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Abstract: Cu-ZnO-based catalysts are of importance for CO, utilization to synthesize methanol.
However, the mechanisms of CO, activation, the split of the C=O double bond, and the formation
of C-H and O-H bonds are still debatable. To understand this mechanism and to improve the
selectivity of methanol formation, the combination of strong electronic adsorption (SEA) and
atomic layer deposition (ALD) was used to form catalysts with Cu nanoparticles surrounded by a
non-uniform ZnO layer, uniform atomic layer of ZnO, or multiple layers of ZnO on porous S5iO;. Np
adsorption, Hy temperature-programmed reduction (H,-TPR) X-ray diffraction (XRD), transmission
electron microscope (TEM), energy-dispersive X-ray spectroscopy (EDX), CO-chemisorption, CO,
temperature-programmed desorption (CO,-TPD), X-ray adsorption near edge structure (XANES), and
extended X-ray absorption fine structure (EXAFS) were used to characterize the catalysts. The catalyst
activity was correlated to the number of metallic sites. The catalyst of 5 wt% Cu over-coated with a
single atomic layer of ZnO exhibited higher methanol selectivity. This catalyst has comparatively
more metallic sites (smaller Cu particles with good distribution) and basic site (uniform ZnO layer)
formation, and a stronger interaction between them, which provided necessary synergy for the CO,
activation and hydrogenation to form methanol.

Keywords: CO; activation; methanol synthesis; atomic layer deposition; copper nanoparticles; zinc
oxide atomic layer

1. Introduction

Carbon dioxide (CO;) is considered to be the most severe greenhouse gas by the amount of
anthropogenic emission (36 billion tons per year in 2017 [1]), and the prominent free carbon source
in the future, on the other hand. Currently, only 0.5% of emitted CO, can be used for industrial
purposes [1]. However, many research efforts have been devoted to converting CO; into value-added
products of commercial importance. CO, is thermodynamically stable [2] and barely reacts with other
chemicals without catalysts and driving energy. Thus, it is important to understand the mechanism
of catalytic activation of CO,, especially the relationship between catalysts’ structural properties and
catalytic performance such that effective catalyst materials can be developed for a specific reaction,
such as CO, hydrogenation for methanol (MeOH or CH30OH). MeOH is a clean liquid fuel. It is also an
important commodity used as feedstock for the production of many other chemicals. Although the
hydrogenation of CO, for MeOH:

CO, + 3H, — CH30H + Hy,O, AHjogx = —49.5 k] mol ™}, (1)
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is an exothermal reaction, high reaction temperatures favor the activation of CO; and the formation
of methanol. However, high temperatures also contribute to the formation of by-products of CO
and hydrocarbons during the reaction [3]. Catalysts are developed in order to minimize or prevent
the occurrence of side reactions, among which the Cu-ZnO catalyst for CO, hydrogenation has been
predominantly studied [2].

A literature review observed that some catalysts exhibited high conversion but poor selectivity to
MeOH while others showed a prominent selectivity of MeOH but lower CO, conversion. However,
there is no catalyst that yet offers both high CO, conversion and high MeOH selectivity. On the high
conversion and low selectivity side, Duan and coworkers [4] prepared a Cu-ZnO catalyst supported
on mesoporous carbon. The catalyst showed a relatively high CO, conversion of 27%, and high MeOH
selectivity of 69% due to the good contact between the Cu/CuO and ZnO particles. The Cu-ZnO
catalyst [5] supported by reduced graphene oxide nanosheets also showed a CO, conversion of 26%,
which resulted from the good dispersion of Cu-Zn particles enhanced by the support, but a much
lower MeOH selectivity of 5%. Cu/ZnO/ZrO, catalyst [6] prepared by the precipitation—-reduction
method showed a CO, conversion of 23% and selectivity to MeOH of 57%. The study found that CO,
conversion was connected to the surface area of the exposed Cu, and MeOH selectivity was related
to the number of basic sites. On the high selectivity and low conversion side, Cu@ZnOy core-shell
catalyst [7] prepared by precipitated ZnO on the surface of Cu powders showed 100% selectivity
to MeOH and a CO, conversion of 2%. The excellent selectivity was due to the alloy formation
and migration of Zn. Cu-Zn/Al foam catalyst [8] prepared via the hydrothermal method showed a
selectivity to MeOH of 83% and CO; conversion of 10%. Compared with other Cu-based catalysts,
Cu—Zn/Al foam catalyst possessed great heat and mass transfer properties and suitable ratio of strong
basic sites.

Cu or ZnO alone had little effect on methanol synthesis by an experimental study, as shown
by Karelovic and coworkers [9]. However, the combination of Cu and ZnO enhanced the catalyst
performance dramatically, as revealed by Gesmanee and Koo-Amornpattana [10]. ZnO was regarded
as a structure-directing support to improve the dispersion of metallic Cu particles during reduction
and acts as a spacer between the Cu particles [11,12]. ZnO was able to provide the active sites for the
spillover of hydrogen [10,13-15]. According to the study of Cu-based catalysts modified by ZnQO, ZrO,,
and MgO, Ren et al. [16] observed that Cu’ sites were the catalytic active centers for hydrogenation of
CO, to MeOH. However, Choi et al. [17] discovered that Cu—-Zn sites were the active sites for CO,
hydrogenation to MeOH. Kanai and coworkers [18] found that parts of ZnO migrated onto the surface
to form Cu-Zn alloy, and that Cu* species formed in the vicinity of ZnO, were regarded as active sites
for MeOH synthesis. The group of Tisseraud and Le Valant [7,19-21] reported that the active sites for
CO and MeOH synthesis were different. CO was produced on ZnO sites and MeOH was produced on
ZnOy, which were formed on the interface of Cu and ZnO through cross-diffusion of Cu and ZnO. The
activity of the catalysts was found to be related to the number of “contact points” of Cu and ZnO.

Although a variety of mechanisms have been proposed and some are debatable, one recognizes
that CO, is activated by one type of site, say ZnO related, and H, by another type, say metallic Cu
or CupyO/CuO related. Each type alone cannot have the activity to either H, and CO,; however, they
must be next to each other to form the right structures to facilitate the formation of methanol or to
form the wrong structures to help the formation of CO. The activated CO, still in the molecular form,
needs assistance from the activated H to pull one O away and to insert H in at the same time to form
C-H and O-H bonds. In other words, the right structures must be able to perform two functions at the
same time, pulling one O away to form H,O and inserting H atoms in to form methanol. Based on
this thinking, we planned to make two extremely different catalysts with the help of the atomic layer
deposition (ALD) method. One catalyst contains isolated Cu-related particles, specifically metallic
Cu nanoparticles, distributed in a layer of ZnO atoms, on which the activated CO, lacks surrounding
H atoms, thus tending to form CO not methanol during hydrogenation. The other catalyst contains
isolated ZnO phases distributed in a layer of Cu or surrounded by sufficient Cu nanoparticles, on which
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the activated CO, has enough H to access. In this paper, we prepared the first type of extreme catalysts.
Cu was loaded onto a SiO, support by strong electronic adsorption (SEA) and ZnO was over-coated
by ALD. The catalysts were characterized by N, adsorption, H, temperature-programmed reduction
(H,-TPR) X-ray diffraction (XRD), transmission electron microscope (TEM), energy-dispersive X-ray
spectroscopy (EDX), CO-chemisorption, CO, temperature-programmed desorption (CO,-TPD), X-ray
adsorption near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS) and
their performance for CO, hydrogenation to form methanol was tested using a fixed bed reactor.

2. Results and Discussion

2.1. Formation of Cu Particles with a Uniform Distribution

The samples were prepared by impregnation (Imp) and strong electronic adsorption (SEA)
methods over SiO; with certain amount of Cu loading.

2.1.1. Reduction Properties of Samples from Hp-TPR

The Hy-TPR results of Imp-Cu and SEA-Cu samples with different Cu contents are shown in
Figure 1. Two hydrogen consumption peaks were observed in the range of 186 to 194 °C (referred to as
the first peak) and 206 to 240 °C (second peak) in the H,-TPR profile. The first peak was ascribed to the
reduction of the highly dispersed CuO phases [16,22], while the second peak was attributed to the
reduction of the CuO species having relatively stronger interactions with the support [16]. Imp-5Cu
sample (5 means 5 wt% target Cu loading) prepared by impregnation resulted in greater formation of
the dispersed CuO species, as shown by the higher intensity of the first peak. SEA-5Cu and SEA-10Cu,
prepared by the SEA method with 5 wt% and 10 wt% Cu loading, exhibited a larger second peak.
During the preparation of these two samples, the silica gel was first pretreated with ammonia solution
at a certain pH to adjust the surface charge prior to mixing with the Cu complex of the opposite charge
to form the CuO species. So, the catalysts prepared by the SEA method show more CuO species, which
have stronger interactions with the support. To ensure full reduction, 500 °C was used as the reduction
temperature in later research.
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Figure 1. H,-TPR profiles of samples prepared by the Imp or SEA method with different Cu contents.

2.1.2. Samples Screened by TEM Images

These three samples reduced at 500 °C were used for TEM analysis. Figure 2 shows the TEM
images and the histograms of the samples. The CuO species prepared by the SEA method showed
relatively stronger interactions with the support, which was revealed by TPR. The pretreatment in SEA
to adjust the surface charge also resulted in a better distribution of the Cu particles. The average particle
sizes of catalyst SEA-5Cu and SEA-10Cu were 8.4 and 8.6 nm, respectively. Further comparison of the
particle size distribution between SEA-5Cu and SEA-10Cu shows that SEA-5Cu should be used for
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further study. The final catalysts were prepared by ALD to deposit ZnO with different pulse times or
cycles on SEA-5Cu. The catalysts were denoted as 5Cu-1CyZn-5s, 5Cu-1CyZn-30s, and 5Cu-5CyZn-5s
(called ZnO over-coated Cu/SiO; catalysts). 1Cy and 5Cy represent the number of cycles of ALD
performed. Furthermore, 5 and 30 s represent the exposure time of the SEA-5Cu to the Zn precursor in
each cycle.
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Figure 2. TEM images and particle size distribution of samples Imp-5Cu, SEA-5Cu, and SEA-10Cu.

2.2. Catalysts and Support Characterization

2.2.1. Results of ICP, BET, and XRD

Table 1 shows the ICP and BET results of the substrate silica gel (5i0,), SEA-5Cu, and the ZnO
over-coated Cu/SiO; catalysts. The Cu contents in these samples were approximately 4.4 wt% as
expected; however, the Zn content varied depending on the pulse time and ALD cycles. With a
single-cycle deposition, the content of Zn increased from 0.3 (pulse time of 5 s) to 1.5 wt% (pulse time
of 30 s). With the same pulse time (5 s), the Zn content increased from 0.3 (1 cycle of ALD) to 1.3 wt%
(5 cycles of ALD). The loading of Cu by the SEA method dramatically decreased the specific surface
area and pore volume of 5iO;. The average pore size increased from 3.0 to 4.5 nm, indicating blockage
of smaller mesopores. The surface area and pore volume were decreased further by ZnO ALD, but to a
smaller extent on the basis of the Cu loading.

Table 1. Bulk properties of SiO,, SEA-5Cu, and ZnO over-coated Cu/SiO; catalysts.

Cul Zn1 BET Surface Pore Average Cu® Lattice

Samples Loading Loading Area? Volume 2 Pore Size 2 Constant 3
(Wt%) (Wt%) (m?g™1) (ecm®g™1) (nm) A)

SiO, - - 718 0.41 3.0 -

SEA-5Cu 44 - 264 0.30 45 3.62
5Cu-1CyZn-5s 44 0.3 200 0.21 42 3.62
5Cu-1CyZn-30s 45 1.5 210 0.24 43 3.64
5Cu-5CyZn-5s 4.3 1.3 238 0.28 4.6 3.65

! Tested by ICP analysis; 2 Tested by N, adsorption—desorption; 3 Calculated from XRD patterns.

The XRD patterns of the SiO, and reduced SEA-Cu, ZnO over-coated Cu/SiO; catalysts are shown
in Figure 3. The diffraction peak relative to amorphous SiO, can be seen at 20 = 22 ° [23]. After
reduction, most of the CuO is reduced to metallic Cu. For the reduced SEA-5Cu, the Cu phase is
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assigned to a face-centered cubic copper structure with characteristic diffraction peaks 26 at 43 °, 50 °,
and 74 ° [21]. The ALD over-coating of ZnO did not change much of the Cu signals. No new peaks
were formed for the ZnO species, which indicated that the structure of ZnO prepared by ALD was not
large enough to be detected by XRD. The value of the calculated Cu" lattice constant (Table 1) increased
with the increase in ZnO deposition, from 3.62 to 3.64 A. Kanai et al. [18] believed that the increasing of
the lattice constant from 3.62 to 3.67 A in their study on the Cu-ZnO catalysts was attributable to the
formation of a Cu—Zn alloy. In our case, the increase in the lattice constant upon the deposition of ZnO
may also be associated with the formation of the Cu-ZnO surface alloy.
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Figure 3. XRD patterns corresponding to SiO,, SEA-5Cu, and ZnO over-coated Cu/SiO, catalysts.

2.2.2. Reduction Properties, Cu Particle Size, and Structure of ZnO

The H,-TPR results of SEA-5Cu and ZnO over-coated Cu/SiO; catalysts are shown in Figure 4.
Two hydrogen consumption peaks are seen in the range of 148 to 194 °C (referred to as the first peak)
and 206 to 254 °C (second peak) in the TPR profile. The two peaks are ascribed to the reduction of
the highly dispersed CuO phases and the reduction of CuO species having a strong interaction with
SiO; [16,22]. With the increase in the amount of ZnO by either lengthening the pulse time or having
more ALD cycles, the second peak clearly shifted to a higher temperature zone. This right shift could
indicate that the over-coating of ZnO on the CuO species may cause them to be harder to reduce. The
H,-TPR profiles also verify that using 500 °C as the reduction temperature is sufficient to activate
the catalysts.
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Figure 4. H,-TPR profiles of SEA-5Cu and ZnO over-coated Cu/SiO; catalysts.



Catalysts 2019, 9, 922 60of 17

When imaging the three reduced catalysts, 5Cu-1CyZn-5s, 5Cu-1CyZn-30s, and 5Cu-5CyZn-5s,
by TEM, four spots were randomly selected to measure the distribution of the elements by the EDX
technique (Table 2). The diameter of the spot was 1 um. On 5Cu-1CyZn-5s, with 25% probability,
a Cu particle was detected (87 wt% of Cu), where the Zn content was also relatively high (1.9 wt%
vs. 0.2-0.3 wt% on the other three spots). The Cu content on the other three spots varied from 7.8 to
22.6 wt%. On 5Cu-1CyZn-30s, the chance to detect a big change in the Cu and Zn contents become
smaller. For all four spots, the Zn content changed from 1.1 to 1.9 wt% while the Cu content changed
from 8.3 to 12.9 wt%. On 5Cu-5CyZn-5s, the Zn content varied from 0.1 to 4.1 wt% with four different
values for four spots. With a 25% chance, a relatively high Cu spot was detected (26.5 wt% of Cu). The
uniformity of the ZnO layer over-coating depended on the number of ALD cycles used and the length
of the pulse time of each cycle. One cycle of ZnO over-coating with a pulse time of 5 s possibly led to
some uncoated areas. 5 cycles and 5 s possibly led to multiple layers of ZnO as well as uncoated areas.
Only one cycle of 30 s led to a relatively uniform ZnO layer and a small chance of having uncoated
areas. The layer of ZnO “disciplined” the growth of Cu particles during reduction. Under a uniform
single layer of ZnO, 5Cu-1CyZn-30s grew well-distributed Cu particles. However, 5Cu-1CyZn-5s and
5Cu-5CyZn-5s, both possibly having an uncovered surface and specifically having uncovered CuO
species, grew larger Cu particles [24].

Table 2. The content of elements on the reduced ZnO over-coated Cu/SiO, catalysts detected

by TEM-EDX.
Catalvsts 5Cu-1CyZn-5s 5Cu-1CyZn-30s 5Cu-5CyZn-5s
Y Element Content (wt%) Element Content (wt%) Elements Content (wt%)
Spots Zn Cu Si @) Zn Cu Si o Zn Cu Si (@)
1 1.9 87.0 1.8 9.3 1.1 10.9 43.7 443 0.1 5.0 60.7 34.2
2 0.2 22.6 42.0 35.2 1.9 12.3 48.6 37.2 4.1 8.0 43.1 44.8
3 0.3 17.7 46.8 35.2 1.1 8.5 52.8 37.6 2.4 9.0 432 454
4 0.2 7.8 45.2 46.8 1.8 8.3 50.1 39.8 1.0 26.5 34.6 37.9

This argument has immediate support from the TEM images shown in Figure 5. The TEM images
and histogram show that 5Cu-1CyZn-30s had the largest number of Cu particles and most uniform
particle size from 4 to 10 nm. The average Cu particle sizes of the three ZnO over-coated Cu/SiO,
catalysts as well as their precursors, Cu/SiO, (SEA-5Cu), as measured from the TEM images are shown
in Table 3. The particle size calculated from the XRD peaks by Scherrer’s equation coincided with the
TEM results (Table 3). A greater regulation effect can be observed when a longer pulse time or more
ALD layers were used.

The CO chemisorption results are also shown in Table 3. Using 5Cu-1CyZn-5s as a benchmark,
lengthening the pulse time from 5 to 30 s did not change or decrease too much of the Cu dispersion,
metallic Cu surface area, and thus, the number of Cu metallic sites per gram of catalysts. However, using
5 cycles of ALD, each having 5 s of pulse time, significantly changed or decreased the Cu dispersion,
metallic Cu surface area, and number of metallic sites per gram of catalysts. A certain position of
multiple layers of ZnO may hinder the Cu reduction of the CuO species under multiple layers.

Table 3. Metallic Cu particle size, dispersion, and metallic surface area of reduced catalysts.

S Cu Particle Size (nm) . . o Cu Surface The Number of Metallic
amples Cu Dispersion (%) Area (m2-¢-1) Sites ( lo-1)
TEM XRD rea (m*-g ites (umol-g
SEA-5Cu 8.4 7.1 - - -
5Cu-1CyZn-5s 8.1 6.5 1.9 0.69 304
5Cu-1CyZn-30s 6.7 5.3 1.7 0.65 286

5Cu-5CyZn-5s 6.9 6.4 1.3 0.53 228
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Figure 5. TEM images, particle size, and distribution of ZnO over-coated Cu/SiO; catalysts.
2.2.3. Basicity of the Catalysts from CO,-TPD

The basicity of the SEA-5Cu and ZnO over-coated Cu/SiO, catalysts was detected using CO,-TPD
(Figure 6), which revealed the species and number of basic sites. There are three not totally separated
peaks shown in the profiles. The adsorption temperatures of each peak are centered around 140, 340,
and 570 °C. All three peaks of 5Cu-1CyZn-30s shifted towards the higher temperature. These peaks
can be assigned to the weak, moderate, and strong basic sites. According to the literature, the weak
basic sites are ascribed to the OH™ groups. The moderate basic sites are related to the M-oxygen pairs
(M = metal). The strong basic sites are associated with the coordinatively unsaturated O?% ions, which
is a low coordination oxygen atom [25-28].
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Figure 6. CO,-TPD curves of the SEA-5Cu and ZnO over-coated Cu/SiO, catalysts.

The peaks of CO, desorption were then separated and quantified, and the results are shown
in Table 4. The comparison of SEA-5Cu and ZnO over-coated Cu/SiO; catalysts indicated that ZnO
over-coating increased the number of total basic sites mainly via the formation of more moderate and
strong basic sites. Compared to the catalyst 5Cu-1CyZn-5s, a longer pulse time (5Cu-1CyZn-30s) or
multiple cycles of ZnO over-coated (5Cu-5CyZn-5s) led to more basic site formation, which is from 19
(weak) to 42 or 21 umol-g‘l, 301 (moderate) to 369 or 405 umol-g_l, 838 (strong) to 1017 or 884 umol-g‘l,
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and 1158 (total) to 1428 or 1310 pmol-g~!, respectively. It is worth mentioning that a longer pulse time
of the ZnO precursor ended in the formation of more strong basic sites, and multiple cycles of ZnO
over-coating resulted in more moderated basic sites being formed. Comparing the number of basic
sites of the ZnO over-coated Cu/SiO; catalysts, there are more basic sites on the catalyst 5Cu-1CyZn-30s.
The basic sites are where the CO, adsorption and activation happen.

Table 4. Basic properties of the SEA-5Cu and ZnO over-coated Cu/SiO; catalysts.

Samples Number of Basic Sites (umol-g~1) Total l\.Ium.ber of
Weak Moderate Strong Basic Sites
SEA-5Cu 13 193 578 784
5Cu-1CyZn-5s 19 301 838 1158
5Cu-1CyZn-30s 42 369 1017 1428
5Cu-5CyZn-5s 21 405 884 1310

2.3. Chemical Structure from XAS Spectra

2.3.1. XANES for Cu K-Edge of SEA-5Cu and ZnO Over-Coated Cu/SiO, Catalysts

The local structure and electronic state of Cu and Zn in the catalysts were investigated by XAS.
The Cu K-edge XANES spectra and their first derivative spectra of SEA-5Cu and ZnO over-coated
Cu/SiO; catalysts, along with those of the Cu, CuyO, and CuO standards are shown in Figure 7.
The comparison of the spectra of SEA-5Cu and ZnO over-coated Cu/SiO; catalysts and those of the
standards indicated that the copper in all the calcined samples took the oxidation state of Cu?*. A
pre-edge at approximately 8981 eV, which was the characteristic Cu'* 1s—4d transition feature [29],
was only observed in the spectrum of Cu,O. The absence of this peak in the spectra of samples also
demonstrated there only Cu?* species were present in the calcined samples.
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Figure 7. Experimental XANES spectra registered Cu K-edge of SEA-5Cu and ZnO over-coated Cu/SiO,
catalysts (left). The first derivative XANES spectra (right).

Further comparison of the first derivative spectra showed that Cu in the prepared samples
maintained the two CuO peaks, 8984 and 8991 eV, which represented the 1s—4p transition shakedown
and the main transition, respectively [29]. The notable peak shift toward higher energy (1-3 eV)
may suggest a noncentrosymmetric CuO attributable to the ligand donor effect [29]. The spectra of
the samples did not show the pre-edge peak (1s-3d quadrupole-allowed transition [29]), which was
frequently observed in the Cu?" compounds.

The Cu K-edge XANES spectra and the first derivative spectra of the reduced SEA-5Cu and ZnO
over-coated Cu/SiO; catalysts, as well as the spectra of Cu, CuyO, and CuO as the reference, are shown
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in Figure 8. Compare to the spectra of the standards, those of SEA-5Cu and ZnO over-coated Cu/SiO,
catalysts showed the same shape with the Cu foil and a similar absorption edge, meaning that the
chemical environment of Cu species in SEA-5Cu and Cu-ZnO catalysts was close to that of the Cu
foil standard. The catalyst 5Cu-1CyZn-30s showed more obviously separated peaks corresponding to
resonance features at Eg + 15 eV and Ej + 24 eV [30], which indicated the Cu particles on the catalyst had
better dispersion. This conclusion was also corroborated by the TEM images of the reduced catalysts.
To further confirm the oxidation state of Cu, linear combination fitting of XANES was then used for
reduced SEA-5Cu and ZnO over-coated Cu/SiO; catalysts (Table 5). There was approximately 75% of
metallic Cu formation in SEA-5Cu and the catalysts. With multiple layers of ZnO being over-coated,
more Cu was reduced on catalyst 5Cu-5CyZn-5s.

There were two main peaks at approximately 8979 and 8990 eV in the first derivative spectra
of the reduced SEA-5Cu and ZnO over-coated Cu/SiO; catalysts, which were both assigned to
1s—4p transitions [30]. According to the first derivative spectra of the reduced 5Cu-1CyZn-5s and
5Cu-1CyZn-30s catalysts, the peaks assigned to the 1s—4p transition shifted towards higher energy
compared to that of SEA-5Cu. This demonstrated that the chemical environment of the Cu species on
these two catalysts was affected by the ZnO over-coated, and metallic Cu may be partially oxidized by
ZnO. Higher energy was needed to make the electron transition from the 1s to 4p orbital. So, there
may be an interaction between Cu and ZnO, and possibly a dissolution of Cu atoms in the ZnO lattice.
However, the spectrum of the catalyst R 5Cu-5CyZn-5s showed no shift compared to that of SEA-5Cu,
which means that with multiple layers of ZnO, the interaction of Cu and ZnO becomes weaker. The
energy shift was not that much because not all the metallic Cu had an interaction with the ZnO, and
the spectra can only provide the average feature of the bulk catalysts.
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Figure 8. Experimental XANES spectra registered the Cu K-edge of reduced SEA-5Cu and ZnO
over-coated Cu/SiO, catalysts (left). The first derivative XANES spectra (right).

Table 5. Cu species in the reduced SEA-5Cu and ZnO over-coated Cu/SiO; catalysts based on linear
combination fitting.

Samples Configuration
Cu Cu,O CuO
SEA-5Cu 0.75 0.01 0.24
5Cu-1CyZn-5s 0.75 0 0.25
5Cu-1CyZn-30s 0.75 0 0.25
5Cu-5CyZn-5s 0.79 0 0.21

2.3.2. EXAFS for Cu K-Edge of SEA-5Cu and ZnO Over-Coated Cu/SiO; Catalysts

The EXAFS spectra of the Cu foil, CuyO, and CuO standards in Figure 9 (left) gave us the
information of the bond species and their lengths, which are marked out. The EXAFS spectra of
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SEA-5Cu and ZnO over-coated Cu/SiO, catalysts displayed two peaks at around 1.47 and 2.58 A,
which were assigned to the lengths of the Cu-O bond and Cu-(O)-Cu bond. The lengths of these two
bonds were both in the middle of those of CuyO and CuO. Compared to the spectra of SEA-5Cu, the
peaks of calcined ZnO over-coated Cu/SiO, catalysts both shifted right, which indicated that with ZnO
over-coated the bonds of Cu-O and Cu-(O)-Cu became longer.

The EXAFS spectra of reduced SEA-5Cu and ZnO over-coated Cu/SiO; catalysts are shown
in Figure 9 (right). There were two peaks in the spectra of catalysts on behalf of the two bonds,
respectively; the Cu-O bond whose length was in the range from 1.41 to 1.47 A, and the Cu-Cu bond
whose length was in the range from 2.22 to 2.24 A. The appearance of the peak representing the Cu-O
bond means not all the CuO species were reduced, and this result corresponded to the result of linear
combination fitting. The absorption peaks of 5Cu-1CyZn-5s were at 1.42 and 2.24 A. The first peak
went right to 1.47 A with a longer pulse time or multiple cycles of ZnO over-coated, revealing the
length of the Cu-O bond became longer due to more ZnO over-coated. The intensity of this peak
became less with the increase of the pulse time and cycles of ZnO deposition, which disclosed that
ZnO over-coated helped the reduction of Cu. The Cu-Cu bond length of ZnO over-coated Cu/SiO;
catalysts was similar to that of SEA-5Cu.

40 e
Cu0)-Cu (Cud)
35 | P2 CuOCu Cu-(Q}-Cu (Cu,0) ) 35 e
. e Cu foil P Cu foil
3.0 3.0
Cu,0
o 25
? &
< <<
= 20 = 20
< o R SEA-5Cu
= 15 Z 45
R 5Cu-1CyZn-5s
10 1.0
R 5Cu-1CyZn-30s
05 0.5
R 5Cu-5CyZn-5s
- 0.0 I
; i ; f i N L Tl L 1 1 1
0 1 2 3 4 5 6 0 d 2 : 4 2 .
R (Angstrom) R (Angstrom)

Figure 9. Experimental EXAFS spectra registered Cu K-edge of calcined (left) and reduced (right)
SEA-5Cu and ZnO over-coated Cu/SiO, catalysts.

2.3.3. XANES for Zn-K Edge of ZnO Over-Coated Cu/SiO, Catalysts

The Zn XANES spectra of calcined ZnO over-coated Cu/SiO; catalysts are shown in Figure 10
(left). The absorption edge was at 9662 eV, disclosing the existence of bivalent Zn. However, the
spectra of ZnO over-coated Cu/SiO, catalysts were considerably different from that of ZnO standard.
Compared to the spectrum of ZnO, the peaks at 9663.8 and 9668.4 eV assigned to 1s—4sp and 1s—4p
transitions, were merged to one peak at 9667.5 eV in the spectra of the catalysts. The peaks at 9679.3
and 9683.4 eV were smoothed and became a shoulder (9681.1 eV), which was assigned to multiple
scattering (midrange order and short-range order) [31]. This peak was only shown in the spectrum
of 5Cu-5CyZn-5s instead of the catalysts with one cycle of ZnO deposition, since there was a single
layer of ZnO appearance with an uncoated area on the catalyst 5Cu-1CyZn-5s and a relatively uniform
ZnO layer on the catalyst 5Cu-1CyZn-30s. The difference between the spectra of Cu-ZnO and the
spectrum of ZnO was also because the Zn?* on the catalysts, which existed as molecules or much
smaller particles, were mostly influenced by the substrate, SiO,.

The Zn XANES spectra of reduced ZnO over-coated Cu/SiO; catalysts are shown in Figure 10
(right). These spectra showed no difference with those before reduction. The Zn XANES spectra of
ZnO over-coated Cu/SiO; catalysts revealed a disordered ZnO material with an embryonic short-range
order. The nearest neighbor of Zn, O, stayed at the expected angles and distances for the wurtzite
structure [16,28].
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Figure 10. Experimental XANES spectra registered Zn K-edge of calcined (left) reduced (right) SEA-5Cu
and ZnO over-coated Cu/SiO, catalysts (left).

2.3.4. EXAFS for Zn-K Edge of ZnO Over-Coated Cu/SiO, Catalysts

The Zn EXAFS spectra of calcined and reduced ZnO over-coated Cu/SiO, catalysts are shown in
Figure 11. In the EXAFS spectra of ZnO standard, the bond length between the central zinc atom and
the first shell atom, which was an oxygen atom, was 1.60 A. The second peak was at 2.85 A, which was
attributed to Zn-(O)-Zn interaction. According to the EXAFS spectra of Zn foil, the bond length of
7Zn-Zn was 2.28 A. There was a Zn-O bond in the spectra of calcined Cu-ZnO, and not much difference
was shown in the spectra of reduced Cu-ZnO. It is worth noting that there was no peak shown to
represent the bond of Zn-(O)-Zn, which means no bigger ZnO particles or many layers of ZnO formed.
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Figure 11. Experimental EXAFS spectra registered Zn K-edge of calcined (left) and reduced (right)
SEA-5Cu and ZnO over-coated Cu/SiO; catalysts.

2.4. CO; Conwversion and MeOH Synthesis

Catalytic evaluations of the ZnO over-coated Cu/SiO; catalysts are shown in Table 6. When
the catalysts were evaluated by the CO, hydrogenation reaction, 1 g of catalyst was packed in a
packed-bed reactor. The mixture of gas reactants, Hy and CO,, were fed to the reactor at a flow rate
of 9.6 L-h-1. The unreacted gases and gaseous products were analyzed by an off-line GC every 6 h.
The CO; reaction rate and CO formation rate barely changed during a run (acted for 24 h), and the
average values are shown in the table. The liquid products were analyzed at the end of the run. No
other product besides MeOH and CO was formed. The CO, reaction rate of catalyst 5Cu-1CyZn-5s is
4.9 mmol-g~th~!, which decreases to 4.77 mmol-g~'h~! with a pulse time of 30 s, and becomes even
smaller (4.06 mmol-g~'h~!) with five cycles of ZnO over-coated. The formation rate of CO has the
same trend with the CO, reaction rate, which is from 4.57 (5Cu-1CyZn-5s) to 4.32 (5Cu-1CyZn-30s) and
3.89 mmol-g~th™! (5Cu-5CyZn-5s), respectively. The MeOH formation rate of catalyst 5Cu-1CyZn-30s
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is 0.48 mmol-g~'h~!, which is higher than that of catalyst 5Cu-1CyZn-5s (0.33 mmol-g~'h~!) and
5Cu-5CyZn-5s (0.21 mmol-g~'h~!). The MeOH selectivity of catalyst 5Cu-1CyZn-30s is 10.1%, which
is higher than 6.7% for 5Cu-1CyZn-5s, and 5.2% for 5Cu-5CyZn-5s. The ratios of the number of
metallic sites to the number of basic sites also are also shown in the table, which are 0.26, 0.19, and 0.17
on the catalysts 5Cu-1CyZn-5s, 5Cu-1CyZn-30s, and 5Cu-5CyZn-5s, respectively. The TOF of CO,
was calculated based on the number of basic sites from the results of CO,-TPD. The TOF of H, was
calculated based on the number of metallic sites from the results of CO chemisorption. 5Cu-1CyZn-5s
has higher TOFco; of 4.2 h~!, and lower TOFyy; of 18.3 h™!. 5Cu-1CyZn-30s and 5Cu-5CyZn-5s show
similar TOFcop of 3.3 and 3.1 h71, respectively, and the similar TOFyy, of 20.0 and 19.7 h1.

Table 6. Catalytic performance of the ZnO over-coated Cu/SiO, catalysts.

CO, MeOH coO Number Number of
Catalysts ! Reaction  Formation Formation Selﬁigxlr_ilt of Basic Metallic Ratio of EO;S:())Z ]I;OIE:}LZ
Rate Rate Rate y Sites Sites Metallic to y y
(mmol-g~th~1) (%) (umol-g~1) Basic Sites (h71)
5Cu-1CyZn-5s 4.90 0.33 4.57 6.7 1158 304 0.26 42 18.3
5Cu-1CyZn-30s 4.77 0.48 4.32 10.1 1428 286 0.19 3.3 20.0
5Cu-5CyZn-5s 4.06 0.21 3.89 5.2 1310 228 0.17 3.1 19.7

1 Reaction conditions: T = 250 °C, P = 4.0 MPa, F=9.6 L/h, 1.0 g catalyst.

According to our discussion in the introduction, the CO, was adsorbed and activated by basic
sites, ZnO related, and H; by metallic sites, Cu related. They must be close to each other to form the
right structures to facilitate the formation of methanol or to form the wrong structures to help the
formation of CO. During the reaction, the activated CO; needs assistance from the activated H to pull
one O away and to insert H in at the same time to form C-H and O-H bonds. When the activated
CO; lacks surrounding H atoms, only O can be pulled away from the activated CO,, resulting in the
formation of CO. To form MeOH only, three metallic sites should be next to one basic site to supply
three moles of activated H, to react with the activated CO, in the molecular form. So, the ratio of
the number of metallic sites to the number of basic sites on the catalyst, on which only MeOH form:s,
should be at least 3. This value should be 1 on the catalyst producing only CO. This conclusion is
based on an ideal situation, which is that all the active sites are involved in the reaction. In the actual
reaction, not all of the active sites are working during the reaction. Only the metallic and basic sites,
who are next to each other, have the opportunity to provide the activated reactants and participate in
the reaction.

In our case, many more basic sites are formed than the metallic sites on the ZnO over-coated
Cu/SiO; catalysts. The ratios of the number of metallic sites to the number of basic sites are much
smaller than 3. During the reaction, the basic sites are enough to adsorb and activate CO,. It is more
important if there are enough metallic sites to activate H, and provide atom H to the basic sites.
Since more metallic sites are formed on the 5Cu-1CyZn-5s, it shows a higher CO, reaction rate as
observed by other researchers [6,11,14]. It indicates that the CO, reaction rate is related to the number
of metallic sites.

When it comes to the selectivity of the catalyst, another factor should be considered, which
is whether the metallic and basic sites are close enough to each other. To understand this, the
characterization of XRD patterns, XANES, and EXAFS spectra were studied on the ZnO over-coated
Cu/SiO; catalysts. The value of the Cu® lattice constant of 5Cu-1CyZn-30s is 3.64 A, but this value for
catalyst 5Cu-1CyZn-5s is 3.62 A. The increase in the lattice constant upon the deposition of ZnO with a
longer pulse time may be attributable to the formation of the Cu-ZnO surface alloy [18]. From the
XANES spectra registered the Cu K edge of reduced 5Cu-1CyZn-5s and 5Cu-1CyZn-30s, the peaks
assigned to the 1s—4p transition drift towards a higher energy compared to that of SEA-5Cu, which
demonstrates that the chemical environment of the Cu species on these two catalysts is affected by
the ZnO over-coated, and metallic Cu may be oxidized by the ZnO. So, there may be an interaction
between Cu and ZnO, and possibly a dissolution of Cu atoms in the ZnO lattice. Longer ZnO pulse
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times help this dissolution, but multiple layers do not. Compared to the EXAFS spectrum of calcined
SEA-5Cu, the bond lengths of Cu-O and Cu-(O)-Cu in the spectra of calcined Cu-ZnO catalysts become
longer due to the interaction between Cu and over-coated ZnO. So, the good interaction between the
metallic sites and basic sites helps to improve the selectivity of the catalyst.

2.5. CO;, Catalytic Activation to Produce MeOH

According to the study of the relationship between the catalyst structure and activity, a theory
of CO, catalytic activation can be proposed. During the reaction on the 5Cu-1CyZn-30s, CO; is
chemisorbed and activated by the basic sites, ZnO related, which try to push the atom O out of the
CO; molecule. At the same time, the H; is activated by the metallic site, Cu related, to form the H
atom, which then diffuses to the basic site. Since more points where basic sites and metallic sites are
close to each other exist, enough H atoms help to pull out the O atom and add into the CO, to form
C-H and O-H bonds, which result in MeOH formation. Due to the synergistic effects of both the basic
and metallic sites providing the forces of pushing and pulling, CO, can be activated and reacted with
H; to form MeOH.

This proposed theory was proved by the performance of our catalysts; it has also been verified
by others” work. The Cu-ZnO catalyst supported by reduced graphene oxide nanosheets exhibits a
higher CO, reaction rate compared to other Cu-ZnO catalysts [5]. According to the TEM image of
the catalyst, it shows greatly even-dispersed Cu and ZnO phases, which indicates excellent metallic
and basic sites. Due to the contribution of these two sites, the catalyst has high CO, conversion. Since
they randomly connect with each other, the selectivity to MeOH is not outstanding. Another Cu-ZnO
catalyst [7] prepared by precipitated ZnO on the surface of Cu powders show 100% of selectivity to
MeOH. The catalyst has a very small amount of ZnO precipitated on the surface of metallic Cu, which
represent a number of basic sites, a large number of metallic sites, and very good interaction between
them. During the reaction, there are enough H atom formation and spillover to the basic sites to reduce
the activated CO, to MeOH. However, this catalyst has very low CO, conversion due to the weak
basic sites. According to the analysis of our catalysts and others, the conclusion is much clearer that
the catalyst with high activity and selectivity should have both excellent metallic and basic sites, and
stronger interaction between them.

3. Experiment

3.1. Catalyst Preparation

Cu nanoparticles were prepared by Imp method or SEA method. Silica gel (6-12 mesh, grad 40;
Fisher Chem, Canada) ground to 255 to 350 nm was used as the substrate. In the Imp method, a certain
amount of copper nitrate hemi-pentahydrate (Cu(NO3);-2.5 HyO, 98%~102%; Aldrich, Canada) was
dissolved in 2 mL of distilled water, and ammonia hydroxide (28 wt%; Sigma-Aldrich, Canada) was
added dropwise to form a copper hydroxide solid. Then, the solid was re-dissolved to be a dark blue
solution. The ammonia was added until the volume of the solution of Cu precursor was the same as the
pore volume of the substrate. The dark blue solution, which is tetraamine copper(Il) ion, [Cu(NH3)4]%*
was added to silica gel dropwise while stirring with a glass rod for 10 min. The resultant solid was
dried overnight at 110 °C, and calcined at 250 °C for 3 h. In the SEA method, 10 g of silica gel was
pretreated in 50 mL of ammonia solution for 30 min to adjust the surface charge to negative. The pH of
the ammonia solution was higher than 10. To prepare the [Cu(NHj3)4]**-containing solution, a certain
amount of copper nitrate was dissolved in 50 mL of HyO. Then, ammonia solution was added to the
nitrate solution. The pretreated silica gel mixture and [Cu(NHj3)4]%* solution were mixed and stirred
for 2 h. The solid was filtered, washed, dried at 110 °C overnight, and calcined at 250 °C for 3 h.

The ZnO layer on the resultant solid from SEA was prepared by the ALD method using Beneq TFS
200 equipment. Because smaller Cu particles with a good distribution formed on samples prepared by
SEA method according to TEM images. Diethyl zinc (DEZ) (98.4 wt%; Sigma-Aldrich, USA) was used
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as the Zn precursor and H,O was employed as the oxidant. Nitrogen (99.999%; Praxair, Canada) was
used to purge the gas lines and the reactor. The temperature of the reaction was set at 150 °C to avoid
the formation of metallic Zn. The ALD cycle follows the reactions [32]:

Zn(CyHs); + HYO — ZnO + 2CyHg (g) AH = —70 keal. 2)
This reaction splits into two half-reactions:
Sub-Surf-OH + Zn(CyHs), — Sub-Surf-O-Zn(CyHs) + CoHg (g), 3)

Sub-Surf-O-Zn(CyHs) + HyO — Sub-Surf-O-Zn-OH + C,Hg (g). 4)

The procedure of each ALD cycle is as follows: (1) DEZ vapor was introduced to the chamber
and reacted with hydroxyls that are on the surface of the substrate to form monoethylzinc. The
monotheylzinc replaced hydrogen and connected to the oxygen atom with the release of ethane as
depicted in Equation (3); (2) the chamber was purged with N, to remove the unreacted precursor
and gaseous products; (3) HyO vapor was allowed into the chamber to react with the monoethylzinc,
forming hydroxyls bonded with Zn, and releasing ethane (Equation (4)); and (4) the chamber was
again purged with N to remove the unreacted oxidant and the gaseous products. Before steps (1) and
(3), the pressure of the chamber was reduced to 2.0 kPa and the valve that separated the chamber and
the pump was closed until the purging procedure started. Finally, the pulse time and/or number of
cycles were changed to obtain catalysts with different atomic layers and properties.

3.2. Catalyst Characterization

The elemental composition of catalysts was determined by inductively coupled plasma mass
spectrometry (ICP-MS) analysis at Saskatchewan Research Council. The analysis was carried out by
the equipment of PerkinElmer Optima 5300 DV/Optima 8300 DV.

The BET surface area, average pore diameter, and pore volume of the support and catalysts were
measured by N, adsorption using Micromeritics ASAP 2020 with 0.2 g of the sample. The analysis
bath temperature was maintained at —196 °C through the experiment. Degassing was carried out at
200 °C for 2 h. From room temperature to 200 °C, the heating rate was 10 °C-min~!. The average pore
diameter and pore volume were obtained from the result of the BJH analysis.

The H, temperature-programmed reduction (Hp-TPR) and CO, temperature-programmed
desorption (CO,-TPD) studies were performed using a Micromeritics 2950 HP Chemisorption Analyzer,
equipped with a thermal conductivity detector (TCD). Before the analysis of H2-TPR, the sample was
purged at 30 °C until the baseline signal was stable. The H,-TPR analysis was conducted by heating
samples from 30 to 650 °C at a ramp of 10 °C-min~'. The flow rate of 10% Hj/argon was 50 mL-min~".
During the CO,-TPD analysis, the catalyst sample was first pretreated at 250 °C for 20 min in He
atmosphere to remove physically adsorbed CO,. Then, the CO, adsorption was carried out at 50 °C.
Afterwards, CO, desorption was performed with a linear temperature increase up to 800 °C at a rate of
10 °C-min~!.

A transmission electron microscope (TEM) and energy-dispersive X-ray spectroscopy (EDX) were
used to investigate the Cu particle size and distribution of the elements of the reduced catalysts on a
HITACHI HT-7700 with Bruker X-ray detector at Western College of Veterinary Medicine imaging
center, University of Saskatchewan. Before the TEM and EDX tests, the samples were first reduced
by 40 v/v% H, at atmospheric pressure (ramp from room temperature to 500 °C, rate 5 °C-min~",
isothermal for 3 h).

X-ray diffraction (XRD) analysis was conducted on a Bruker Advance D8 series II, equipped with
Cu Ko« radiation (A = 0.1541 nm). The crystallite sizes of the reduced catalysts were estimated using
Scherer’s equation:

size = kA/B(20)cos0,
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where k is the crystallite shape constant (0.94), A is the X-ray wavelength, and (3(20) is the full width
at half maximum in radians. The lattice constants for the reduced catalysts were determined by
Bragg’s law:

nA = 2d sinob,

where n is the order of diffraction and d is the spacing between the different planes of atoms in the
crystal lattice.

The active metal dispersion of the Cu-ZnO catalysts was obtained using CO chemisorption, which
was performed on a Micrometrics ASAP 2020 instrument. After the sample was loaded and degassed,
it was reduced in-situ with pure hydrogen at 500 °C for 2 h and cooled down under vacuum to 35 °C
following purging in the flow of He for 30 min. Then, chemisorption analysis was conducted by
passing the pulses of CO gas.

The CuK-edge and Zn K-edge X-ray absorption spectroscopy (XAS) measurements were conducted
at the Soft X-ray Micro-characterization Beamline (SXRMB) and Industry, Development, Education, and
Students (IDEAS) beamline, respectively at the Canadian Light Source (CLS, Saskatoon, SK, Canada).
A few milligrams of calcined or reduced samples were loaded on carbon tape. Both Cu K-edge and Zn
K-edge were collected in fluorescence and transmission modes.

3.3. Catalyst Evaluation

The evaluations of the chosen catalysts with CO, hydrogenation reactions were conducted in
an Inconel fixed bed reactor (ID: 22 mm and length: 450 mm) with a single-pass downward flow. In
total, 1 g of catalyst was diluted with 90 mesh size silicon carbide particles and loaded in the constant
temperature zone of the reactor. Other parts of the reactor were filled with different sizes of silicon
carbide by layers. The catalyst was then reduced under Hj (99.9% purity, Praxair, Canada) flow
(120 mL-min~') at atmospheric pressure (ramp from room temperature to 500 °C, rate 5 °C-min~!,
isothermal for 3 h). The reduced catalyst was cooled down to 250 °C under H;, flow. The desired
reaction gas flow rates were adjusted to a total volumetric flow rate of 160 mL-min~! (H,:CO, = 3:1)
(COy: 99.9% purity, Praxair, Canada). Then, the reactor was pressurized to the reaction pressure of
4.0 MPa. The gas product was cooled to 0 °C in a cold trap to separate the condensable gas in the
product stream into the liquid phase at the reaction pressure.

The non-condensable gases in the stream were monitored by a bubble flow column installed at
the exit of the reactor, and analyzed by an off-line Agilent Technologies 7890A gas chromatograph
instrument equipped with two thermal conductivity detectors (TCDs) and a flame ionization detector
(FID). The liquid products were collected during a 24-h reaction period and analyzed with an off-line
Agilent Technologies 7890A gas chromatograph equipped with a DB-Wax capillary column and FID
detector. The weight of liquid products was measured after the collection to ensure the mass balance.

The conversion of CO, was calculated as the average values for the total test duration:

Xco, = 100% x NCo,,in — nCozrout.
1CO, ,in

Methanol selectivity was calculated with respect to carbon-containing products (no other product
obtained except MeOH and CO):

"MeOH
S = 100% X ————————.
MeoH * " Mvteon + nco
The turnover frequency (TOF) of CO; or H, was calculated based on the number of basic or

metallic sites on the catalysts:
reaction rate

TOF = ——.
number of active sites
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4. Conclusions

The synthesis of the catalysts as planned—the isolated Cu nanoparticles distributed in ZnO layers,
using SEA and ALD over-coating—was successful. By varying the exposure time of the Zn-containing
precursor and the number of ZnO deposition layers, there was a slight change in the environment of
the ZnO sites to Cu sites and vice versa, and their interactions.

As expected, these catalysts facilitated a greater CO formation rate than the MeOH formation rate.
The more uniformed Cu site and ZnO site distribution in 5Cu-1CyZn-30s allowed it to have relatively
more MeOH formation.

This study partially supports the mechanism theory in CO, hydrogenation to form MeOH.
Activated CO, on the ZnO sites needs activated hydrogen in the right position. Our following work is
to synthesize the catalysts with isolated ZnO sites distributed in Cu sites, in the hope that the activated
CO, will have enough activated hydrogen around it in the right position to form MeOH.
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