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With the introduction of Ga®" into Cu/ZnO catalyst precursors, a series of catalysts have been
prepared using a simple co-precipitation method and tested as catalysts for the synthesis of
methanol from CO, hydrogenation. It is found that the presence of a small amount of Ga**
can facilitate thermal deep reduction of ZnO support to Zn atoms under hydrogen prior to
catalysis hence a highly active CuzZn bimetallic nanoparticle offering catalytic sites is
generated. The effect of Ga®* incorporation is attributed to the formation of Ga-containing
spinel, ZnGazO4 structure, which creates electronic heterojunction with excess ZnO phase to
account for the facilitated reduction of Zn?* to Zn°to form CuZn when in contact with Cu
nanoparticle. A correlation between Zn° concentration in the CuZn alloy nanoparticle to the
catalytic performance can thus be clearly demonstrated, which shows CO> conversion and
methanol selectivity can be significantly improved by increasing the Zn° content in these
hetero-junctioned catalysts.


mailto:edman.tsang@chem.ox.ac.uk

Introduction

Due to increasingin fossil fuels combustion by the increasing population and human
activities, the concentration of carbon dioxide, COg, in the atmosphere is rising year by year,
which causes a significant global warming. The present attempts to make endeavors to reduce
the COzemission, and various technologies for CO; capture and transformation are
being paid intensive investigation. It has been recently demonstrated that by utilizing solar
energy, wind power, hydropower and biomass, renewable hydrogen gas can be produced at
large scale! 2. Therefore, the recycling of ‘waste’ CO, through its hydrogenation to high-
energy-content fuels such as alcohols or hydrocarbons appears to be a very
attractive approach?®. Particularly, the CO2 hydrogenation to methanol is becoming a
potentially strategic important process due to the positions of methanol as both key chemical
platform and clean liquefied fuel. For sustainable development of our society, the feasibility
and advantages of the methanol-based economy have recently been advocated by Olah et al *.

Cu/ZnO based catalysts are well known for methanol synthesis from CO/Hz. Recent research
has reported that these catalysts also show superior activity in CO. hydrogenation. Cu is
usually regarded as the active site but the role of ZnO support is still in debate despite the fact
that numerous investigations have been carried out over the past few decades®'?. Recently,
with the rapid development of advanced characterization techniques, it is shown that a very
small amount of Zn atoms is reduced from ZnO and decorate on Cu nanoparticle at the
interface, which results asubtle change in the Cu electronic structure'®**. Consequently,
the high activity is assigned to the formation of this Cuzn alloy in contact region®®. It is
however, the mechanism for the deep reduction of support metal ions to corresponding metal
atoms is still obscure. On the other hand, it is reported the incorporation of different additives,
such as Al,O3, ZrO;, SiO, and Ga.0Oz can further improve the activity, stability and thermal
resistance compared with the unmodified Cu/ZnO¥*?l, Recently, using atom probe
tomography technique, small, active but stable Cu containing crystallites (~0.5-2 nm) were
identified in the working catalyst prepared from Ga®* promoted Cu/Zn0O??2*, The formation
of ZnGax04 spinel structure was believed to play a significant role in the generation of the
extremely small Cu clusters under methanol synthesis conditions. However, the promotion
mechanism of Ga®" and the nature of active site for the CO, hydrogenation are still not yet
clear due to some complex solid-solid interaction(s).

On the other hand, semi-conductor materials such like ZnO and ZnGaO4 usually play a
critical role in catalysis reactions since many working catalysts involve the use of semi-
conductor component(s), particularly in the form of metal oxide(s) as support. The catalytic
properties of semi-conductor are strongly related with its band structure which can be well-
tuned by several methods, doping, hetero-junction, hybridization, morphology control, etc
2526 Introducing another semi-conductor modifier to establishing a hetero-junction with a
specific energy level alignment is one of the simplest methods for structure tuning, due to a
wide range of choices of modifiers and well-acquired skills for their syntheses. There are at
least three types of hetero-junctions especially, type Il, where the band gaps of two semi-
conductors are similar but not at the same band energy positions (as staggered bands) is
found to be important in catalysis?’*°. As to this type Il heterojunction, the electrons and
holes are spatially separated across the interface during excitation and are localized on
different sides of the hetero-interface. Thus, polarization of two carriers over the two
semiconductor materials at the interface is taken place. This allows more involvements of
these carriers in catalysis processes before their recombination. As a result, some novel
properties are usually observed in type Il hetero-junction compared with other junctions.



ZnGax0s4 is a well-known photocatalyst component with wide proposed applications in water
splitting and pollutant removal, etc®. The integration of ZnO and ZnGa,04 forming type
I heterojunction was also reported to show enhanced photocatalytic activity compared to the
individual components. The enhancement was mainly attributed into the separation of holes
and electrons across the interface upon light excitation3"3, however, the application of this
type Il heterojunction in thermal catalysis reaction like the present methanol synthesis
reaction from COz hydrogenation has not been reported. In this work, it is demonstrated the
preparation of a Cu/ZnGa,04-ZnO mixture by the introduction of Ga** into Cu/ZnO. It is
shown that Ga** can readily react with ZnO to form ZnGa;Os spinel structure, which thus
forms ZnGa»04-ZnO heterojunction with excess ZnO where Cu nanoparticles are dispersed
upon. With the presence of Ga®" in form of heterojunction, the thermal reduction of ZnO to
Zn atom is significantly facilitated. As a result, small Cuzn bimetallic nanoparticles are thus
generated on the surface of these mixed support phases during reaction. Importantly, the
concentration of Zn% in the bimetallic phase can be tunable by controlling the amount of Ga**
used in the synthesis. It is also demonstrated that Cu based catalyst with Zn enrichment
through the use of heterojunction shows a pronounced enhancement in methanol synthesis
from CO; hydrogenation reaction.



Methods

Synthesis of Ga®* modified Cu/ZnO catalysts

Ga®** modified Cu/ZnO catalysts were synthesized using a pH-controlled co-precipitation
method. The metal precursors were hydrated metal nitrate salts: Cu(NOz)2:3H20 (Aldrich),
Zn(NOs)2-6H20 (Aldrich), and Ga(NOz3)3-9H.0 (Aldrich). For a typical preparation the metal
nitrates [3.77g Cu(NOgz)2-3H20; 5.53g Zn(NOs)2-6H20; 0.75g Ga(NOs)s-9H20] were
dissolved completely in 100 mL deionized water. A Na>COs aqueous solution was prepared
by dissolving 3.50 g of Na,COs in 100 mL of DI water. The solutions were added
simultaneously into a plastic reactor containing 250 mL of preheated DI water. A delivery
pump with two 50 mL syringes was used to inject the precursor metal nitrate solution at a
constant rate of 0.42 mL/min in an automatic and reproducible manner. An HPLC pump was
used to deliver the Na,COs solution at a rate of 0.35-0.70 mL min™’. The mixture was stirred
at 1,000 rpm, with pH of the precipitating solution carefully maintained at 6.5. The
precipitation process took place at around 80 °C. The pH of the liquid was measured using a
temperature-dependent pH meter and was controlled at pH 6.5, with an error range of +0.1.
Once the addition of the precursor metal nitrate solution was completed, the first aging was
carried out under atmospheric conditions to let the pH value to become stable. After 30 mins,
the pH was measured again to ensure that the target pH had been reached before putting the
lid onto the reactor. The resulting precipitate was continued to the second aging process in
solution at 100 °C for 15 h. After aging, the precipitate was extracted by centrifugation at
5,000 rpm. The centrifuged precipitate was washed with DI water five times at 5,000 rpm to
remove the residual Na* ions. The resulting wet solid was dried in air at 80 °C overnight and
then calcined in static air, at a ramp of 5 °C/min up to desired temperature (330°C, otherwise
indicated) for 3 h to produce the final catalyst. The catalysts were labelled as CZ (contains no
Ga) and CZG-xGa (x indicates the mole % of Ga). The detailed information of the CZ and
CZG-xGa catalysts are listed in table 1.

Table 1 Chemical compositions and calcination temperatures of the catalysts used in this study.

Sample Cu:Zn:Ga (mole %) | Calcination Temperature
CZ 43:57:0 330°C
CZG-0.5Ga 43:56.5:0.5 330°C
280 °C
330°C
CZG-5Ga 43:52:5 380 °C
450 °C
500 °C
CZG-20Ga 43:37:20 330°C
CZG-38Ga 43:19:38 330°C

Catalytic test in CO2 hydrogenation reaction

Catalyst testing for hydrogenation of CO> to produce methanol was carried out in a tubular
fixed bed reactor (12.7 mm outside diameter) by placing 0.1 g catalyst sandwiched with
glass-wool plugs. Before each test, the catalyst was pre-reduced at 250 °C for 2 h under the
H2 flow of 20 stp mL min™* (stp = standard temperature and pressure; P = 101.3 kPa, T = 298
K). The catalyst bed was then cooled to room temperature. CO2/Hz reaction mixture without
other gas diluent with molar ratio of 1/2.8 was fed at a rate of 30 stp mL min™* through the
catalyst bed, and the system pressure was held at 4.5MPa with the aid of a back-pressure
regulator. The reaction temperature was set to 210 °C, 230 °C, 240 °C and 250 °C. The



products were analysed by a gas chromatograph equipped with calibrated thermal
conductivity detector (TCD) and flame ionization detector (FID).

Powdered x-ray diffraction (PXRD)

The X-ray diffraction (XRD) profile was collected by a Philips PW-1729 diffractometer with
Bragg-Brentano focusing geometry using Cu Ka radiation (lambda= 1.5418 A) from a
generator operating at 40 kV and 40 mA. Table 1 shows the Phase symbol, chemical formula
and PDF number which are used in this work.

Table 2, Phase symbol, chemical formula and PDF number which are used in this work.

Phase symbol Formula PDF#
A: aurichalcite (Cu,Zn)s(C0O3)2(0OH)16 82-1253
Z: zincite ZnO 36-1451
T: tenorite CuO 05-0661
ZnGax04 86-0415

S: Spinel structure

CuGaz04 44-0183
#: Aluminum Al 85-1327

X-ray photoelectron spectroscopy (XPS)

After reduction at 250 °C, samples were carefully transferred in a glove bag filled with
nitrogen to prevent the air exposure and analyzed by XPS. The XPS was performed using a
Quantum 2000 Scanning ESCA Microprob instrument (Physical Electronics) equipped with
an Al Ko X-ray radiation source (hv = 1486.6 eV). A flood gun with variable electron voltage
(from 6 eV to 8 eV) was used for charge compensation. The raw data were corrected for
substrate charging with the BE of the C peak (284.5 eV), as reference to the XPS handbook.
The measured spectra were fitted using a least-square procedure to a product of Gaussian—
Lorentzian functions after removing the background noise. The concentration of each element
was calculated from the area of the corresponding peak and calibrated with the sensitivity
factor of Wagner.

High-sensitivity low-energy ion scattering (HS-LEIS)

HS-LEIS measurements were carried out on an lonTOF Qtac100 low-energy ion scattering
analyzer. Ne" ions with a kinetic energy of 5 keV were applied at a low ion flux equal to 445
pA cm. The surface composition was obtained from the area of the corresponding peak and
calibrated with the sensitivity factors.

Extended X-ray absorption fine structure (EXAFS)

After reduction at 250 °C, samples were carefully transferred into capillary tubes (quartz
NMR tubes) in a nitrogen glove box. The reduced samples were sandwiched between silica
wool to fix the samples in the middle of the capillary tubes, and then the capillary tubes were
sealed and stored in a glove box until the EXAFS experiments. Local structures surrounding
Cu atoms were probed by using EXAFS technique at beamline BLO7A of Taiwan Light
Source at National Synchrotron Radiation Research Center (NSRRC) in Taiwan. A Si(111)



Double Crystal Monochromator (DCM) was used to scan the photon energy. The energy
resolution (AE/E) for the incident X-ray photons was estimated to be 2x10*. Conventional
transmission mode was adopted for Cu K-edge EXAFS measurements. To ascertain the
reproducibility of the experimental data, at least two scan sets were collected and compared
for each sample. The EXAFS data analysis was performed using IFEFFIT 1 with Horae
packages 2 (Athena and Artemes). The spectra were calibrated with Cu foils as a reference to
avoid energy shifts of the samples. And the amplitude parameter was obtained from EXAFS
data analysis of the foil, which was used as a fixed input parameter in the data fitting to allow
the refinement in the coordination number of the absorption element. In this work, the first
shell data analyses under the assumption of single scattering were performed with the errors
estimated by R-factor.

Field emission transmission electron microscopy (FE-STEM)

Field emission TEM/STEM (FEI Technai F20S-TWIN) was conducted at Johnson Matthey,
plc with the help from Dr Winson Kuo using EDAX Si(Li) LN2 EDS detector with SUTW
(super ultra-thin window) of active area of 30 mm? at the energy resolution of 135eV
measured at Mn K alpha.

Temperature programmed and reduction (TPR)

Temperature-programmed  reduction (TPR) measurements were obtained using a
ThermoQuest TPRO 110 instrument. Inside the TPR quartz tube, 0.026 g of the calcined
catalyst sample was sandwiched between two layers of glass wool with a thermocouple
placed in contact with the sample. The TPR tube was then inserted into the instrument for a
helium pretreatment. The helium gas pretreatment (He running through the TPR tube at 10
mL min? at a temperature ramp of 10 °C min' from 40 to 150 °C, then held for 5 min before
cooling) cleaned the catalyst surface by removing any absorbed ambient gas molecules. After
the pretreatment, a reduction treatment (5% H> in Argon flowing through the TPR tube at 20
mL mint at a temperature ramp of 10 °C min* from 40 to 330 °C, then held at 330 °C for 30
min before cooling to room temperature) was carried out to reduce the Cu®* within the
sample. Cu(I1)O was reduced to Cu® by the flow of hydrogen gas in the reduction treatment.
The consumption of hydrogen gas changed the conductivity of the gas stream; hence, the
change in conductivity was measured and calibrated as a function of both temperature and
time to produce the TPR profile.

Chemisorption

The reduction treatment of Cu?* to Cu® in the catalyst sample (1st TPR) was followed by N2O
chemisorption at room temperature to determine the average size of copper metal particle.
Treatment with 5% N,O/Ar at 20 mL min for 40 min was carried out to re-oxidize only the
Cu surface via dissociative chemisorption. To remove remaining adsorbed N2O, another He
pre-treatment (He flowing at 10min for 10 min at room temperature) was carried out. This
was followed by a second reduction treatment (2nd TPR: 5% H: in Argon at 20 ml min at a
temperature ramp of 10 °C min from 40 °C up to 330 °C). By analysing data from the first
and second TPR, it was possible to determine the Cu surface area of the catalyst sample by
pre-calibrating the TPR with a Cu(I1)O standard of known Cu content. Standard samples of
Cu(1)O: 0.005, 0.0010 and 0.0015 g (Aldrich) were used to perform the TPR and the number
of moles of hydrogen consumed was calculated.



Results and discussion

Catalyst characterisation

With the introduction of Ga®*" into Cu/ZnO catalyst, a series of catalysts have been prepared
using a simple co-precipitation method with carefully control of precursor injection rate, pH
value and precipitation temperature. Fig. 1 shows the TPR results of the CZ and CZG
samples. It can be noticed that the reduction of CuO to Cu occurred at lower temperature
when the sample was doped with Ga®*, which indicates the facilitation of the reduction when
Ga was incorporated. In addition, the presence of TPR shoulder peak for the sample with
Ga®* content indicates the reduction of Cu* can be detected. According to our previous
report??, it has been proposed that Ga incorporation into Cu/ZnO can lead to the formation of
a cubic spinel phase containing interstitial Cu* ions on a defective ZnGa;O4 surface, which
can produce a high population of extremely small copper clusters upon their further reduction
for effective catalysis. The physical characterizations of selected CZ and CZG catalysts show
that Ga-containing sample (CZG-5Ga, 84.6 m?g™) gives higher surface area per gram of
catalyst than the unmodified Cu/ZnO sample (CZ, 58.4 m?gt). The Cu surface area per gram
of catalyst (SAcy) can also be found to follow the order: CZG-5Ga (63.2 m?g™) > CZG-20Ga
(53.2 m’g) > CZ (43.0 m?g?), suggesting the addition of Ga into Cu/ZnO system can
improve the dispersion of Cu due to the presence of Ga-containing cubic spinel phase which
helps the formation of small Cu clusters. This result is in agreement with the findings by
Schumann et al., who have found that Ga dopant could act as a structure promoter, which
resulted high surface area for the Cu catalysts and showed promoted performance in the
methanol synthesis condition®. In current study, with the addition of Ga', the Cu/ZnO
catalysts also show enhanced Cu dispersion, which may lead to better performance for those
Ga-containing samples in CO> hydrogenation to produce methanol.
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Fig. 1, TPR profiles of calcined CZ and CZG catalysts with different chemical compositions?.

From the XRD patterns of the calcined sample without the addition of Ga (Fig. 2, CZ),
phases of CuO, ZnO, are clearly identified (Table 2). With the progressive Ga addition, a
spinel phase of MGa>O4 (M = Zn, Cu) was emerged in excess ZnO when Ga was over 0.5%
and then dominated the crystallite phases when Ga concentration was higher than 20% (Fig.
2a). The MGax04 (M = Zn, Cu) spinel phase observed in our calcined catalysts is a well-
known semiconductor phase®l. The integration of ZnO and MGaz04 spinel forming type
Il electronic heterojunction was also reported to improve the charge separation and enhance
catalytic activity compared to the individual components®>23, Based on such heterojunction
approach, it has been reported that the thermally activated reduction of the refractory metal
oxide support could be strongly promoted, which facilitates the formation of bimetallic
catalysts with enhanced catalytic performance®. Therefore, with the great potentialities of



type Il heterojunction effects in our Ga-containing samples, it is logical to anticipate the
reduction of ZnO can be facilitated with the help of the MGa>O4 and ZnO interfaces, which
may facilitate the production of CuzZn bimetallic catalyst and alter the catalytic performance
of the Cu/ZnO catalysts. Considering CZG-5Ga sample had ZnO and MGazO4 as the most
prevalent phases than that in other samples, CZG-5Ga was selected to calcine under different
temperatures to see the influences of the calcination conditions. As can be seen in Fig. 2b that
CZG-5Ga is initially in form of (Cu,Zn)s(CO3)2(OH)1s phase with high dispersion of Ga
(Table 2). With the increasing of calcination temperature, MGaO4 could be observed at 330
°C, but this phase decomposed into ZnO and CuO phases along with a small amount of
Ga203 (not detected in XRD) as the temperature further raising. From our XRD result, the co-
existence of ZnO and the spinel phase can be clearly observed in some CZG samples.
Moreover, the relative amounts of these two phases will vary with the synthesis conditions,
suggesting that some experimental variables could influence their interfaces and
characteristics.
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Fig. 2, XRD profiles of calcined CZG catalyst with various (a) chemical compositions; (b)
calcination temperatures.

It is clear that two semiconductor solid phases, namely ZnO and spinel structure (MGazO4)
can be co-existence under our preparation. In order to reflect the quantity of the ZnO-
MGaz0s4 interfaces, electron energy loss spectroscopy (EELS)-TEM was employed. The
EELS elemental mappings for Cu, Zn, Ga and O in the CZG catalysts with varied calcination
temperatures are shown in Fig. 3 (left). The brighter area indicates the relatively higher pixel
density of a particular element. In order to characterize the interface of the two phases, ZnO
and Ga-containing phases (MGax0a), differentiation of the EELS digitalized signal ratios of
Zn (Zn2,3-1020 eV) to Ga (Garz,3-1115 eV) scanning along a certain region for the samples
are displayed in Fig. 3 (right). There are stable flat plateau regions with sharp peaks
occasionally observed. For example, the peaks are caused by the drop in Ga concentration
from Ga-containing phase to ZnO rich phase. The regions with higher peak frequency within
the scan range represent a larger quantity of ZnO-MGa>O4 interfaces along the scanned area.
From the result, the 330 °C sample gives more peaks than all the other samples indicating the
330 °C sample gives the largest amount of interfaces between ZnO and the Ga-containing
spinel phase. From the results of XRD and EELS-TEM elements mapping, it is concluded
that the amount of ZnO-MGa20; interface can be optimized at 330 °C calcined GZG-5Ga
sample from the variation of chemical composition and calcination temperature.
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Fig. 3, (a) Left: EELS-TEM mappings of Cu (ael,m,q), Zn (b,fjnr), Ga (cg,k,0,s) and O
(d,h,i,p,t) for sample 280°C (a,b,c,d), 330°C (e,f,g,h), 380°C (i,j,k,I), 450°C (m,n,o0,p) and 500°C
(q,r,s,t); (b) Right: Differential EELS-TEM digital signal ratios of Zn:Ga along a scanning
region for 280°C, 330°C, 380°C ,450°C and 500°C samples.

From CZ to CZG-5Ga, with the addition of a small quantity of Ga, the energy levels
alignment in the catalyst is transformed from type | (CuO-ZnO) heterojunction to type 1l
(MGa204-Zn0), as shown in Scheme 1 according to their reported bulk energy levels®>®, In
the CuO-ZnO system, the carriers would thus be confined on the surface of CuO upon
thermal excitation. After adding Ga®*, with the formation of the MGa2O4 spinel structure, the
thermal excited electrons and holes, although in very small quantities, can be separated across
the heterojunction interfaces (holes on MGa;04 and electrons on Zn0)233, Due to this spatial
separation of excitons, the lifetime of the carriers in GZG-5Ga is expected to increase.

Type | heterojunction Type Il heterojunction

Ga-containing

Spinel
structure
cuo Zno Adding Ga* MGa.0, (M = Cu, 7n) 200
CZ sample CZG sample

Scheme 1. Energy levels alignments in the CZ and CZG samples

In order to confirm the enhanced lifetime for the charge carriers in this system, time-resolved
photoluminescence (TRPL) measurement was conducted with 300 nm light excitation source



for the CZ and CZG-5Ga samples (both were calcined at 330 °C) to further investigate the
influence of the type Il heterojunction. It is noted that light excitation is more efficient than
thermal means hence it is easier to follow the TRPL at higher charge carrier concentration.
Fig. 4 shows the experimental decay profiles, derived from the integration of the TRPL. The
curves are fitted using multi-exponential function to obtain the time constants (i) and
associated fractional contributions (ai%). As seen from Table 3, the fractions of the long-
lived components (a2, a3) in CZG-5Ga sample are indeed higher than that in the CZ sample,
which implies the increased fraction of non-instant recombination of the carriers in CZG-5Ga
by the formation of type Il heterojunction. Moreover, the lifetimes of these long-lived
components in CZG-5Ga sample (21, 150 ns) are significantly longer than those of CZ
sample (20, 130 ns). Therefore, from the TRPL result, it is clear that the type II
heterojunction of ZnO-MGa204 in CZG-5Ga sample enhances the spatial separation of
excited electrons and holes across the interface which reduces the rapid instant recombination
and prolongs their lifetime.
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Fig. 4, experimental and fitted kinetic decay profiles obtained from integrated intensity of the
time-resolved emission spectra of samples.

Table 3 Exponential decay components of fractional emission amplitudes of CZ and CZG-5Ga

samples

Sample tl(ns) al(%) 12(ns) a2(%) 3(ns) a3 (%)

Ccz 5 85.9 20 12.5 130 1.6

CZG-5Ga 3 80.4 21 14.5 150 51




As a typical semi-conductor oxide, some thermal- or photo- excited electrons could
momentarily overcome the forbidden band gap and occupy the higher energy conduction
band which is primarily composed of empty bands of cations. The corresponding ‘holes’ will
take residence in the lower energy valence band that is constituted mainly by occupied p-
bands of oxygen ions. Thus, the term ‘hole’ in semiconductor oxide can be appreciated
chemically as activated oxygen species with lower formal charge (neutral or singularly
charged oxygen) than lattice oxygen ions. However, majority of the excited electrons and
holes (excitons) will recombine rapidly in the single phase semi-conductor oxide support with
short lifetime as reflected by the TRPL data. On the other hand, with the establishment of
type 1l heterojunction of ZnO-MGa20s, particularly in CZG-5Ga (calcined at 330 °C), more
activated oxygen species and holes are accumulated in MGa2O4 and ZnO region, respectively,
as indicated by the increased fractions of long-lived components in TRPL. In the H2 pre-
treatment process, these activated oxygen species (holes) could then react with spilled H in a
close proximity to Cu metal nanoparticle to form water as their long lifetime allows the
occurrence of this chemical reaction. Thus, corresponding electrons in ZnO region will
reduce Zn?* from the support mixture to Zn atoms.

The XPS spectra were collected and analysed. We did not see any evidence on the existence
of metallic Ga (mainly Ga®* was detected). It is noted that Ngrskov and co-workers have
recently shown Ni-Ga alloy catalysts are also effective for methanol synthesis from CO2/H; .
On the other hand, there appeared to have reduction of ZnO to metallic Zn atoms. The XPS
results of the reduced samples with various amount of Ga content and calcination temperature
are revealed in Fig. 5. It clearly shows that Zn 2p curves can be deconvoluted into two peaks
of Zn?" (1023 eV) and Zn® (1021 eV). According to the peak area of signals, the Zn%Cu
ratios were calculated and presented in Fig. 5b and 5c. Clearly, the Zn%Cu values reach the
peaks at GZG-5Ga calcined 330 °C sample, indicating the highest concentration of Zn°
present in this sample, which is resulted from the highest amount of ZnO-MGa>O4 type Il
heterojunction interfaces as characterized by XRD and TRPL. On the other hand, the lowest
ratio of Zn%Cu in CZG-38Ga was attributed to the single phase of spinel structure in the
support as indicated by the XRD result. In order to obtain the accurate composition
information of the topmost surface of the catalysts, high sensitivity low-energy ion scattering
(HS-LEIS) measurements using Ne* were also applied. Fig. 6 with an inserted table shows
the HS-LEIS result of CZ sample and CZG-5Ga sample. The XPS result for each sample is
presented as a comparison. As seen from Fig. 6, CZG-5Ga contains higher concentration of
Zn species on the outmost surface compared to the CZ sample, which further confirms the
surface enrichment of Zn by the promotion of type Il heterojunction. With the combined
results of XPS, HS-LEIS with XRD and EF-TEM mapping, it is clearly established that the
addition of an appropriate amount of Ga®>" promotes the formation of ZnO-MGazO.
heterojunction interfaces which play a key role in facilitating the reduction of ZnO to Zn°, as
shown in Fig.7. Therefore, the optimal Zn® reduction point is located at the catalyst mixture
with most prominent heterojunction effect (5% Ga®* and 330 °C calcination temperature).
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Given the intimate interface of Zn-containing phase and Cu-containing phase in the materials,
the produced Zn® will decorate or react with the Cu nanoparticle to form bimetallic
nanoparticles. X-ray absorption spectroscopy (XAS) measurements were carried out at the Cu
K-edge for the reduced CZ and CZG-5Ga samples to reveal the interaction between Cu and
Zn atoms. The first shell data analysis has been performed with the consideration of the
systematic errors in the coordination number of the absorbing atom and the inter distances
between the absorbing atom and neighboring atoms. To perform the EXAFS fitting, Cu metal
with a face centered cubic (fcc) structure was taken as the primary model to generate the
scattering path of Cu-Cu (2.56A). It was found that the spectra of the CZG-5Ga sample could
not be modeled using only scattering parameters from metallic Cu. Therefore, CuzZn alloy
structure with a body centered cubic (bcc) structure was then taken to generate the scattering
paths of Cu-Zn (2.56A) and Cu-Cu (2.99A) for the CZG-5Ga sample. Notice that the longer
distance of Cu-Cu (2.99A) in bcc Cuzn model is distinctive from the shorter Cu-Cu (2.56A)
of fcc metallic Cu model and fcc Cu-Zn (2.56A) of Cuzn model. The experimental data for
the reduced CZ and CZG-5Ga samples were recorded and satisfactory R fittings were
achieved, as shown in Fig. 8 and Table 4. As can be seen in Table 4, all R-factors are below
0.8% with the coordination number derived from 2.56A scattering path around 8.6 to 8.8.
Interestingly, the coordination number of Cu-Cu bond (2.99A) derived from CuZzn alloy is
1.7 in the CZG-5Ga sample, suggesting CuZn nano alloys were present. However, for the CZ
sample, no Cu-Cu 2.99A bond was observed which indicates no body centered Cuzn alloy
formed after the reduction procedure.

Table 4 Cu K-edge EXAFS result for CZG-5Ga and CZ samples

enot CN D-W Bond CN D-W Bond R-
Catalyst (bccCu-zn&  factor length ~ (bccCu-Cu)  factor length  factor
foe Cu-Cu) (bcc Cu-Zn & ( A) (bce Cu-Cu) ( A)
fce Cu-Cu)
(bcc Cu-Zn & (bcc Cu-Cu)
fce Cu-Cu)
CZG-5Ga 2 8.6(2) 0.010(1) 2.53(2) 1.7(3) 0.012(4) 296(2) 0.4%
Cz 3.4 8.8(3) 0.009(1) 2.54(1) 0.8%

(Note: Enot is the energy difference of absorption energy in experimental value and the calculated
value; bce Cu-Zn, fcc Cu-Cu and fcc Cu-Zn all give 2.56 A according to their models, however, for
bce Cu-Zn, a longer Cu-Cu of 2.99A is particularly noted)
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Fig. 8, EXAFS plots of: (a) k%) phase corrected Fourier transform of experimental and fitted
data for CZ; (b) ki.y phase corrected Fourier transform of experimental and fitted data for
CZG; (c) k3. experimental and fitted data for CZ; (d) k®.y experimental and fitted data for
CZG.

The identification of bcc Cuzn alloy is rather challenging due to the similar properties
(atomic size, crystallite structure, etc.) in Cu and Zn atoms. By using EXAFS technique, we
have determined the presence of body centered Cuzn alloy in the reduced CZG-5Ga sample.
It is known that in the Cu-Zn system, when the Zn concentration is high enough (>50% in
bulk system), the CuZn alloy tends to change the structure from face centered cubic (fcc) to
body centered cubic (bcc)®®. In our EXAFS result, we have identified the presence of high
Zn-containing CuZn structure (bcc CuZn), suggesting that with the promotion of
heterojunction effect, the reduced Zn° is abundant in the vicinity of Cu atoms, which
stabilizes the bcc Cuzn alloy. To further confirm the presence of bcc CuZzn alloy, the HR-
STEM analysis was performed. Fig. 9 shows the HR-STEM images of the reduced CZG-5Ga
(Fig. 9a-9c) and CZ (Fig. 9d-9f) samples and the corresponding fast-Fourier Transform (FFT)
analyses of the selected areas. As shown in Fig. 9b, the pattern in area 1 is indexed to the bcc
CuZzn alloy whereas that in the area 3 (Fig. 9¢) indicates the presence of a fcc structure, which
could be fcc metallic Cu or fcc Cuzn alloy. On the other hand, no bcc Cuzn alloy can be
found in the reduced CZ sample (see Fig. 9e and 9f), presumably due to the relatively low
content of Zn® in the reduced catalyst, which is also depicted by XPS and HS-LEIS.
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Fig. 9, High-resolution STEM image of the small regions in the reduced CZG-5Ga sample (a)
and the fast-Fourier transform (FFT) patterns of area 1 (b) and 3 (c) in (a); with the reduced
CZ sample (d) and the fast-Fourier transform (FFT) patterns of area 1 (e) and 2 (f) in (d).

CO:2 hydrogenation

To investigate the influence of Zn® concentration, the reaction of CO, hydrogenation to
synthesize methanol was performed. Fig. 10 shows the methanol yield of the CZ and CZG
samples under different reaction temperatures. In general, CZG-5Ga shows better
performance than all the other samples. The methanol yield reaches the optimal value at 240
°C and drops with further increasing temperature, which suggests the approach of the
thermodynamic limit. Therefore, the results obtained at 240 °C for the series of CZG samples
with various Ga additions were selected and presented in Fig. 11 to compare with each other.
Interestingly, both the conversion and methanol selectivity show the same change trend in the
order of CZG-38Ga < CZ < CZG-0.5Ga < CZG-20Ga < CZG-5Ga (Fig. 11a). In addition, a
strong correlation in Zn® concentration to the catalytic performance can be observed: Fig. 11b
clearly indicates that activity and selectivity follow closely to the Zn%Cu ratio, suggesting the
formation of Cuzn alloy, promoted by the presence of heterojunction, helps to improve the
catalytic performance. CZG-5Ga shows the best conversion (27%) and methanol selectivity
(50%) due to its highest Zn° content promoted by the pronounced type Il heterojunction.
From CZ to CZG-5Ga, the methanol yield is raised up to 1.5 times. On the other hand, CZG-
38Ga with only pure MGaxO4 spinel phase as the support (no heterojunction effect) has the
least amount of Zn?, its concentration of the active species is reduced due to the increasing of
non-active Ga species, which results the least activity and selectivity.

By controlling the content of Ga addition, different phase mixture in the catalysts can be
obtained. The formulation of the solid phases greatly affects the amount of solid interfaces
and the nanostructure of the Cu catalysts, which alter the catalytic performance of CO>
hydrogenation.
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The correlation between Zn%Cu obtained from XPS result with CO, hydrogenation catalytic
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Discussion:

Although it is widely accepted that the presence of ZnO increases the activity of Cu catalysts
towards methanol synthesis from extensive experimental works, the nature of material
interaction(s) and the “activate site’ are still under debate. As a result, the enhancement of the
activity of Cu by ZnO is crudely assigned to so called ‘strong metal-support interactions’
(SMSI) 3° with no specificity in the interaction. There have been a number of proposals to
account for this effect, which includes the textural contribution of ZnO to disperse Cu
particles??>?* and the formation of low coordinate Lewis acid Zn sites to assist activation*°.
Similarly, the effect of Ga to promote catalytic performance of Cu/ZnO for methanol
synthesis is not yet known despite the fact that Ga dopant is generally well known to promote
hydrogenation reactions. Proposed mechanisms include its improvement of Cu dispersion®,
facilitation of Ga203 to stabilize Cu®/Cu* #!, Lewis acid Zn/Ga sites to assist dihydrogen
activation*>*3 and the electronic promotion to Cu*, etc.

Indeed, according to Schumann et al, they have found a strong electronic effect of Ga in
promoting Cu/ZnO catalysts in reversed water gas shift reaction. However, for the methanol
synthesis, they attributed the main effect of adding Ga dopant as a structure promoter
(increase the surface area and the dispersion of Cu)4. Under reaction conditions of 20 bar,



H2/CO2 = 3/1, Toyir et al. found 99.5% selectivity can be achieved over their Ga promoted
Cu/ZnO catalysts. With taken the reversed water-gas shift (RWGS) equilibrium into account
(fine divided Cu metal particle is an excellent catalyst for RWGS) this selectivity appears to
be unexpectedly high. This may relate to the difficulties in the actual gas analysis at their
very low conversions (2 to 5%). Nevertheless, they attributed the high performance to the
presence of Ga,0s particles at the surface of Cu-ZnO-Ga20s/SiO2, which stabilized Cu®/Cu*
catalysis. But, the precise effect of Ga>Osand the mechanism on activity promotion were not
specified*'. Kazansky and co-workers argued that the low coordinated reduced Ga ion, as
similar to Zn ion, may provide active Lewis acid sites to assist the activation of hydrogen*>*,
The recent observation by Martin et al. on unusual conductivity ZnO under the reactions
conditions is intriguing, which may suggest a strong electronic promotion to the Cu in the
catalyst mixture®*,

In the rich context of the above literature for the Zn/Ga promotion effects on Cu in methanol,
we did not discount the structural contribution made by the Ga dopant. In fact, we have
showed the enhancement in the dispersion of Cu with Ga promotion. As a result, the textural
contribution to Cu/ZnO in the Ga incorporation appears to play a role in the activity
promotion. More importantly, Ngrskov and Schlégl and co-workers® have recently used
advanced characterization techniques to demonstrate a very small amount of reduced Zn
atoms from ZnO, which decorated on Cu nanoparticle at the interface resulting in a subtle
change in Cu electronic structure. They assigned the active sites as Cu steps decorated with
Zn atoms by the DFT calculations. From our present catalytic results, we can see a clear
correlation of catalytic performance to the concentration of Zn° on the surface of Cu due to
electronic interactions between catalytic components. Thus, we believe it is timely, to re-
emphasise the electronic interactions of Ga promoted Cu/ZnO catalysts for this industrial
important reactions. The recent observation by Martin et al. on the ZnO becoming conductive
under the reactions conditions is no doubt interesting. They attributed the methanol activity to
the electron transfer of this phase to stabilize copper in reduced state. We believe that such
observation and proposed mechanism might not necessary contradict to our present
observations. It is well accepted that a high degree of reduction of ZnO to Zn (in our case,
promoted by the presence of heterojunction) can subtly change the concentration of
fundamental species (vacancies and interstitials) in ZnO, which leads to enhanced
conductivity and stabilization of Cu by the reduced Zn atoms. Thus, indeed, such
transformation of ZnO to conductive phase could support the formation of heterojunction in
our case. At present, there might be shortcomings in our study since our samples were not
characterized under in-situ or operando conditions due to the unavailability of facilities under
our elevated temperature and pressure (250 °C, 45 bars) and fouling of the catalyst surface,
etc during the catalysis, we aim to perform further characterization under operational
conditions in the future.

Conclusions

This study shows the significant influences by the incorporation of Ga®" into Cu/ZnO
catalysts. Apart from the structural promotion provided by Ga®* species, our results clearly
indicate that the introduction of Ga®*" into Cu/ZnO catalyst precursor facilitates the deep
reduction of ZnO support to Zn° by the establishment of electronic heterojunction of ZnO-
MGa;04 (M = Zn or Cu). The reduced Zn° when in contact with Cu nanoparticle can form
Cuzn, which are confirmed by EXAFS and HR-STEM techniques. It is found that the
increase of Zn® concentration in the catalysts can enhance the catalytic performance of the
reaction of methanol synthesis from CO; hydrogenation. Both activity and selectivity are
dramatically improved after adding an appropriate amount of Ga® into Cu/ZnO system
which results in a pronounced type Il heterojunction effect. As stated in the introduction, the



recent paper of Ngrskov and Schldogl and their further DFT works clearly suggest that
alloying of Zn into the Cu step further increases the adsorption strength of HCO, H2CO and
H3CO surface intermediates and decrease their barriers to methanol, hence the rate can be
dramatically promoted?®. Thus, the proposed facilitated reduction of ZnO in the presence of
Ga®* giving more CuZn can promote higher activity for the methanol synthesis. Overall, this
type 1l heterojunction concept could provide a generic method for tuning thermal reduction
behavior of metal oxide support to metallic atoms which consequently influences the
properties of overlying metal nanoparticles through the formation of bimetallic phase at the
interface. This allows the rational design of catalyst with optimal performance.
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