
M
s

J
X
a

b

c

a

A
R
R
1
A
A

K
C
M
S
P

1

t
a
c
a
T
fi
g
e
[

C

t
a
s

(

h
0

Applied Catalysis A: General 514 (2016) 51–59

Contents lists available at ScienceDirect

Applied  Catalysis A:  General

journa l homepage: www.e lsev ier .com/ locate /apcata

ethanol  synthesis  from  CO2 and  H2 over  Pd/ZnO/Al2O3:  Catalyst
tructure  dependence  of  methanol  selectivity

inghua  Xu a,b, Xiong  Su a,  Xiaoyan  Liu a,  Xiaoli  Pan a, Guangxian  Pei a, Yanqiang  Huang a,∗,
iaodong  Wang a,∗,  Tao  Zhang a, Haoran  Geng c,∗∗

State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, No. 457 Zhongshan Road, Dalian 116023, China
School of Materials Science and Engineering, Shandong University, No. 17923 Jingshi Road, Jinan 250061, China
School of Materials Science and Engineering, Jinan University, No. 106 Jiwei Road, Jinan 250022, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 2 October 2015
eceived in revised form
0 December 2015
ccepted 8 January 2016
vailable online 13 January 2016

a  b  s  t  r  a  c  t

CO2 hydrogenation  to methanol  was investigated  over  Pd/ZnO/Al2O3, focusing  on  the  influence  of  the
preparation  method,  reduction  temperature  and  Pd loading  on the catalytic  performance.  The structure  of
each  catalyst  was thoroughly  examined  using  various  techniques.  The  results  indicated  that  the methanol
selectivity  depended  on  the content  of PdZn  alloy,  which  changed  dynamically  with  varying  the prepara-
tion  methods  and pretreatment  procedures  of  the  catalysts.  More  specifically,  the  ratio  of  PdZn/Pd0 in  the
bimetallic  compound  increased  with  the  rise  of the  reduction  temperature,  which  eventually  led  to  the
eywords:
O2 hydrogenation
ethanol synthesis

upported Pd catalyst
dZn alloy

increase  of  methanol  selectivity.  Additionally,  the  EXAFS  results  revealed  the presence  of  ZnOx modified
Pd species  when  the  Pd  loading  was  decreased  to  be lower  than  2  wt%.  However,  the CH3OH selectivity
remained  almost  identical  when  the reactions  were  conducted  under  similar  CO2 conversions.  Therefore,
we  conclude  that  both  the  PdZn  alloy  and  Pd  modified  by ZnOx islands  are  the  active  sites  for  methanol
synthesis  from  CO2 hydrogenation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Recently, catalytic synthesis of methanol from CO2 hydrogena-
ion is receiving increasing attention, not only because methanol is

 key platform chemical, but also because of its use as a promising
hemical storage carrier for the excess H2 generated from renew-
ble energy and as a solution for greenhouse gas recycling [1–6].
his reaction would be economically and technically viable if CO2
xation could be carried out under mild conditions and the hydro-
en gas could be manufactured on a large scale from renewable
nergy sources, such as solar energy, hydropower and biomass
7,8].

O2 + 3H2 = CH3OH + H2O�H = −49.43 kJ/mol  (1)

As shown in Eq. (1), the thermodynamics of CO hydrogena-
2
ion reaction favors the formation of methanol at high pressure
nd low temperature. However, the kinetics of this reaction is
low. The activation of CO2 occurs with a sufficient rate only at the

∗ Corresponding author. Fax: +86 411 84685940.
∗∗ Corresponding author. Fax: +86 531 82765314.
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926-860X/© 2016 Elsevier B.V. All rights reserved.
temperature higher than 200 ◦C. Under such conditions, the for-
mation of by-products (CO, hydrocarbons and alcohols) lowers the
methanol selectivity and yield. Thus, the development of catalysts
with high methanol selective is essential. Cu-based catalysts are
used commonly; however, they still suffer from an instable draw-
back under higher reaction temperatures. Especially in batch-wise
operation conditions, when the catalyst is exposed to an inter-
mittent oxidizing atmosphere (likely, trace of O2), the pyrophoric
property of Cu as well as its ease of sintering, not only affects the
service life, but also implies that once the catalyst is deactivated,
it is destroyed permanently [9–16]. Pd-based catalysts are consid-
ered to be the potential candidates which possess good long-term
stability and resistance to sintering [17–24]. Moreover, when Pd is
oxidized into PdO, it can be reduced and restored to a functional
state in situ. However, to our knowledge, the origin of active site in
these catalysts is still under debate even though tremendous efforts
have been made to identify it.

Up to now, several strategies have been employed for improving
the efficiency of Pd ensembles by modifying the catalyst struc-
ture. The type of supports, including oxides (SiO2, CeO2, ZnO,

etc.) [25–30] and multi-walled carbon nanotubes [31], the catalyst
preparation methods, as well as the thermal treatment condi-
tions, have strong effects on the particle size and the electronic
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roperties of Pd entity, which are considered to be the critical fac-
ors affecting the performance of methanol synthesis. However, it is
till unclear which factor predominantly influences the formation
f active sites. Lee’s group [32–34] reported that the catalytic per-
ormance was associated with ZnOx islands located on the surface
f Pd. This geometric microstructure could be achieved directly by

 deposition–precipitation method of preparation or by relatively
ow-temperature reduction of a coprecipitated sample. Reduction
r calcination at high temperature led to the formation of Pd–Zn
lloy, but lost the catalytic performance. In contrast, Iwasa et al.
28] found that the turnover frequency and methanol selectivity
ere markedly larger on Pd/ZnO than those on Cu/ZnO type cata-

yst. It was proposed that, when the catalyst was reduced at high
emperature, PdZn alloy was formed, which served as the active
ite for methanol synthesis. In agreement with this finding, Lebar-
ier [35] and Ota et al. [36] illustrated that PdZn particles were
ore active than Pd0 for methanol synthesis. It is possible that

he two seemingly contradictory viewpoints on the Pd electronic
tructure in catalytic activity discussion are both reasonable under
heir respective reaction conditions. The objective of this work is
o systematically investigate the relationship between the catalyst
tructure and the performance in order to illustrate the original
ctive sites for methanol formation.

In addition, although ZnO has been regarded as the most effec-
ive support for the Pd catalyst in CO2 hydrogenation, it presents
isadvantages of low surface area and poor structural stability.
ommonly, incorporation of Al2O3 to prepare binary oxides is used
o improve the catalytic performance. However, the preparation

ethods have a significant effect on the catalytic performance [37].
ydrotalcite, containing transition metals, is receiving consider-
ble attention as a catalyst precursor because large specific surface
rea and high dispersion of metallic particles are usually avail-
ble after reduction in H2 [38–42]. Therefore, in this work, Zn–Al
ydrotalcite (ZnAl-HT) was  prepared exclusively and used as the
upport for palladium. The influence of preparation method, reduc-
ion temperature and Pd loading of Pd/ZnO/Al2O3 on the catalytic
erformance of CO2 hydrogenation to methanol was investigated.
he catalysts structures were thoroughly characterized by HRTEM,
RD, in situ DRIFTS and XAS. The main purpose of the present study

s to explore the influence of different pretreatment conditions that
ight optimize the catalyst formulation with high methanol selec-

ivity.

. Experimental

Zn(NO3)2·6H2O (AR) and Al(NO3)3·9H2O (AR) were purchased
rom Sinopharm Chemical Reagent Co., Ltd. NaOH (AR) and Na2CO3
AR) were purchased from Tianjin Kermel Chemical Reagent Co.,
td. Deionized water was used in all experiments. All chemicals
ere used as received without further purification.

.1. Catalyst preparation

Zn–Al hydrotalcite was used as the precursor for preparing the
nO–Al2O3 binary oxides support via a coprecipitation (CP) method
s described elsewhere [43,44]. In a typical synthesis, required
mount of Zn(NO3)2·6H2O and Al(NO3)3·9H2O were dissolved in
0 mL  deionized water, with total molar concentrations of Zn2+

nd Al3+ of 0.8 and 0.4 mol  L−1, respectively. This solution was
dded dropwise (3 mL  min−1) into another 50 mL  mixed solution
ontaining 4.24 g Na2CO3 and 2.40 g NaOH with continuous stir-

ing. Afterwards, the pH value of the system was adjusted to 10 by
ntroducing 3 mol  L−1 NaOH aqueous solution and a white suspen-
ion was obtained. Then, the suspension was kept at 65 ◦C for 18 h
ith continual stirring to get a precipitate with hydrotalcite-like
eneral 514 (2016) 51–59

structure. The mixture was washed repeatedly with deionized
water to remove sodium ions. Finally, the obtained sample was
dried at 60 ◦C for 12 h.

x wt%  Pd/ZnO/Al2O3 catalysts with different Pd loadings (x = 0.5,
2, 5) were synthesized by a deposition–precipitation (DP) method.
Take the 5 wt% Pd/ZnO/Al2O3 catalyst for example, 1.0 g Zn–Al
hydrotalcite was  dispersed into 100 mL  deionized water with ultra-
sonic assistant. An adequate amount of PdCl2 solution (4.39 mL,
containing 52.7 mg Pd) was  added into the suspension with mag-
netic stirring. Then, the PH value of the solution was  adjusted to
9. The mixture was kept in a water bath at 60 ◦C and stirred for
3 h. The as-obtained deposit was  washed with deionized water to
remove sodium and chloride ions, then dried at 60 ◦C and reduced
at 300 ◦C for 1 h in a pure hydrogen flow. Other catalysts with varied
Pd contents were synthesized as described above.

In order to examine the effect of preparation methods on the cat-
alytic performance, another two different methods were employed
to synthesize the 5 wt% Pd Pd/ZnO/Al2O3 catalysts.

Coprecipitated catalyst was  prepared by a method similar to that
of Zn–Al hydrotalcite. The molar ratio of Pd2+, Zn2+ and Al3+ was
0.1:2:1, with a total concentration of 0.4 mol L−1 in 50 mL  aque-
ous solution. This solution was added dropwise into 50 mL  mixed
alkali solution containing 0.04 mol  Na2CO3 and 0.06 mol  NaOH. The
following experiment steps were performed according to the pro-
cedures described above.

Impregnated catalyst (IM) was  synthesized using Zn–Al hydro-
talcite as the support. Briefly, 1 g Zn–Al hydrotalcite was  added into
a Pd(NO3)2·2H2O solution (5 mL, containing 52.5 mg  Pd), followed
by aging at room temperature for 2 h. Then, the sample was dried
at 60 ◦C for 12 h, and calcined in air at 300 ◦C for 2 h.

2.2. Activity test

The methanol synthesis reaction was evaluated in a continuous-
flow fixed-bed reactor. Typically, the catalyst (20–40 mesh, 0.5 g),
diluted with SiO2 (20–40 mesh, 2 g), was  loaded into a stainless
steel tubular flow reactor (i.d. 6 mm).  Prior to the activity tests, the
catalyst was reduced at different temperatures (300 and 500 ◦C)
for 1 h in pure hydrogen at a flow rate of 20 mL min−1 under
atmospheric pressure. The activity was  measured at 180–220 ◦C,
3.0 MPa, GHSV = 3600 mL  h−1 g−1 and a feed (a H2/CO2/N2 mixture,
H2VCO2/N2 = 69/23/8) flow rate of 30 mL  min−1. The effluent gas
products were kept at 120 ◦C to prevent any condensation, and
then analyzed on-line using an Agilent 6890 gas chromatograph
equipped with dual detectors (TCD and FID) and dual columns
filled with carbon molecular sieve (TDX-01) and FFAP, respec-
tively. The former column (2.0 m × 2 mm)  was  used for the analysis
of N2 (used as internal standard gas), CO and CO2; the latter
(30.0 m × 0.32 mm × 1.0 �m)  one was used for the analysis of CH4
and CH3OH.

The catalytic performance was expressed by the CO2 conversion
and CH3OH selectivity, which were calculated based on the differ-
ence between the concentrations of components at the inlet and
outlet.

The CO2 conversion was defined as:

Conversion(CO2%) =
CO2(in) − CO2(out) × N2(in)

N2(out)

CO2(in)
× 100%

The carbon-based selectivity was defined as:

Selectivity(CH3OH%) = CH3OH(out) × 100%

CH3OH(out) + CO(out) + CH4(out)

Selectivity(CO%) = CO(out)
CH3OH(out) + CO(out) + CH4(out)

× 100%
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Table 1
The effect of supports and preparation methods on CO2 hydrogenation over Pd-
based catalysts.

Catalysts Preparation methods CCO2 % SCH3OH% YCH3OH%

5 wt% Pd/ZnO DP 2.5 72.2 1.8
5  wt%
Pd/ZnO/Al2O3

DP 2.9 79.4 2.3
IM 0.6 65.9 0.4
CP  1.3 86.0 1.1
J. Xu et al. / Applied Cataly

electivity(CH4%) = CH4(out)
CH3OH(out) + CO(out) + CH4(out)

× 100%

here x (in) (x stands for CO2, CO, CH3OH, N2 and CH4) corresponds
o the x concentrations at the inlet, and x (out) represents the x con-
entrations at the outlet. Methanol and CO were the main products
bserved, along with traces (less than 1%) of methane. Therefore,
e did not pay attention to CH4 selectivity in the following study.

.3. Catalyst characterizations

Thermo IRIS Intrepid II Inductively Coupled Plasma (ICP) was
sed to determine the content of Pd in the catalysts. X-ray diffrac-
ion (XRD) measurements were carried out using a PANalytical
’Pert-Pro powder X-ray diffractometer with CuK� monochro-
atized radiation (� = 0.1541 nm). The voltage and current were

perated at 40 kV and 40 mA,  respectively. A continuous-scan
ode was used to collect 2� data from 10◦ to 90◦, at scanning

peed of 4◦ min−1. High-resolution scanning transmission electron
icroscopy (HRSTEM) images were recorded using a JEM-2100F

eld emission electronic microscope equipped with a STEM dark-
eld detector. The accelerating voltage was 200 kV.

Temperature-programmed reduction (TPR) experiments were
onducted using a Micromeritics AutoChem II 2920 Automated Cat-
lyst Characterization System. Prior to the experiment, the sample
about 100 mg)  was loaded into a U-shaped quartz reactor and pre-
reated with Ar at 150 ◦C for 1 h to remove adsorbed water. After
ooling to −50 ◦C, 5 vol% H2/N2 mixed gas was passed into the sam-
le, and then heated to 900 ◦C at a ramping rate of 10 ◦C min−1.
he dispersion of Pd was measured by a hydrogen–oxygen titration
ethod. The samples were reduced in-situ under the same condi-

ion as for the activity test. Then, the freshly reduced catalysts were
ushed with Ar for 30 min  at the reduction temperature in order
o remove extra hydrogen adsorbed on the surface. When the tem-
erature was decreased to 120 ◦C, 2% O2/He was  passed through
he catalysts and maintained for 0.5 h. Then, pure H2 was injected
ntil the system was saturated. The amount of H2 adsorbed was
alculated from the pulse results, monitored using a thermal con-
uctivity detector (TCD). The metal dispersion was calculated from
he H2 adsorption results by assuming adsorption of three H atoms
er Pd atom.

In situ diffuse reflectance infrared Fourier transform (DRIFT)
pectra of CO adsorption was collected on a BRUKER Equinox 55
pectrometer equipped with a MCT  detector, operated at a resolu-
ion of 4 cm−1. Before the experiment, all the samples were reduced
n situ with H2 at a flow rate of 20 mL  min−1 for 1 h. Then, the flow-
ng gas was switched to helium at the same temperature and cooled
own to room temperature. After the pretreatment, a background
pectrum was collected based on 80 scans; this was  automatically
ubtracted from the measured spectra. The CO adsorption experi-
ents were carried out subsequently. 1% CO in He was  introduced

nto the reaction cell at a total flow rate of 20 mL  min−1 for about
0 min, followed by purging with pure He (20 mL  min−1) for 30 min.
inally, the spectra were collected.

X-ray absorption near-edge structure (XANES) and extended
-ray absorption fine structure (EXAFS) spectra at the Pd K-edge
ere obtained at the BL14W1 at the Shanghai Synchrotron Radia-

ion Facility (SSRF), Shanghai institute of applied physics (SINAP),
hina. A double Si (311)—crystal monochromator was employed for
nergy selection. Energy calibration was done using Pd foil. Before

he experiments, the samples were reduced at different tempera-
ures and sealed with Kapton films in a glove box. The spectra were
ollected at room temperature. For the 2 wt% Pd and 0.5 wt%  Pd
amples, a fluorescence mode was used with solid state detector,
Note: Catalysts reduced in H2 at 300 ◦C for 1 h, 0.5 g catalyst, T = 180 ◦C, P = 3 MPa,
H2/CO2/N2 = 69:23:8, flow rate = 30 mL  min−1; data collected after 3 h on line.

while a transmission mode was  employed for all the other samples.
The Athena software package was used to analyze the data.

The content of PdZn alloy was  estimated by comparing the coor-
dination numbers (NPd–Zn and NPd–Pd), which were obtained from
the fit with the theoretical values. If all Pd presented as PdZn alloy,
the ratio of NPd–Zn/NPd–Pd would equal two. Therefore, the calcula-
tion formula was defined as:

Content (PdZn) = NPd−Zn/NPd−Pd

2
× 100%

3. Results and discussion

3.1. Effect of the support and preparation method

It has been previously reported that the activity and selectiv-
ity of Pd catalysts for methanol synthesis from CO2 and H2 depend
on the type of supports [25–27]. Among all the investigated Pd-
based catalysts, Pd/ZnO exhibited the highest activity and methanol
selectivity [28]. In this work, by replacing ZnO support with the
ZnO/Al2O3 (prepared from hydrotalcite precursor), we found that
both the CO2 conversion and CH3OH selectivity increased from 2.5%
to 2.9% and 72.2% to 79.4%, respectively (see Table 1). One possi-
ble reason for the enhanced performance is that the binary oxide
support possess higher surface area than that of ZnO (SBET of ZnO
is 2.8 m2 g−1, SBET of ZnAl-HT is 43.4 m2 g−1), which favors the dis-
persion of metallic active sites. The other is that Al2O3 is not only a
structural promoter but also an electronic one [45].

The influence of preparation methods of Pd/ZnO/Al2O3 catalyst
on the catalytic performance was  further investigated. As shown
in Table 1, the highest methanol selectivity of 86.0% was  obtained
over the CP-catalyst (catalyst prepared by CP method). The selec-
tivities over the IM-catalyst (catalyst prepared by IM method) and
DP-catalyst (catalyst prepared by DP method) were 65.9% and
79.4%, respectively. However, the CO2 conversion over the CP-
catalyst reached only half of that over the DP-catalyst. Moreover,
the IM-catalyst exhibited the lowest CO2 conversion of 0.6% among
all the three samples. These prominent discrepancies in perfor-
mance may  be originated from the variable formation pathways
of active sites and their accessibility. For instance, a homogeneous
distribution of Pd and Zn species in the precipitate was achieved
by CP method, which favored the formation of single PdZn alloy
phase after reduction in H2 [46]. These highly dispersed PdZn
particles were responsible for the high CH3OH selectivity. How-
ever, the drawback of this preparation method is that considerable
amounts of active sites were embedded in the catalyst interior,
which reduced the CO2 conversion. For the IM method, the support
was partially soluble in the acidic Pd nitrate aqueous (used as the
Pd precursor for impregnation), after drying, calcination and reduc-
tion treatments, the originally dissolved ions deposited again on the
metal particles. Therefore, both the CO2 conversion and methanol

selectivity over the IM-catalyst were decreased due to the alter-
nation of the textural properties [47]. Therefore, in order to obtain
both high methanol selectivity and yields, DP method was selected
to prepare the catalysts in the following study.
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ig. 1. (A) CO2 conversion, (B) CH3OH selectivity as a function of reaction tempera
r  500 ◦C. Catalysts reduced in H2 for 1 h, 0.5 g catalyst, T = 180–220 ◦C, P = 3 MPa, H2

.2. Effect of the reduction temperature

Fig. 1 shows the CO2 conversion and CH3OH selectivity over
d/ZnO/Al2O3 catalysts reduced at 300 and 500 ◦C in the reaction
emperature range of 180–220 ◦C. The results indicated that the CO2
onversion decreased slightly when the reduction temperature was
ncreased from 300 to 500 ◦C, probably due to the increased particle
ize of Pd species. On the contrary, the trend in the CH3OH selec-
ivity was increased. Obviously, this result indicates that higher
eduction temperature favors the selectivity toward methanol. To
larify the origin of the selectivity behavior, the catalyst structures
ere characterized systematically.

The phase composition of the 5 wt% Pd/ZnO/Al2O3 catalysts
educed at 300 and 500 ◦C was investigated by powdered X-ray
iffraction. As shown in Fig. 2, the XRD pattern exhibits only one
ide bandwidth peak at 2� = 41.25◦ for the reflection of PdZn (1 1 1)

rystal plane when the catalyst reduced at 300 ◦C. However, we
annot rule out the presence of Pd particles because of the poor res-

lution of the broad peak. With the reduction temperature rising to
00 ◦C, the XRD pattern shows two intense peaks at 2� = 41.25◦ and
4.13◦, reflecting the existence of PdZn alloy phase with (1 1 1) and
200) crystal planes. Using Scherrer’s equation, we obtained that

ig. 2. XRD patterns of the 0.5 wt%, 2 wt%, 5 wt%  and 7.5 wt%  Pd/ZnO/Al2O3 catalysts
educed at 300 ◦C or 500 ◦C.
ver the 0.5 wt%, 2 wt%, 5 wt% and 7.5 wt% Pd/ZnO/Al2O3 catalysts reduced at 300 ◦C
N2 = 69:23:8, flow rate = 30 mL  min−1; data collected after 3 h on line.

the crystal size of PdZn particles were 9.5 nm and 17.0 nm for the
catalysts reduced at 300 and 500 ◦C, respectively.

The structures of Pd/ZnO/Al2O3 catalysts reduced at 300 ◦C and
500 ◦C were further examined by TEM. As shown in Fig. 3A and
C, highly dispersed and small-sized nanoparticles were observed
in the STEM–HAADF images. The average particle size of Pd
species obtained from the projected areas were estimated to be
3.9 ± 0.9 nm and 4.3 ± 1.3 nm for the catalysts reduced at 300 ◦C and
500 ◦C respectively, which were much smaller than those obtained
from the XRD results. The reason is assumed that quite an amount
of small particles (<2 nm)  were beyond the detection limit of XRD
technique. HRSTEM images were used to identify the crystal struc-
ture of the PdZn nanoparticles (ICDD 06-0620). As shown in the
amplified image (Fig. 3B), the lattice fringe size was  2.2 Å, corre-
sponding to the PdZn (1 1 1) and (1 − 1) lattice distance (theoretical
spacing: 2.18 Å), with a characteristic angle of 64.6◦. A smaller lat-
tice fringe of 2.0 Å was also visible, corresponding to the PdZn (0 2 0)
lattice distance (theoretical spacing: 2.05 Å) [48,49]. Fig. 3D dis-
plays the HRSTEM image of the catalyst reduced at 500 ◦C, which
performs a higher resolution. The microstructure was  confirmed to
be identical to that in the catalyst reduced at 300 ◦C. Based on these
results, the crystalline phase of the PdZn particles was identified as
tetragonal. The related fast Fourier transformation pattern further
confirms this conclusion.

DRIFTS of CO adsorption under room temperature was
employed to determine the surface properties of the metallic Pd and
PdZn components over the 5 wt% Pd/ZnO/Al2O3 catalyst. As shown
in Fig. 4, the band appeared at 2054 cm−1 on the catalyst reduced at
50 ◦C was  attributed to the vibration of linearly adsorbed CO on Pd0.
In addition, the other band situated at 1940 cm−1 was the charac-
teristic of bridge-bonded CO on Pd0. Besides the band of 2054 cm−1,
there appeared another band situated at 2087 cm−1 for the catalyst
reduced at 300 ◦C. According to the previous results [50–52]. this
band was  attributed to the vibration of linearly adsorbed CO on
PdZn alloy. The other band situated at 1919 cm−1 with a shoulder
at 1970 cm−1 was the characteristic of bridge-bonded CO adsorbed
on Pd0. This result indicates the coexistence of monometallic Pd
and PdZn alloy. However, when the reduction temperature was
increased to 500 ◦C, the bands became too weak to obtain any useful
information about the surface composition.
XAS is a powerful technique for revealing the structural and
chemical state of nanoparticles. Fig. 5A shows the normalized Pd
K-edge XANES spectra of the Pd/ZnO/Al2O3 catalysts reduced at
300 ◦C and 500 ◦C. Palladium foil was  used as the reference material.
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Fig. 3. STEM, HRTEM images and corresponding FFT patterns of the 5 wt%  Pd/

he peak intensities in the near-edge spectra reflected the oxidation
tate of Pd in different samples. The spectra of both two  catalysts
ere similar to that of Pd foil, suggesting that the Pd species were

ully reduced [53,54]. Fig. 5B shows the Fourier transforms of the
d k3-weighted EXAFS spectra of the Pd foil and the catalysts. Obvi-
usly, the first nearest neighbor distance of Pd/ZnO/Al2O3 catalysts
as shorter than the Pd-Pd bond length, implying the existence of

d Zn bond [32,55,56]. The curve fitting results are listed in Table 2.
t has been reported that in Pd foil, the Pd–Pd coordination number

CN) was 12.0, with a bond distance of 2.75 Å; while in an ordered
:1 PdZn alloy, the Pd–Pd and Pd–Zn coordination numbers were

 and 8, with the bond distance of 2.90 Å and 2.60 Å, respectively
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ig. 4. DRIFT spectra of CO adsorption on the 5 wt% Pd/ZnO/Al2O3 catalyst with a
eduction treatment at 50 ◦C, 300 ◦C and 500 ◦C for 1 h.
l2O3 catalyst reduced at: (A and B) 300 ◦C and (C and D) 500 ◦C, respectively.

[56,57]. As shown in Table 2, PdZn alloy was already formed on
the catalyst reduced at 300 ◦C, which included a contribution of the
Pd Zn bond distance (RPd–Zn) of 2.59 Å and a coordination num-
ber (NPd–Zn) of 3.5. The Pd Pd bond distance (RPd–Pd) was 2.70 Å,
and the coordination number (NPd–Pd) was 5.1. The ratio between
metallic Pd and alloyed Pd in PdZn could be estimated by compar-
ing the coordination numbers of NPd–Zn and NPd–Pd obtained from
the fitting results. If all Pd presented as PdZn alloy, the ratio of
NPd–Zn/NPd–Pd would be equal to two. Therefore, by calculating the
fitting data of the catalyst reduced at 300 ◦C, approximately 34%
of the Pd atoms presented in the form of PdZn alloy and 66% of

the Pd atoms were in the metallic state, which corresponded to
a NPd–Zn/NPd–Pd ratio of 0.69. In addition, we  noted that the sum
of the CN of Pd–Pd and Pd–Zn bonds was  8.6, which was smaller

Table 2
EXAFS fitting data of the 0.5 wt%, 2 wt% and 5 wt% Pd/ZnO/Al2O3 catalysts reduced
at  300 ◦C or 500 ◦C for 1 h.

Samples Shell N R (Å) �2 × 102 (Å2) �E0 (eV) r-factor
(%)

Pd foil Pd–Pd 12.0 2.74 0.46 −6.2 0.40
5  wt% Pd 500 ◦C red. Pd–Zn 7.3 2.60 0.84 −8.4 0.17

Pd–Pd 3.6 2.87 1.05 −5.9
5  wt% Pd 300 ◦C red. Pd–Zn 3.5 2.59 0.85 −11.2 0.30

Pd–Pd 5.1 2.70 0.85 −11.2
2  wt% Pd 300 ◦C red. Pd–O 0.8 1.97 0.48 −10.4 0.60

Pd–Zn 2.9 2.58 0.96 −10.4
Pd–Pd 3.6 2.68 0.96 −10.4

0.5  wt% Pd 300 ◦C red. Pd–O 0.7 1.97 0.55 −12.0 0.45
Pd–Zn 3.1 2.56 1.11 −12.0
Pd–Pd 3.3 2.67 1.11 −12.0

N—the coordination number for the absorber–backscatterer pair. R—the aver-
age  absorber–backscatterer distance. �2—the Debye–Waller factor. �E0—the inner
potential correction. The accuracies of the above parameters were estimated as
N  = ±20%; R = ±1%; �2 = ±20%; �E0 = ±20%. The data range used for data fitting in
k-space (�k) and R-space (�R) are 3.1–11.8 Å−1 and 1.2–3.1 Å, respectively.
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han that of Pd foil, indicating that Pd was highly dispersed on the
upport [58], in good agreement with the TEM result. When the
eduction temperature was increased to 500 ◦C, the Pd–Pd coordi-
ation number decreased to 3.6, while that of Pd–Zn increased to
.3. The RPd–Pd elongated to about 2.87 Å, while the RPd–Zn remained
t around 2.60 Å. Both the two bond distances were very close to
hose in the intermetallic PdZn alloy. The NPd–Zn/NPd–Pd ratio of 2
uggested that the PdZn alloy was formed with a face-centered
etragonal structure. This result provides a direct evidence of the
omplete transformation of Pd into PdZn alloy when the catalyst
educed at 500 ◦C.

To summarize this section briefly, the XRD (Fig. 2) and HRTEM
Fig. 3) results provided direct evidences of the formation of PdZn
lloy upon the reduction of Pd/ZnO/Al2O3 catalyst. In situ DRIFT
pectra revealed that the catalyst reduced at 300 ◦C contained both
onometallic Pd and PdZn alloy, and the content of PdZn alloy was

stimated to be 34% based on the XAS analysis. The metallic Pd
as completely transformed into PdZn alloy when the reduction

emperature was increased to 500 ◦C, which was accompanied by
n increase in methanol selectivity (see Fig. 1B and Table 3). For
xample, the CH3OH selectivity at 180 ◦C was 79.4% over the cata-
yst reduced at 300 ◦C, while this value increased to 85.5% when the
eduction temperature was raised to 500 ◦C. The change in selectiv-
ty could be explained by the successive transformation of metallic
d into PdZn alloy. It was proposed that during the Pd/ZnO reduc-
ion, PdO is first reduced, and then the adjacent ZnO is reduced
o form PdZn alloy [59–61]. The higher the reduction temperature
as, the greater extent of alloy would be formed, and hence the

nhanced methanol selectivity.

.3. Effect of the Pd loading

The influence of the Pd loading on the catalytic performance
as investigated. Prior to the experiment, the content of Pd was

etermined by ICP spectrophotometry. The results showed that
he measured Pd loadings were slightly smaller than that of the
ominal composition (Table 4). It can be noted from Fig. 1 that
he decrease in Pd loading led to an increase in CH3OH selectivity,
lbeit at the expense of CO2 conversion. We  further compared the
H3OH selectivity over the 2 wt%, 5 wt% and 7.5 wt%  Pd/ZnAl-HT
atalysts with reactions conducted under similar CO2 conversion
evels by verifying the space velocity. As shown in Table S1, the
H3OH selectivities over all catalysts were within a similar range.

The TOF values (calculated on the basis of the number of surface
d atoms on the ZnO/Al2O3 support) of the catalysts with varied
d loadings were obtained by determining the Pd dispersion using
ydrogen–oxygen titration method. The data in Tables 3 and 4 show
hat the Pd dispersion decreased with increasing the Pd loading. At
he same reaction temperature, i.e., at 220 ◦C, the calculated TOF
alues increased slightly from 0.75 × 10−2 to 1.07 × 10−2 s−1 when
he Pd loading decreased from 5 wt% to 0.5 wt%. The apparent acti-
ation energies (Ea) of CO2 hydrogenation over these catalysts were
lso estimated, as shown in Fig. S1. The estimated Ea values over the

 wt% and 2 wt% Pd/ZnO/Al2O3 catalysts were 59.9 and 64.8 kJ/mol,
espectively, very close to those reported previously [31,36]. How-
ver, the estimated Ea value over the 0.5 wt% Pd/ZnO/Al2O3 catalyst
as 71.5 kJ/mol, slightly higher than that over other catalysts. Since

a was calculated based on CO2 conversion, which contained both
he methanol synthesis and the rWGS reaction. The higher Ea value
stimated over the 0.5 wt%  catalyst than that estimated over the

 wt% and 2 wt% catalysts might be attributed to the decreased CO

ormation rate through rWGS reaction.

The stability experiment was tested over the 5 wt%
d/ZnO/Al2O3 catalyst reduced at 300 ◦C. After 36 h time on
tream at 200 ◦C, no deactivation was observed in either the CO2
eneral 514 (2016) 51–59

conversion or the CH3OH selectivity (see Fig. S2), indicating that
the catalyst possessed high stability.

To further study the effect of Pd loading on the catalytic perfor-
mance, the detailed structures of these catalysts were examined.
As shown in Fig. 2, the PdZn phase could only be observed at
2� = 41.23◦ (indicating the (1 1 1) lattice plane) over the samples
with Pd loadings above 2 wt%. Reducing the Pd loading led to a
decrease in peak intensity. For the catalysts with Pd loadings lower
than 2 wt%, the PdZn phase was  not detectable, likely due to the fact
that the crystal size of PdZn was  less than 2 nm, which was beyond
the detection limit of XRD technique.

H2-TPR profiles of the Pd/ZnO/Al2O3 catalysts with different Pd
loadings were depicted in Fig. 6. In most cases, the peaks below
80 ◦C for all catalysts were ascribed to the reduction of PdO to
metallic Pd [62,63]. The amount of H2 consumption was  calcu-
lated. The results showed that PdO could be completely reduced
at such temperatures. Meanwhile, a small amount of ZnO species
was also reduced. The ZnO/Al2O3 support was also detected as ref-
erence. It was found that the ZnO species started to be reduced at
602 ◦C on bare ZnO/Al2O3 support, but this peak shifted to 562 ◦C
and even low temperatures when Pd was  supported on the surface
of ZnO/Al2O3, which can be ascribed to the spillover of hydrogen
species from Pd to the support [64]. To be noted, the hydrogen
consumption peaks appeared at high temperatures (>763 ◦C) over
the Pd supported catalysts were resulted from the surface reaction
(methanation or rWGS) of H2 with CO2, which derived from the
decomposition of the interlayer carbonates [36,65].

The curve-fitting results of EXAFS spectra were summarized in
Table 2, which provided the evidence of coexistence of Pd0 and
PdZn. Moreover, we found that a small amount of Pd–O species co-
existed in the 0.5 wt% and 2 wt%  Pd catalysts. The H2-TPR results
indicated that PdO species could be completely reduced to metallic
Pd below 80 ◦C. Therefore, the Pd–O species existed in the 0.5 wt%
and 2 wt%  Pd catalysts were possibly resulted from the migration
of partially reduced ZnOx onto the surface of Pd particles at the
interface [32]. A further reduction of the catalyst at higher temper-
atures led to the formation of PdZn alloy, possibly in a pathway like
Pd/ZnO → Pd(Hy)/ZnO → Pd(Hy)/ZnOx/ZnO → PdZn/ZnO. Based on
this assumption, three kinds of Pd-containing species were identi-
fied in these catalysts: Pd in PdZn alloy, Pd modified by ZnOx and
unaffected Pd0. However, the ratio of these Pd-containing species
couldn’t be directly determined with XAFS characterization, due to
the existence of Pd–O band.

In summary of this section, the XRD results indicated that the
particle size of Pd species decreased with decreasing the Pd loading.
In addition to PdZn alloy, the EXAFS results further revealed that
ZnOx islands modified Pd species formed when the Pd loading was
less than 2 wt%. However, the CH3OH selectivity remained nearly
the same when the reaction was  conducted under similar CO2 con-
versions. Therefore, it arrived at a conclusion that Pd modified by
ZnOx islands was  also the active site for methanol synthesis.

Various hypotheses for the reaction mechanism have been pre-
sented during the past decades; however, there is still controversy
over some important issues. One of the major dispute topics is
related to whether methanol synthesis and RWGS reactions are
evolving in parallel pathways, sharing a common intermediate, or
whether the methanol formation proceeds by sequential RWGS and
CO hydrogenation reactions. By conducting H/D exchange experi-
ments, Kunkes et al. [66] proved that the methanol synthesis and
RWGS reactions proceeded on different surface sites in a parallel
manner. It was  reported that, for the steam reforming of methanol
(MSR, the reverse reaction of methanol synthesis from CO2 and

hydrogen), the selectivity of the Pd catalysts was significantly
enhanced upon the formation of Pd alloys such as, Pd–Zn, Pd–Ga
and Pd–In by the reduction of Pd/ZnO, Pd/Ga2O3 and Pd/In2O3
[67,68]. Lin et al. [69] reported several possible pathways of MSR
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Table  3
A comparison of the catalytic performance over all catalysts.

Catalyst Tred (◦C) CO2 conversion (%) CH3OH selectivity (%) CO selectivity (%) TOF × 10−2 (S)

220 200 220 200 220 200 220 200

0.5% Pd 300 2.0 0.86 72.6 83.5 27.3 16.2 1.07 0.45
2%  Pd 300 5.6 2.8 53.7 72.9 46.2 27.0 0.85 0.43
5%  Pd 300 9.3 5.4 44.8 62.9 55.1 37.1 0.75 0.40
7.5%  Pd 300 9.1 5.0 35.6 50.0 64.4 49.9 1.07 0.38
5%  Pd 500 7.8 4.3 50.1 69.6 49.9 30.3 1.37 0.76

Note: Catalysts reduced in H2 for 1 h, 0.5 g catalyst, T = 180–200 ◦C, P = 3 MPa, H2/CO2/N2 = 69:23:8, flow rate = 30 mL  min−1; data collected after 3 h on line. TOF = moles of CO2

converted/(number of active centers × time of reaction). The number of active centers was determined by hydrogen–oxygen titration.
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Fig. 5. (A) The normalized XANES spectra at Pd K-edge, (B) the corresponding Fourier transform of k3-weighted EXAFS spectra for Pd foil and 5 wt% Pd/ZnO/Al2O3 catalysts
reduced at 300 ◦C and 500 ◦C for 1 h.

Table 4
A comparison of the characteristics of all catalysts.

Catalyst Reduction temperature (◦C) ICP:Pd (%) Pd dispersion (%) Particle size (nm)

0.5% Pd/ZnO/Al2O3 300 0.46 44.8 2.1 ± 0.6
2%  Pd/ZnO/Al2O3 300 1.83 38.9 2.5 ± 0.5
5%  Pd/ZnO/Al2O3 300 4.73 28.6 2.7 ± 0.6
7.5%  Pd/ZnO/Al2O3 300 7.15 19.7 2.7 ± 0.6
5%  Pd/ZnO/Al2O3 500 4.73 13.1 3.5 ± 0.9

Note: The average particle size of Pd species were estimated from the STEM images.
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Fig. 6. H2-TPR profiles of the Pd/ZnO/Al2O3 catalysts with different Pd loadings.
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ver PdZn alloy by using a plane-wave density functional theory.
hey found that formaldehyde was the key intermediate since the
bstraction of one H atom from formaldehyde led to the CO path-
ay, while a reaction with adsorbed OH led to the formation of

O2. The decomposition of formaldehyde into −CHO and further to
O was calculated to be kinetically favorable on Pd (1 1 1); whereas
he reaction with hydroxyl group to the formation of CO2 was  more
avorable on PdZn (1 1 1). Similarly, the high selectivity observed
n methanol synthesis over the Pd/ZnO/Al2O3 catalyst might be
ttributed to the presence of Zn, while its effect on RWGS is less
mportant. The critical role of Zn in CO2 hydrogenation to methanol
s also attributed to the dynamic SMSI effect, which favors the for-

ation of Zn decorated active sites (PdZn alloy or Pd modified
y ZnOx islands) for methanol synthesis on the catalyst surface.
owever, the definite role of Zn in methanol synthesis and r-WGS

eactions needs to be further studied.

. Conclusions

The methanol selectivity was significantly influenced by the
reparation methods and pretreatment procedures. The catalyst
repared by coprecipitation method exhibited higher methanol
electivity than those obtained from wet impregnation and
eposition–precipitation methods. For the DP-catalyst, the content
f PdZn alloy raised from 34% to 100% with increasing the reduc-
ion temperature from 300 ◦C to 500 ◦C, leading to the enhanced
H3OH selectivity (from 79.4% to 85.5%). Moreover, the EXAFS
esults revealed that ZnOx islands modified Pd species were formed
ith reducing the Pd loading, but the CH3OH selectivity still remain

he same when the reactions were conducted under similar CO2
onversions. Therefore, we  arrived at the conclusion that both the
dZn alloy and ZnOx islands modified Pd species should be respon-
ible for the methanol synthesis from CO2 and hydrogen.
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