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A Promising Low Pressure Methanol Synthesis Route from CO,
Hydrogenation over Pd@Zn Core-Shell Catalysts

Fenglin Liao,? Xin-Ping Wu,® Jianwei Zheng,® Molly Meng-Jung Li,* Anna Kroner,¢ Ziyan Zeng,® Xinlin
Hong,® Youzhu Yuan,¢ Xue-Qing Gong,?* Shik Chi Edman Tsang®*

At present, there is no low pressure methanol synthesis from CO,/Hz with high yield despite the presence of an upstream
process of agueous phase reforming (APR) of biomass derivatives at industrial scale for CO2/H: production at ca. 2 MPa. This
is due to the intrinsic thermodynamics of the system which leads to particularly high CO levels at low pressure through
reversed water gas shift reaction (RWGS) for most studied catalysts. Here we report a new Pd@Zn core-shell catalyst that
offers a significantly higher kinetic barrier for CO/H20 formation in CO2 hydrogenation to reduce the CO levels but facilitates
CH3OH formation at or below 2 MPa with CH3OH selectivity maintained at ca. 70% comparing to ca. 10% over industrial Cu
catalyst. The corresponding methanol yield at 2 MPa reaches 6.1 g methanol/g active metal *h Which is comparable with the best
reported value among a wide variety of catalysts under 5 MPa. It is thus believed this active Pd based catalyst opens up a
promising possibility for low pressure and temperature methanol production using renewable biomass resource for fossil-

fuels-starved countries, as shown in Scheme 1.

Introduction

Catalytic methanol production is one of the most important reactions
in industry due to the wide applications of methanol in chemical
synthesis. 12 Currently, methanol is produced via two steps: a high
temperature process (at >850 °C, 2 MPa) that breaks down the
resilient methane molecule (natural gas) to synthesis gas (CO/H2
syngas) by steam reforming over Ni based catalyst, followed by the
syngas rearrangement to methanol over Cu/ZnO catalyst at 250 °C,
5-10 MPa. 3 4 Thus, this two-step process is non-renewable and
energy inefficient, also the conditions for the two steps are
incompatible with each other. 5 ¢ Particularly, the transformation of
syn-gas to methanol is done under high pressure, requiring specialist
equipment and increasing costs. Owing to the exhaustion of fossil
fuels and the accompanying emission of CO, as the primary
greenhouse gas, 7' it would be attractive to use renewable methanol
as a chemical platform for future fuels and chemical production. This
so-called ‘methanol economy’ is carbon neutral. 1 As one of the
primary renewable energy resources, biomass is regarded as a
promising alternative to fossil fuels. ® The low temperature aqueous
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phase reforming (APR) of biomass derivatives at industrial scale for
CO,/H; production at 2 MPa is recently demonstrated. 10 Thus, the
downstream catalytic CO; hydrogenation to methanol (CO; + 3H; -
CH30H + H,0) under similar conditions to couple with the above
CO,/H, processes would be highly desirable. Much of current
research focuses on Cu catalysts for this reaction. As reviewed by
Saito, 1! Cu/ZnO based catalysts not only appear to be active for
CO/H, conversion but they also exhibit superior activity in CO,
hydrogenation to methanol among a wide variety of catalysts.
Unfortunately, CO can be favourably produced through the reversed
water gas shift (RWGS) reaction route (CO; + H, > CO + H,0) during
methanol synthesis, especially under low pressure conditions. For
Cu-based catalysts, methanol selectivity above 50% commonly
requires a pressure over 5-10 MPa. 11 For pressures at or below 2
MPa, the rate of RWGS is generally 1-3 orders of magnitude higher
than that of methanol formation over the Cuzn surface, 12 leading to
extremely low methanol selectivity. To couple with the CO/H;
production from low pressure biomass reforming, we are therefore
interested in exploring non-Cu based catalysts for methanol
synthesis at or below 2MPa. It was recently demonstrated that
In,03/Zr0; is highly selective for methanol synthesis from CO,/H; but
the methanol yield is only 3 g methanol/8 active metal *h even under 5 MPa
with a high ratio of H,: CO; (4-8), which is much lower than the best
reported value of 6.4 g methanol/8 active metal *h Over Pd/Ga,0s. 1% 13 Pd
commonly shows similar catalytic properties to Cu upon modification
but is more active and less susceptible to sintering and poisoning.
However, typical Pd-based catalysts (Pd/ZnO, Pd/Ga,0s etc) are not
selective for methanol synthesis (see results later), due to parallel
RWGS, particularly at low pressure. In this communication, we report
a series of highly active Pd@Zn core-shell nano-structures with
variable compositions that show a progressively enhanced ability in
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suppressing the RWGS selectively with increasing Zn content. As a
result, a methanol selectivity of 70% with a high yield of 6.1 g
methanol/g active metal *h Over this novel Pd@Zn catalyst was achieved at
low pressure of 2 MPa which is far beyond the value of industrial Cu
catalyst (10%). The high selectivity and yield hold promise for using
this catalyst to couple methanol production downstream to biomass
reforming based on the similar reaction conditions.
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Scheme 1. A renewable-based low temperature, low pressure
methanol production process via catalytic hydrogenation of CO, over
Pd@Zn in comparison with traditional syngas route over Cu/ZnO.

Experimental
The design and synthesis of the catalyst

To investigate alternative catalysts to the traditional Cu catalysts, we
chose supported Pd catalysts but modified with Zn atoms. It has been
reported that Pd nanoparticles on ZnO support display high activity
for both catalytic methanol synthesis from CO,/H, 4 and methanol
decomposition to CO,/H, (reverse reaction of methanol synthesis). 15
Previous research also indicated that a small quantity of Zn can be
reduced from the ZnO support, which decorated Pd, accounting for
the high catalytic performance. ¥ Thus, our supported PdZn/ZnO was
synthesized through the reduction of PdO on rodlike ZnO. The
reduction of PdO to Pd(0) was completed readily at room
temperature after which the produced Pd particles catalyzed a small
degree of reduction of ZnO to Zn(0) at elevated temperature.
However, it was found that this reduced PdZn/ZnO catalysts were not
selective for methanol synthesis particularly at low pressure (see Fig.
7), presumably due to a small quantity of Zn(0) on Pd. Higher
reduction temperature for the synthesis of dispersed PdZn with
higher Zn(0) content was also not successful due to extensive
sintering. We have reported earlier that the addition of foreign semi-
conductive material to a semiconductor support, forming a type Il
heterojunction, can facilitate a deeper reduction of the support to
decorate the overlying noble metal nanoparticle at mild
temperature. Hence, this maintains the small primary metal particle
size. 17 Thus, CdSe was added which introduced staggered energy
levels to ZnO to form a typical type Il hetero-junction.
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The ZnO-CdSe support was first synthesized by a sequential growth of
CdSe and ZnO. CdSe particles were obtained through the reaction of
Na,SeSOs and Cd(NOs),. The Na,SeSO; aqueous solution was
prepared by refluxing Se powder in an aqueous Na,SOs3 solution at
80 °C overnight. 0.64 g Cd(NOs), and 14.70 g sodium citrate were
dissolved into 100 mL water to form a solution which was then mixed
with freshly prepared 0.1 M Na,SeSO3 (100 mL) into a flask and heated
in water bath at 60 2C for 15 minutes. The red precipitate was
collected by centrifugation at 5000 rpm for 10 minutes and extensively
washed, after which the supernatant was decanted and discarded.
The growth of ZnO rod was carried out by Zeng’s method. 18 1.487 g
zinc nitrate [Zn(NOs),. 6H,0] and 6.000 g NaOH were dissolved in 10
mL deionized water (the molar ratio of ZnZ* to OH- was 1:30). Some
CdSe particles produced previously were dispersed into 100 mL
ethanol which was added to the solution containing Zn precursor. (To
control the ratio of ZnO: CdSe in the support, various amount of CdSe
was added for samples 1-4. The accurate compositions of the samples
were analysed by inductive coupled plasma — atomic emission
spectrometry (ICP-AES)). 5 mL ethylenediamine (EDA) was also added
to the mixture, which was then transferred to a 250 mL covered plastic
container. This was stirred at room temperature until the red mixture
turned white. The white crystalline product was then collected by
centrifugation and was washed with deionized water and pure
ethanol. The final product was dried in an oven at 60 °C for 12 h. The
loading of 5 wt% Pd onto above synthesized support was achieved by
the impregnation method; the ZnO-CdSe support was immersed into
a Pd(NOs); ethanol solution and the mixture was stirred at 50 °C until
the ethanol solvent evaporated. The collected powder was calcined in
air at 450-500 °C for 2h.

Catalytic test of a series of Pd@Zn samples in CO, hydrogenation

Catalyst tests for hydrogenation of CO, were carried out in a tubular
fixed bed reactor (12.7 mm outside diameter) by using a catalyst
weight of 0.1 g. CO,/H; reaction mixture with molar ratio of 1:2.8 was
fed at a rate of 30 stp mL min! (stp = standard temperature and
pressure; P = 101.3 kPa, T = 298 K) through the catalyst bed. Before
each test, the catalyst was pre-reduced at 280 °C for 2 h under the H,
flow (20 stp mL min?t). The products were analysed by a gas
chromatograph equipped with a thermal conductivity detector (TCD).
Each sample was tested at least twice to confirm the reproducibility
of the data. A comparison of catalytic performance of fresh and used
sample under identical conditions can be found in supporting
information.

Catalyst characterization
Inductive coupled plasma — atomic emission spectrometry (ICP-AES)

ICP-AES was performed to determine the concentration of CdSe in
the ZnO-CdSe supports and the data was collected on an IRIS Intrepid
11 XSP spectrometer. The obtained values are displayed in the related
figures.

X-ray diffraction (XRD)

The data was collected using a Philips PW1729 diffractometer,
operating in Bragg-Brentano focusing geometry and using CuKa
radiation (A = 1.5418 A) from a generator operating at 40 kV and 30
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mA.

X-ray photoelectron spectroscopy (XPS)

XPS was performed using Kratos Ltd XSAM800.
Extended X-ray absorption fine structure (EXAFS)

EXAFS measurements at the Pd K-edge (24530 eV) were performed
on beamline B18 at Diamond Light Source (Diamond, UK) to obtain
information about the local structure of the noble metal (the nearest-
neighbour interatomic distances and coordination number). Also, it
was used to estimate the composition of metal particles. The
Diamond installation comprises a 3 GeV electron storage ring with
typical currents of 200 mA. The B18 is a bending magnet beamline
which has been designed to deliver monochromatic X-rays in the
energy range of 2 to 35 keV. A Si (311) double crystal monochromator
was used for energy selection with a resolution of 1 eV. X-ray
ambient

absorption spectroscopy data collected at

temperature in transmission mode using optimized ionization

were

chambers as detectors. The fluorescence spectra were acquired using
lo and a high count rate fluorescence 9-element Ge detector. The
EXAFS data analysis was performed using IFEFFIT 1 with Horae
packages 2 (Athena and Artemis). All spectra were calibrated with Pd
foil as a reference to avoid small energy shifts of the nanocatalyst.
The amplitude parameter was obtained from EXAFS data analysis of
Pd foil with a known coordination number (equals to 12), which was
used as a fixed input parameter in all fits to allow coordination
number (CN) refinement.

In this work, we have only performed a first shell data analysis under
the assumption of a single scattering. The curve-fitting analyses were
done in k3 space with a range of 2-12. The best fit was selected
according to the lowest R value throughout EXAFS analysis.

Transmission electron microscopy (TEM) and Energy-dispersive X-
ray spectroscopy (EDX)

HRTEM images and EDX results were obtained on an Analytical FEI
Tecnai 30 electron microscope operated at an acceleration voltage of
300 kV. The samples were prepared by placing a drop of nanoparticle
ethanol suspension onto a carbon-coated copper grid, and allowing
the solvent to evaporate.

Chemisorption of CO

The chemisorption uptake of CO was measured to determine the
number of Pd active site per gram catalyst with the ratio of Pd: CO=
1. The samples were measured on a Micromeritics ASAP 2020 (M+C)
analyzer. The samples with variable concentration of CdSe (samples
1-4) were pre-reduced at 523 K and evacuated for 1 h at 523 K to
ensure a high surface cleanness. An initial isotherm was measured in
an adsorbate pressure range of 100-600 Torr at a precisely controlled
temperature of 308 K. Subsequently evacuation at 308 K for 30 min
was conducted to remove the weak reversibly adsorbed CO
molecules before measuring another repetitive isotherm under the
same conditions as the initial one. The difference between the
repetitive and the initial isotherm is denoted as the uptake of
irreversibly chemisorbed CO on catalysts.

In situ Fourier transform infrared spectroscopy (FTIR)

This journal is © The Royal Society of Chemistry 20xx

In situ Fourier transform infrared (in situ FTIR) spectra were collected
on a Tensor 27 spectrometer (Bruker) equipped with CaF, windows.
Spectra were obtained by collecting 64 scans with a resolution of 4
cm~1and are presented in absorbance units.

The powders of sample 1 (5 wt% Pd, 0.0 wt% CdSe) and sample 4 (5
wt% Pd, 26.4 wt% CdSe) were pressed into pellets and loaded onto
the sample holder. The sample was then flushed with 5% H,/Ar (20
mL/min) for 10 min and then reduced during 1 h at 250 °C. After the
pre-reduction, vacuum conditions were applied to the cell until the
pressure was lower than 1*¥10°® bar and then backgrounds were
recorded at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C.

After collecting backgrounds, a mixture of CO,/H> (3:100) was passed
through the reduced sample pellet and then the in situ FTIR spectra
were collected at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C with
maintaining the sample at each temperature for 10 min.

Computational method

PBE functional was used to do the spin-polarized DFT calculations by
using the Vienna ab initio Simulation Package (VASP).1° The project-
augmented wave (PAW) 20 method was used to describe the
interaction between atomic cores and electrons. Wave functions
were expanded in plane waves with an energy cutoff of 400 eV. For
integrations over the Brillouin zone, we used a 5x5x1 Monkhorst-
Pack grid for all calculations. The structure optimizations were
converged until the Hellman-Feynman force on each ion was less
than 0.02 eV/A. The calculated lattice parameter of bulk Pd was 3.95
A, which is in good agreement with the values reported from previous
studies.?! 22

The Pd (111)-based surfaces were modeled by 4-layer slabs repeated
in a 4x4 surface unit cell with the bottom one layer being fixed to the
bulk parameters, while other layers were allowed to fully relax. To
avoid interactions between slabs, all slabs were separated by a
vacuum gap greater than 10 A. Previous experimental studies 23 24
suggested that the Zn atoms are contained entirely and distributed
uniformly in the topmost layer of Pd (111) substrate after annealing
when the Zn coverage is under 0.5 monolayer (ML). For coverage
around 0.5 ML, the p(2x1) PdZn (1:1) surface alloy is formed. Further
increasing the Zn coverage will not break the (2x1) phase. Instead, Zn
will infiltrate into the sub-surface layer first and then to the deeper
layers. Accordingly, we constructed a p(2x1) 2ML-PdZn (1:1) surface
alloy deposited Pd (111) (case D in Scheme 2) representing a Pd
surface with 1 ML Zn decoration to compare with pure Pd (111) (case
Ain Scheme 2).

Transition states were located by using the climbing-image nudged
elastic band (CI-NEB) method. 2527
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Scheme 2. The demonstration of cases A and D, A: Pd (111), D: 2 ML
Pd1Zn,/Pd (111), respectively. The bigger and smaller balls represent
the first and second layer atoms, respectively.

Results and discussion

The samples were prepared by adding CdSe quantum dot into the
Pd/ZnO system to modify the reduction behaviour of the ZnO
support during H, pre-treatment. The existence of CdSe in the ZnO
support was confirmed by X-ray diffraction. As shown in Fig. 1, the
intense peaks labelled as A are indexed into wurtzite ZnO while the
diffraction peaks at 24.5°, 27.0° and 28.5° in samples 2-4 are assigned
to the facets of (100), (002) and (101) of CdSe which indicate the
presence of CdSe phase in the supports. The concentrations of CdSe
in the supports were determined by ICP-AES and the results were
labelled in all the figures. The reduction process of ZnO-CdSe is
described in Scheme 3: the staggered energy levels of ZnO and CdSe
allow thermal excited electrons (e) to reside in conduction band of
ZnO whilst holes (+) in valence band of CdSe. The accumulated holes
(electron depleted Se) in CdSe can be relaxed by reacting with the
spill-over H from neighbour Pd to produce H,Se. The excited
electrons in the ZnO conduction band (composed of Zn 4s) will
preferentially reduce Zn(2+) to Zn(0) to maintain electronic
neutrality. As a result, the concentration of Se (1.1 wt%) in the
reduced sample 4 determined by energy-dispersive X-ray
spectroscopy (EDX) is much lower than that of Cd (8.8 wt%) as shown
in Table 1 since Se species escape from the system in form of H,Se
gas. Consequently various numbers of Zn atoms were derived from
the refractory support to decorate on the surface of the Pd particles.
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Scheme 3. The proposed reduction process of ZnO promoted by CdSe.

Table 1. The weight% of elements in reduced sample 4 with the
highest concentration of CdSe (26.4 wt%) determined by EDX
element Pd Zn cd Se

Weight % 8.0 82.1 8.8 11

After reduction, the Zn X-ray photoelectron spectra (XPS) of a series
of reduced Pd/ZnO-CdSe samples shown in Fig. 2a clearly indicate a
downshift of binding energy from 1021.3 eV to 1020.1 eV while no
obvious change is observed in the corresponding Pd XPS spectra. This
implies that the surface concentration of Zn(0) (1020.1 eV) increases
at the expense of Zn(2+) (1021.3 eV) upon reduction with increasing
CdSe dopant concentration in Pd/ZnO.

This journal is © The Royal Society of Chemistry 20xx
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(1021.3 eV) and Zn(0) (1020.1 eV) with reference to the added boron
nitride (BN), N 398.2 eV); b the corresponding XPS curves of Pd in the
samples 1-4.

The extended X-ray absorption fine structure (EXAFS) results at the
Pd K-edge (24350 eV) are shown in Fig. 3, Fig. 4 and Table 2. The
direct observation of a shorter scattering path of 2.57 A comparing
with a typical 2.70 A Pd-Pd scattering path 28 is assigned to the first
shell scattering pair of Pd-Zn. This indicates a strong atomic
interaction between the Pd and Zn atoms. Meanwhile, the number
of neighbouring Zn (NZn) around each absorbing Pd atom rises at the
expense of neighbouring Pd (NPd) with increasing CdSe content.
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Fig. 3 The number of neighbouring Pd (NPd) and Zn (NZn) around
each Pd absorbing atom as derived from the EXAFS
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Table 2. Average coordination environment of a Pd absorbing atom
from the EXAFS results for a series of Pd/ZnO-CdSe samples

Pd-Pd D-w Pd-Zn D-w

Sample  Total - AE | iance  factor  distance factor R
S ) (A% @A) (hy  factor
1 7.8(8) -5.0 2.67(1) 0.015(2) 2.56(1) 0.004(1) 2.1%
2 7.7(7) -4.5 2.71(1) 0.014(2) 2.56(1) 0.008(1) 0.8%
3 8.0(5) -0.8 2.72(1) 0.014(2) 2.57(1) 0.009(1) 0.9%
4 83(6) -1.7 2.73(1).  0.007(1)  2.59(1)  0.014(1) 1.2%

(“CN” is coordination number; “AE” is the energy difference between
the experimental absorption energy and the calculated value in curve
fitting; “D-W” is Debye Waller; “R factor” is the indication of the
quality of curve fitting)

The transmission electron microscopy (TEM) image of reduced
samples 4 and 1 are shown in Fig. 5 and Fig. 6, respectively. Sample
4 (5 wt% Pd, 26.4 wt% CdSe) with the highest concentration of CdSe
depicts an imperfect core (dark)-shell (light) structure of 4-5 nm on
ZnO rod support (Fig. 5e), corresponding to a mixed phase with
irregular atom arrangement. Lattice fringes of ca. 0.23 and 0.26 nm
are observed in the core and shell regions, respectively. The former
value corresponds to the (111) plane of pure Pd 2° while the latter
corresponds to the Zn metal (002) facet or Zn rich ZnPd alloy with
similar lattice parameters. 30 This implies that the Pd surface is
heavily doped with Zn atoms through the formation of a Pd@Zn
bimetallic phase at the interface with high Zn content. In contrast, no
core-shell structure is seen for sample 1 (5 wt% Pd, 0.0 wt% CdSe)
with slightly smaller nanoparticle size (3-4 nm) due to a lower Zn(0)
content, which is consistent with the XPS results.
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Fig. 5a, b TEM and d, e, f high resolution TEM (HRTEM) images for
reduced sample 4 (5 wt% Pd, 26.4 wt% CdSe) showing core-shell Pd
containing particles; ¢ the particle size distribution of decorated Pd
particles. 0.32 nm corresponds to the lattice spacing of ZnO support.
The numbers of exposed Pd active site of the reduced Pd/ZnO-CdSe
samples (5 wt% Pd) were determined by the chemisorption uptake of
CO with a Pd: CO = 1. The results are displayed in Table 3. Clearly, the
number of exposed Pd atom decreases with the Zn decoration due to
the formation of zinc rich surface but there is still a significant
exposure of Pd atoms with no total coverage of Pd surface by Zn
atoms.

The number of exposed Cu site in commercial Cu catalyst was
measured by N,O uptake and the value is 520 pmol g.cot'.

Table 3. The number of exposed Pd atom (umol g.c.t2) for a series of
reduced Pd/ZnO-CdSe samples

1 2 3 4
(0.0wt% (9.4 wt% (19.2 wt% (26.4 wt%
Sample No.
CdSe, NZn= CdSe, NZn= CdSe, NZn= CdSe, NZn=
2.5) 3.5) 4.2) 5.0)
Number of
exposed Pd
55.3 35.7 25.8 135
atom (umol
B’
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Fig.6a,b TEM and d, e, f HRTEM images for reduced sample 1 (5 wt%
Pd, 0.0 wt% CdSe); c the particle size distribution of Pd particles.

From the above results, the supported Pd@Zn bimetallic particles
show intimate contact of these two elements which may modify the
electronic properties of Pd. The catalytic performances of the as-
prepared Pd@Zn samples in CO, hydrogenation to methanol under a
low pressure of 2MPa were studied (a mixture of CO,:H,=1:2.8 was
flowed through the loaded catalyst (0.1 g) in a fixed-bed reactor with
a flow rate of 30 mL min1). The plots of catalytic results of a series of
Pd@Zn (5 wt% Pd) samples versus the value of NZn around Pd are
summarized in Fig. 7. NZn value was derived from EXAFS indicating
the Zn content in the Pd@Zn nanoparticles. A commercial Cu/ZnO
based catalyst (HiIFUEL-R120 ca. 50 wt % Cu) was employed as a
reference. With the surface areas of Pd and Cu taken into account
(active sites per gram catalyst as shown in Table 3), the methanol
TOFs were calculated over the Pd and Cu catalysts (Fig. 7d). From
samples 1 to 4, the TOF values for Pd increase dramatically with
respect to the increasing Zn content. TOF reaches 1.9x10! s for
sample 4, which is about 350 times greater than the commercial Cu
catalyst under the same reaction conditions. As far as we are aware,
the TOF value of sample 4 represents the highest TOF among all the
reported values using H,:CO; ratio of 3:1. The activity of sample 4 in
terms of weight time yield has reached 6.1 g methanol/g active meta*h at
270 °C, 2.0 MPa (Fig. 7b), which as far as we are aware, is the highest
reported value in CO; hydrogenation under 2.0 MPa. This value is
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much higher than the best reported value for Cu-based catalyst (1.48
€ methanol/ 8 active meta*h) over Cu/Zn0O/Ga,03 (50 wt% Cu) at 5 MPa and
is comparable with the best reported results over Pd in Pd/Ga,0s (6.4
€ methanol/8 active meta™h) but significantly decreases the applied
pressure from 5MPa to 2 MPa (shown in Fig. 8a). 11 Comparing to the
commercial Cu catalyst of 0.1 g methanol/g active meta*h, Our sample has
60 times higher activity under the same reaction condition. The
detailed comparison of our sample 4 with the other reported
catalysts in literature are shown in Fig. 8a and Table S1 in the
supporting information.
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80
A Commercial Cu catalyst at 280 :C, 2 MPa

z [d ?‘. sample 4
£ ) (26.4 Wit CaSe)
e &0 sample 2 ample 3
Z < (19.2 wits CdSe)
Z s
=
3 40
= sample 1
E 30 4_ (0.0 with CdSe)
3

20
BN el

10

commercial catalyst
o
2 3 4 5

number of neighbour Zn around each Pd atom

W Pd catalysts at 270 -C, 2 MPa
W Pd catalysts at 250 °C, 2 MPa

A Commercial Cu catalysts at 270 °C, 2 MPa
A Commercial Cu catalysts at 250 <C, 2 MPa

sample 4
(26.4 wits CdSe)

—
sample 3
sample 2  (19.2 wi%e CdSe)
(9.4 wits CdSe)

sample 1
(0.0 wits CdSe)

‘ commercial catalyst

2 3 4 5
number of neighbour Zn around each Pd atom

- Commercial Cu catalyst c
Sample 4 (26.4 wt% CdSe)
100
F 80
<~
B -
E -
é 60 P
Z
] 7
= -
E 40 =
] -
H - _
T o0 /l
.___‘__,..q
15 20 25 30 35 40 45 50
pressure (MPa)
d

W Pd catalysts at 270 °C, 2MPa.
A- Commercial Cu catalyst, 270 *C, 2MPa

0.20
sample 4

0.16 (26.4 wits CdSe)
o~ 0.124
L
£ 0.084 sample 3

(19.2 wi%h CdSe)
0.04 sample 2
(9.4 With CdSe)
sample 1
0.00q¥ (0.0 wtds CdSe)
2 3 4 5

number of neighbour Zn around each Pd atom

This journal is © The Royal Society of Chemistry 20xx

Fig. 7a The plots of methanol selectivities; b The methanol weight
time yields; for a series of Pd@Zn samples in CO, hydrogenation at
2.0 MPa with WHSV=18000 mL h-1gl versus number of Zn atoms
(NZn) around Pd derived from EXAFS at 250 °C (red) ,270 °C (black). ¢
The pressure effects on methanol selectivity for Pd@Zn (sample 4)
and commercial Cu catalyst at 250 °C in range of 2-4.5 MPa. d The
TOF values of Pd in a series of Pd@Zn samples (5 wt% Pd) in methanol
synthesis from CO; hydrogenation at 2.0 MPa, with WHSV=18000 mL
h-1g1, with reference to the commercial Cu catalyst. The dotted line
represents calculated thermodynamic values (taking both methanol
synthesis and RWGS equilibria into account).

Besides the activity (TOF), the methanol selectivity also dramatically
increases according to the number of neighbouring Zn around Pd in
Pd@Zn catalysts (Fig. 7a). The nearly 80% methanol selectivity of
sample 4 at 250 °C, 4.5 MPa is far beyond that of commercial Cu
catalyst (30%) (Fig. 7c). Surprisingly, sample 4 with the highest
content of Zn(0) (NZn=5.0) maintains a high methanol selectivity of
70% at 2 MPa with weight hourly space velocity (WHSV) =18000 mL
h-1gt (Fig. 7a, c). The clear difference between the commercial Cu
catalyst and the Pd@Zn surface shows the significance of heavy
decoration of Pd with Zn in relation to methanol synthesis. By
decreasing the operating pressure from 4.5 MPa to 2.0 MPa (Fig. 7c),
the methanol selectivity for the commercial Cu catalyst sharply
decreases to below 10%, which is governed by thermodynamics. In
contrast, the methanol selectivities over sample 4 (Pd@Zn) catalyst
especially at low pressures are surprisingly well beyond the
thermodynamic prediction (indicated by the dotted line in Fig. 7c),
indicating that the reaction rate of RWGS is significantly suppressed
on the Zn rich Pd@Zn surface.

To derive the apparent activation energies for RWGS, the catalytic
data over various catalysts was collected under variable temperature
at 2 MPa as shown Fig. 8 (b, c, d). Through the Arrhenius equation
(In(K)=In(A)-AE./RT where K is the reaction rate constant, A is
Arrhenius factor, AE, is activation energy, R=8.314 J mol? K%, T is
temperature.), the apparent activation energies for RWGS on sample
4, conventional Pd/ZnO (sample 1) and the commercial Cu catalyst
were indeed found to be 98 kJ mol?, 71 kJ mol! and 69 kJ] mol-?,
respectively (the Arrhenius plots for RWGS are shown in Fig. 9). The
higher activation barrier of this Zn rich Pd@Zn catalyst promoted by
CdSe (sample 4) for RWGS significantly reduces the CO production
and raises methanol selectivity comparing with the conventional
Pd/ZnO and Cu/ZnO. Consequently, the methanol yield on sample 4
appears to have overcome the restriction of thermodynamics
calculated based on equilibrium for the elementary steps of RWGS
and methanol synthesis, reaching a higher value with the elevated
temperature as shown in Fig. 8b. These results clearly indicate that
Pd@Zn with high contents of Zn are promising low-pressure catalysts
for methanol synthesis from CO; hydrogenation, offering the unusual
high kinetic barrier for RWGS.

The characterizations after testing (Fig. S1 and Fig. S2) and the
catalytic performance of used sample 4 (recovered from the first
testing) (Table S2) are shown for comparison in supporting

information. It is evident that the typical sample 4 shows
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reproducible catalytic performance in the repeated testing despite a
degree of metal sintering after the testing.
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Fig. 8 a The comparison of catalytic performance of sample 4 with
those of the reported catalysts in literature. 1! The detailed data are
shown in Table S1 in supporting information. b the calculated
methanol yield, ¢ CO yield, and d TOF of CO formation at 2 MPa in a
temperature range of 210-270°C for samples 1, 4 and commercial Cu
catalyst. The dotted line represents thermodynamic values (taking
both methanol synthesis and RWGS equilibria into account).
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Fig. 9. The Arrhenius plots for RWGS on a the commercial Cu catalyst
from 170 °C to 230 °C (the data in 250-270 °C is approaching the
equilibrium), b sample 1 (5 wt% Pd, 0 wt% CdSe) and ¢ sample 4 (5
wt% Pd, 26.4 wt% CdSe) from 210 °C to 270 °C; d the values of
calculated activation energy for the samples.

In situ Fourier transform infrared (FTIR) spectroscopy shows some
key surface intermediates and confirms the drastic attenuation in CO
production on the Pd@Zn surface (Fig. 10). For sample 1 (shown in
Fig. 10 a, b), a series of vibration bands were detected corresponding
to adsorbed CO (linear mode, 2000 cm and bridge mode, 1860 cm-
1), 31 formate (1595cm, 1395 cm1), 32 dioxymethylene (1230 cm™?),
33 formaldehyde (1502 cm, 1702 cm?) 34 species as similar to those
previously reported over the Cu surface. The formate formation was
observed at 50 °C and with rising temperature, the vibration bands
for CO, dioxymethylene and formaldehyde become more intense (Fig.
10b). For sample 4 (shown in Fig. 10c), almost no CO signal was
detected even at 250 °C but the vibration intensities of
dioxymethylene and formaldehyde clearly increased at higher
temperature. It is generally believed that the first step of CO2/H;
activation generates two different surface intermediates of adsorbed
HCOO and COOH, which leads to different reaction routes, as shown
in Fig.10e. (Note that the IR vibration bands of the adsorbed COOH
cannot be differentiated from that of HCOO due to their similar
structures.) 3> The hydrogenation of HCOO produces methanol via
dioxymethylene and formaldehyde, whereas the decomposition of
COOH yields CO product. The growing signals of adsorbed CO with
those of dioxymethylene and formaldehyde at elevated temperature
imply parallel pathways for CO and methanol synthesis on sample 1.
The absence of CO signal in sample 4 means that the RWGS is
suppressed on the Pd@Zn surface, which may also reflect the
selective blockage of CO, hydrogenation to COOH. (Given that CO is
formed from the decomposition of surface COOH.) 3>

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 In situ FTIR spectra of the adsorbed species on the reduced
surface. a Sample 1 (5 wt% Pd, 0.0 wt% CdSe). ¢ Sample 4 (5 wt% Pd,
26.4 wt% CdSe) in CO;, hydrogenation (A flow gas of 3 mol% CO; in
H, was passed through the selected catalyst pellet of 20 mg) at
various temperatures. b A combined sample 1 FTIR spectra. d The
assignments of selected vibration bands in FTIR. Both samples 1 and
4 were pre-reduced in H; at 250 °C for 1 h. e The reported possible
pathways in CO, hydrogenation. 35 36

From the selected potential energy surfaces obtained from our
density functional theory (DFT) calculations (see calculation details in
experimental section) as shown in Fig. 11, the occurrence of surface
COOH is preferred over HCOO at pure Pd(111) (case A, Scheme 2). In
contrast, with 2 layers PdiZn; ((case D, 1 ML (monolayer) Zn coverage,
Scheme 2)) deposition, the HCOO formation is much more favoured.
Therefore, on sample 4 that has the highest Zn content, the selective
formation of HCOO over COOH as the intermediate leads to the
enhanced methanol selectivity through further multi-steps
hydrogenation. It is also noted that the formation barrier of COOH
on the PdZn surface (1.43 eV) is higher than that on the Pd(111)
surface (1.21 eV), which implies a higher kinetic barrier for the RWGS
reaction as COOH is the precursor of CO. This is consistent with our
experimental results (Fig. 9).
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Fig. 11 a The adsorption modes of COOH and HCOO on the Pd
surfaces of cases A (pure Pd(111)) and D (2 layers Pd1Zn; on Pd(111)),
respectively. (Top: top view; bottom: side view) Those adsorption
energies for cases B (0.25 ML (monolayer) Zn coverage on Pd
denoted as PdsZni/Pd(111)) and C (0.5 ML Zn coverage on Pd
denoted as PdiZni/Pd(111)) were also calculated. They showed
intermediate values between case A and D, hence cases Aand D were
used for comparison. The structure of case D was optimized from an
entire monolayer of Zn at Pd(111) that was relatively less stable with
respect to two mixed layers of Pd;Zn; at Pd(111). This is indicative of
the preferential formation of saturated surface alloy. Pd and Zn
atoms are in blue and orange, C, O and H atoms are in grey, red and
white, respectively. b The calculated energy profiles for CO,
hydrogenation to adsorbed COOH and HCOO species at Pd cases A
and D. (The numbers labelled in the figure are in unit of eV
representing the corresponding reaction activation barriers. *
indicates the adsorbed state.)

The calculation results of the further transformations of trans-COOH
over Pd cases are illustrated in Fig. 12; the decomposition to CO is
the most favourable reaction route with the lowest activation barrier
among the three possible pathways, which confirms the rapid CO
production from trans-COOH. But once the formation of trans-COOH
is suppressed, CO production could be inhibited.
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Fig. 12. The calculated reaction pathways of CO, hydrogenation at
cases A (pure Pd (111)) and D (2 ML-Pd1Zn1/Pd (111)). The numbers
labeled in the figure are in unit of eV representing the corresponding
reaction barriers. (Note that there is an equilibrium trans-COOH/cis-
COOH isomer pair on catalyst surface and the COOH mentioned in
the text represents trans-COOH; the corresponding structures of the
intermediates are shown in Fig. S3.)

DFT calculation was also employed to investigate the catalytic
properties of CuZn surface. The results of pure Cu (111) (case A) and
Cu (111) with 1 ML Zn decoration (case D, case E) are selected to
compare with Pd surfaces. Case E with 1 ML Zn atoms deposited on
Cu (111) is the most stable configuration of a given composition
according to our stability analyses (Fig. 13), and is 0.33 eV more
stable in total energy than case D (2 ML-CuiZn; surface alloy
deposited on Cu (111)).

This clearly indicates that the Cu (111) surface can be totally covered
by 1 ML Zn atoms (case E) but in the case of Pd (111) surface two
layers of PdiZn; would be created instead.

Given the fact that case D of Cu has the similar geometric structures
with the corresponding Pd case, it was also taken into consideration
in this work.

AE=4.13eV

Fig. 13 The calculated structures of Cu-based catalysts; a Cu (111), b-
e various configurations of 1 ML Zn decoration on Cu (111). Cu and
Zn atoms are in brown and purple, respectively. The bigger and
smaller balls represent the first and second layer atoms, respectively.
Cases D and E are labelled and selected to compare with PdZn
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surfaces due to the lower energies than other ones. The yellow lines
indicate the surface Zn atoms distribution.

Interestingly, it is observed that HCOO is also formed preferentially
over COOH on the Cu based surfaces (noted the negative potential
energy difference values of adsorbed HCOO and COOH species
shown in Table 4) as well as on the PdZn surfaces. Malte Behrens, et
al. have recently reported a similar stabilization of adsorbed HCOO
when Zn atoms are introduced on Cu step sites. 37 However, the Cu-
based surfaces exhibit much lower methanol selectivity than PdZn,
under low pressure in particular. To further investigate the
difference in catalytic properties of Pd and Cu, we calculated the H
adsorption energies at the various Pd and Cu surfaces. The
calculation results in Table 4 clearly show that the H adsorption
energies on Cu (111) decorated by Zn is low (0.16, 0.06 and -0.50 eV
for cases A, D and E, respectively), which leads to low activity for H,
dissociation on Cu-based surfaces. At low operating pressures, this
could lead to a low surface H coverage that slows down the further
hydrogenation of HCOO into methanol. In addition, the
decomposition of COOH to adsorbed CO and OH is less dependent
on the concentration of surface H, which rapidly consumes the
produced COOH in the first step and shifts the equilibrium between
HCOO/COOH. In contrast, the Pd@Zn based surfaces show superior
ability in activating H; as indicated by the higher H adsorption
energies (0.57 and 0.31 eV for cases A and D in Table 4). In principle,
this can further help to produce methanol readily from the
hydrogenation of preferentially formed HCOO under pressures as
low as 2 MPa. Consequently, an enhanced methanol selectivity with
a high yield can be observed over the Pd@Zn catalyst.

Table 4. Calculated H adsorption energies and energy differences of
HCOO* and COOH* species on the Cu-based and Pd-based surfaces
(* indicates the adsorbed state)

H adsorption energy EncooEcoon+

Surface Case

(eV) (eV)
A 0.16 0.79
(Cu(111)) ' ’
D
Cu-based 0.06 -0.80
(2 ML Cu;Zn,/ Cu (111))
E 0.50 1.11
(1ML Zn/ Cu (111)) ’ ’
A 0.57 +0.18
(Pd (1112)) i :
Pd-based b
0.31 -0.70

(2 ML Pd;Zn,/ Pd (111))

5 Conclusions

% In conclusion, in methanol synthesis from the CO, hydrogenation

reaction, the Zn enriched Pd@Zn core-shell bimetallic catalysts
prepared via CdSe can stabilize surface HCOO species over COOH
hence suppressing CO production from the RWGS reaction. This
novel Pd surface with heavy Zn decoration offers a more superior
capability for H, adsorption and activation than the Cu surface,
leading to a superior performance for methanol production from
CO3/H2. A methanol yield of 6.1 g methanol/g active metar*h With a high
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selectivity over 70% is obtained even at pressure as low as 2.0 MPa,
which is comparable with the best reported yield under 5 MPa in
literature. With the increasing demand for greener methanol
synthesis from renewable the superior catalytic

performance of this novel Pd-based surface under low pressure

resources,

provides a perfect mean to couple with the upstream aqueous
reforming CO,/H, production processes, as depicted in Scheme 1. It
is believed that a new, low-pressured and integrated methanol
synthesis process at or below 2 MPa can be developed based on the
above findings.
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