1 (mol ex-
posed Pd)−1, compared with the pure metallic Pd supported on
alumina. The average Pd–Zn coordination number increased from 0
to 4.5 for Zn loadings between 0 and 19%, indicating the formation
of a Pd–Zn alloy. The formation of an ordered 1:1 PdZn intermetal-
lic compound on ZnO increased the WGS turnover rate by a factor
of 20 to 5.3 × 10−2 mol H2 s−1 (mol exposed Pd)−1; the corre-
sponding average Pd–Zn coordination number was 5.9. Based on
in situ diffuse reflectance infrared spectroscopy, we observed that
as the extent of alloy formation increased, the adsorbed CO on Pd
switched from a bridging conformation to a linear conformation. In
agreement with infrared data, a simple random substitution model
for PdZn alloy formation suggested that Pd sites surrounded by
4 Zn and 2 Pd were necessary to change the adsorption confor-
mation of CO from bridge to linear. The same random substitution
model showed that Pd atoms on the surface with this coordina-
tion correlated best with the rate per surface Pd for WGS catalysis.
We also note that a strong interaction of Pd with alumina could
make it less effective as a WGS catalyst. In that case, the role of
Zn is twofold; it can form the PdZn alloy and also can react with
the alumina and weaken the interaction of Pd with the resulting
support. Thus, as the amount of Zn is increased, the Pd interaction
with alumina is decreased. Whereas the beneficial effect of Zn ad-
dition to Pd/Al2O3 is clear, the relative impact on the rate per Pd
atom of alloy formation versus weakening of the Pd support inter-
action requires further investigation on systems with more weakly
interacting supports.
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