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1. Introduction

A combined theoretical and experimental
investigation on the photocatalytic hydrogenation
of CO, on Cu/ZnO polar surfacer
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Han Xiao, 3 Minyi Zhang, (& *@® Jiye Zhang () *©

and Chunsen Li

The photocatalytic hydrogenation of CO, by Cu-deposited ZnO (Cu/ZnO) polar surfaces is investigated
through density functional theory (DFT) calculations combined with experimental work. The DFT results
demonstrate that, without Cu-loading, CO, and H, present weak physisorption on the clean ZnO polar
surface, except that H, undergoes strong chemisorption on the ZnO(0001) surface. Cu deposition on the
ZnO polar surface could remarkably enhance the CO, chemisorption ability, due to the induced charge
redistribution on the interface of the Cu/ZnO polar surface systems. Additionally, a Cu-nanoisland, which
was simulated using a Cu(111) slab model, exhibited strong ability to chemically adsorb H,. Thus, H, may
act as an adsorption competitor to CO, on the Cu/ZnO(0001), while, in contrast, CO, and H, (syngas)
may have more opportunity to simultaneously adsorb on Cu/ZnO(0001) to promote the CO, hydrogen-
ation. These facet-dependent properties lead us to assume that Cu/ZnO(0001) should be a favorable
photocatalyst for CO, hydrogenation. This assumption is further verified by our photocatalysis experiment
based on a ZnO single crystal. According to the theoretical and experimental results, the optimal HCOO*
reaction pathway for the photocatalytic hydrogenation of CO, on Cu/ZnO(0001) is proposed. In this
optimal HCOO* path, the hydrogenation of CO,* step and hydrogenation of HCOO* step could be pro-
moted by the coupling of a photo-generated spillover proton and a photoelectron on the interface of
Cu/ZnO(0001). This research demonstrates the feasibility of the photocatalytic reduction of CO, on Cu/
ZnO(0001), and will help to develop related high-efficiency catalysts.

CO,, and have been considered as key chemical platforms for
the production of fuels and feedstocks at pressures less than

From the perspective of reducing the concentration of carbon
dioxide in the atmosphere to combat the greenhouse effect
and global warming, the conversion of carbon dioxide into
chemical feedstocks such as formic acid and methanol
through catalytic hydrogenation is an important strategy.'™
Solid catalysts such as the transition-metal-doped zinc oxide
(ZnO) exhibit high activity and selectivity for the reduction of
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100 bar and temperatures ranging from 473 to 573 K.>”
However, compared with conventional catalytic strategies,
photocatalytic CO, hydrogenation is now becoming a new
promising green chemistry technology that can directly
convert CO, into useful chemical products under ultraviolet
and visible light irradiation without high temperature and
high pressure conditions.® ' ZnO has been extensively investi-
gated as a photocatalyst for solar energy conversion and
organic or dye pollutant treatment due to its excellent electro-
chemical stability, high electron mobility, and photocatalytic
efficiency."’ ™ The polar surfaces of ZnO, such as the Zn-ter-
minated surface ZnO(0001) and O-terminated surface ZnO
(0001), were found to be more active in photocatalytic reac-
tions than the nonpolar surfaces of ZnO,">™"” because the
dipoles associated with Zn- and O-terminated surfaces cause
electrostatic instability on these surfaces. As such, much
research work has been devoted to development of efficient
photocatalysts for CO, reduction using ZnO as an important
composite.'®>!

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0009-0006-6906-6122
http://orcid.org/0009-0003-1983-9295
http://orcid.org/0000-0002-4412-1424
http://orcid.org/0000-0001-9359-6701
http://orcid.org/0000-0002-9142-0187
https://doi.org/10.1039/d3nr01001e
https://doi.org/10.1039/d3nr01001e
https://doi.org/10.1039/d3nr01001e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr01001e&domain=pdf&date_stamp=2023-05-22
https://doi.org/10.1039/d3nr01001e
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015020

Published on 21 4 2023. Downloaded on 2024-06-29 3:57:27.

Nanoscale

On the other hand, many studies have also focused on Cu-
decorated ZnO, which generally exhibits reduced optical band-
gap energy, increased optical absorption ability, and improved
photocatalytic properties compared with bare Zn0.>*7>*> pPawar
et al. recently reported that Cu-doped ZnO microstructures
showed enhanced performance in the photocatalytic degra-
dation of methylene blue and rhodamine B dyes due to the
existence of a large amount of (001) polar surfaces.*
Moreover, Tsang et al. found that the exposed polar face (002)
of Cu-deposited ZnO (Cu/ZnO) showed higher selectivity
towards the hydrogenation of CO, to methanol compared with
other crystal facets,”” and thus demonstrated the important
role of facet type in regulating catalytic reactivity.*® This evokes
speculation that the ZnO polar surface in synergy with copper
might also exhibit good photocatalytic CO, hydrogenation
ability.

It has been found that the interaction of the deposited Cu
and ZnO has a significant impact on the activation and hydro-
genation of CO,.>**° However, little is known about the struc-
ture-activity relationship between deposited Cu and the polar
surfaces of ZnO, such as the active sites, and the mechanism
of CO, activation on polar surfaces. Moreover, no consensus
has been reached on the adsorption behavior of CO, on ZnO
(0001) and ZnO(0001) polar surfaces in previous experimental
and theoretical work.>®*”*° Therefore, a detailed study of how
CO, interacts with clean ZnO polar surfaces as well as Cu/ZnO
polar surfaces will help to provide an understanding of the
intrinsic mechanism of the photocatalytic hydrogenation of
CO, by Cu/ZnO photocatalyst.

In the present paper, our study focuses on exploring the
mechanism of the photocatalytic hydrogenation of CO, on the
Cu-deposited ZnO polar surfaces, ZnO(0001) and ZnO(0001).
By performing theoretical simulations, we investigated the
adsorption behaviors of CO, and H, on the polar surface of
clean and Cu-deposited ZnO polar surfaces, respectively. The
potential active polar surface, Cu/ZnO(0001), is proposed
based on the elucidation of adsorption sites, relaxation geome-
tries, and electrical properties, as we shall show. Then, DFT
calculations were performed to investigate the reaction mecha-
nism of CO, hydrogenation on the Cu/ZnO(0001) surface and
the favorable reaction pathway in terms of energy was identi-
fied. Furthermore, illustrative experiments were done accord-
ingly, and the results were in good agreement with the theore-
tical predictions. Finally, based on the combined theoretical
and experimental works, we propose a possible reaction route
for the direct photocatalytic hydrogenation of CO, on the Cu/
ZnO surface.

2. Theoretical and experimental
methods
2.1. Computational methods and modeling

All calculations were performed using the first-principles
method based on density functional theory (DFT) and the
first-principles pseudo-potential method to simulate the
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surface reconstruction and formation energy. The DFT calcu-
lations were carried out using the Vienna Ab Initio Simulation
Package (VASP) code®*” with the projector-augmented wave
(PAW) method using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional®®?* The GGA+U approxi-
mation with an effective Hubbard U-parameter Uey = 7.65 eV
was applied to describe the on-site Coulomb interaction
among the localized zinc 3d electrons.?® The value of Uy is
close to 7.5 eV, which was used in a similar Cu/ZnO system.>®
The plane wave cutoff was set as 400 eV, and the total energy
convergence was set at 10~° eV for self-consistent iterations. As
shown in Fig. 1, the theoretical model used here consists of an
orthogonal surface unit cell a x b (i.e., 6.506 x 5.643 A) contain-
ing four zinc and four oxygen atoms within each Zn-O layer in
a repeated slab configuration. Each slab contains 6 Zn-O
layers separated by a vacuum space of 20 A. The surface sizes
are (1a x 2b) corresponding to k-point meshes of (4 x 2 x 1). In
order to suppress any long-range interference between the zinc
and oxygen-terminated ends of the slab, the dangling bonds of
the bottom atoms of ZnO (0001) and (0001) were saturated by
adding one monolayer of pseudo-hydrogen atoms with a
nuclear charge of Z = 1/2|e| and Z = 3/2|e|, respectively. Only
the top three Zn-O layers were relaxed, while the bottom three
Zn-O layers were kept in their previously optimized crystal
positions.

For the adsorption of Cu atoms and adsorbate molecules
(CO, or H,) on a clean ZnO polar surface, we simulated four
symmetry adsorption sites, namely a top-site, bridge-site, fcc-
site, and hcp-site (Fig. 1(b)). For the adsorption of CO, or H,
on the Cu/ZnO system, four symmetry adsorption sites are also
considered. The 1st-3rd positions are the edge site, the site
close to the Cu atom, and the site far from the Cu atom,
respectively (see Fig. 1(c)). The 4th adsorption site is a metallic
site located far from the ZnO support. For simplified calcu-
lation, an ideal Cu(111) surface with a six-layer slab and a p(4 x
4) unit cell was used. In this model, only the top three layers

1-edge 2-close 3-far

Fig.1 (a) Side view of the slab supercell for the clean ZnO(0001)
surface. (b) Top view of the slab supercell for the ZnO(0001) surface and
the related CO,/H, adsorption sites; top view of the slab supercell for
the ZnO (0001) surface. (c) Top view of the slab supercell for the Cu/
ZnO(0001) surface and the related CO,/H, adsorption sites. (d) Side
view and (e) top view of the slab supercell for the Cuy/ZnO(0001)
surface. Note: The geometry of ZnO (0001) surface can be simply
imaged by O atom and Zn atom interchange.
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were relaxed, and k-point meshes of 4 x 4 x 1 were used. The
energy of adsorption/binding E,q4 is defined as:

Eaq = Eads/sub — Eads — Esub

where E,q44sup 1S the total energy of the substrate covered with
the adsorbate in the optimized configuration, and E,qs and
Equp are the total energies of the adsorbate in the gas phase
and the relaxed clean substrate, respectively.

Moreover, we constructed the Cug cluster loading on the
ZnO(0001) surface with a size of (4a x 4b) and (2 x 2 x 1) k
point meshes to explore the CO, hydrogenation pathways
(Fig. 1(d) and (e)). In this model, only the top two Zn-O layers
were relaxed, while the bottom four Zn-O layers were kept on
their previously optimized crystal positions. The starting geo-
metry of the Cuo/ZnO(0001) surface was first determined by
running ab initio molecular dynamics (AIMD) using a Nose
thermostat at a temperature of 300 K for 12 ps. The sub-
sequent energy minimized snapshots extracted from the AIMD
trajectories were then singled out and optimized.

2.2. Synthesis of Cu/ZnO polar surface photocatalysts and
related characterization

Two pieces of (0001) facet oriented ZnO wafers with a size of
10 x 10 x 0.5 mm were cut from a bulk ZnO single crystal
grown via a hydrothermal method®” and then polished and
cleaned. The determination of polarized facets was conducted
using a simple chemical etching method.*® Cu nanoislands
were deposited on the ZnO wafers using a radiofrequency mag-
netron sputtering system. The diameter and thickness of the
Cu target were 50 mm and 3 mm, respectively, and the purity
was greater than 99.99%. The working pressure (Ar 99.99%)
was 0.1 Pa and the substrate was maintained at 473 K during
the film deposition. The distance from the target to the sub-
strate was 9.0 cm. The sputtering time was about 20 s. One of
the wafers was deposited with Cu nanoislands on its (001)
facet using the magnetron sputtering method, thus forming
the Cu-ZnO(0001) catalyst. The other wafer was deposited with
Cu nanoislands on its (0001) facet under the same deposition
conditions, thus forming the Cu-ZnO(0001) catalyst. The mor-
phologies and distribution of Cu metal on the ZnO substrates
were characterized using atomic force microscopy (AFM; Veeco
Multimode, Nano scope Multimode IIla). X-ray photoelectron
spectroscopy (XPS) analysis was conducted on an ESCA-LAB
250 photoelectron spectrometer (Thermo Scientific) using an
Al Karadiation (1486.6 eV). Height images of the films were
recorded using tapping-mode AFM. The photocatalytic hydro-
genation of CO, experiment was carried out in a flowing atmo-
sphere and at room temperature using a custom-built reactor
(see details in the ESIT). A CO,/H, reaction mixture with a
molar ratio of 1: 3 was fed at a rate of 300 stp mL min™" (stp =
standard temperature and pressure, T = 298 K, P = 101.3 kPa)
through the catalyst bed. Before each test, the catalysts were
pre-reduced in situ at 573 K for 2 h under the H, flow (20 stp
mL min~"). The catalysts were illuminated using a 300 W Xe
light source (Solaredge700, Beijing Perfect light Co. Ltd) for
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4 h. The possible residual products on the surface of the cata-
lysts were determined using a PerkinElmer system 2000 FT-IR
spectrometer. A resolution of 4.0 cm™" was used throughout
the investigation and 50 scans taken over a 20 s interval were
averaged to achieve a satisfactory signal-to-noise ratio.

3. Results and discussion

3.1. Geometries of Cu/ZnO polar surfaces and their
adsorption properties toward CO,/H,

The models of the clean Zn0O(0001)/(0001) surface were simu-
lated using slab models based on optimized bulk wurtzite ZnO
using an orthogonal unit cell.** The performances of ZnO
polar surfaces with copper deposition were simplistically simu-
lated using one Cu atom deposited on the clean ZnO(0001)
and ZnO(0001) polar surfaces, respectively (see Fig. 2(a) and
(b)). The calculated binding energies of the four high-sym-
metry deposition sites (i.e., top, bridge, fcc-hollow, and hep-
hollow, as shown in Fig. 1(b)) are displayed in Table S1 (see
ESIT). Our results found that both the ZnO(0001) surface and
Zn0O(0001) surface could strongly bind to the Cu atom. For
both the ZnO(0001) surface or ZnO(0001) surface, the fcc-
hollow site was the most stable deposition site for Cu.

Further, we investigated CO, and H, adsorption on the
clean and Cu-deposited ZnO polar surfaces (see Fig. S1 and S2
in ESIYT). Based on our calculations, only weak physisorption of
CO, was found on the two clean polar surfaces (see Table S17}
and the stable adsorption states of CO, on the two clean sur-
faces, Fig. 2(c) and (e)), which is in line with previous theore-
tical studies.*” In contrast, H, adsorption on the ZnO polar
surfaces showed facet-dependent properties. For the sites of
Zn0(0001), H, adsorption only resulted from the physisorption
of H,. However, for the ZnO(0001) surface, H, adsorption on
the bridge-site and fec-site could lead to strong chemisorption
of H,. In these cases, the H-H bond of H, is broken, and two
dissociated H atoms are separately bound to two adjacent
surface O atoms of the ZnO(0001) surface.

The characteristics of CO, and H, adsorption on the Cu/
ZnO polar surfaces were investigated by using the most stable
Cu/ZnO polar surface with Cu deposited on the fec-hollow site
of the ZnO polar surface (see Fig. S2 in ESIT). The calculated
adsorption energies with different deposition sites are listed in
Table 1. In addition, in order to simulate the top of the de-
posited Cu nano-islands on the ZnO polar surfaces in the
experiments, both the metallic sites of Cu/Zn0O(0001) and Cu/
Zn0O(0001) were simplified and simulated using the Cu(111)
slab models (see Fig. 2(k) and (1)).

For the Cu/ZnO(0001) surface, CO, adsorption on the edge
site has the lowest adsorption energy of —0.89 eV (see Table 1
and Fig. 2(g)). In this case, the linear CO, is bent to a biden-
tate carbonate with an internal angle O-C-O of 126.8°. Its C
atom bonds to the Cu atom with C-Cu bond length of 1.98 A,
and one of its O atoms bonds to a surface Zn atom with an O-
Zn bond length of 1.96 A (see Fig. 2(g)). In the case of the Cu/
Zn0O(0001) surface, CO, adsorption on the edge-site of Cu/ZnO

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The most stable geometry of Cu deposited at the fcc-site for (a) the clean ZnO(0001) and (b) ZnO(0001) surfaces. The most stable geometry

of (c) CO; and (d) H, adsorbed on the clean surface of ZnO(0001); and

the most stable geometry of (e) CO, and (f) H, adsorbed on the clean

surface of ZnO(0001). The most stable geometry of (g) CO, and (h) H, adsorbed on Cu/ZnO(0001); the most stable geometry of (i) CO, and (j) H,
adsorbed on the Cu/ZnO(0001) system; the most stable geometry of (k) CO, and () H, adsorbed on metallic Cu(111).

Table 1 Adsorption energies (in eV) for CO, and H, adsorbed on the
Cu/Zn0O(0001) and Cu/ZnO(0001) system

Cu/ZnO system Edge Close Far Metallic
(0001)/CO, —0.89 —0.06 -0.05 -0.03
(0001)/H, -0.05 —0.02 -0.02 —0.41
(0001)/CO, —0.66 -0.58 -0.08 -0.03
(0001)/H, -3.57 —4.45 -4.67 —0.41

(0001) also leads to the lowest adsorption energy of —0.66 eV
(see Table 1 and Fig. 2(i)). In this structure, the C atom of CO,
binds with the O-terminated facet with a C-O bond length of
1.41 A, and one of its O atoms bonds to the Cu atom with the
Cu-O bond length of 1.88 A. The internal O-C-O angle of CO,
is bent to 126.3°. Thus, Cu deposition on ZnO polar surfaces
would highly activate the CO, and promote the chemisorption
of CO,. Moreover, the chemisorption of CO, occurs only in
close proximity to the Cu deposition sites of Cu/ZnO(0001)
and Cu/ZnO(0001) surfaces. For the far-sites and metallic sites
of Cu/ZnO(0001) and Cu/ZnO(0001), the adsorption of CO,
results from only weak physisorption. This feature demon-
strates that Cu deposition on ZnO polar surfaces could play an
important role in the chemisorption and activation of CO,.

On the other hand, similar to the case of the clean ZnO
(0001) surface, the adsorption of H, on the Cu/ZnO(0001)
surface was unfeasible (see Table 1), except for the metallic
sites. H, adsorption on the Cu(111) surface leads to strong che-
misorption of H, with an adsorption energy of —0.41 eV (see
Table 1). Therefore, H, adsorption on any of the sites of Cu/
ZnO(0001) could result in the strong chemisorption of H,.

This journal is © The Royal Society of Chemistry 2023

Similar to the cases of H, adsorption on the clean ZnO(0001)
surface and Cu/ZnO(0001), the chemisorption of H, on the Cu
(111) surface results in the dissociation of H,. As shown in
Fig. 2(1), the two dissociated H atoms are loaded on two neigh-
bouring Cu atoms of the Cu(111) surface (dy_cy = 1.75 A). The
dissociated H atom might further evolve to the spillover proton
among the Cu nano-islands by the photo-generated holes.*'

Thus, the above results show that Cu deposition on ZnO
polar surfaces would promote CO, chemisorption on the edge
sites of Cu/Zn0O(0001) and Cu/ZnO(0001). These chemisorbed
states rarely occur on the clean ZnO polar surfaces. Moreover,
Cu deposition on ZnO(0001) could also promote the chemi-
sorption H, by inducing the Cu nano-islands on the Cu/ZnO
(0001) surface. However, Cu deposition on ZnO(0001) has a
minor effect on the H, adsorption, since H, adsorption on any
of the sites of Cu/ZnO(0001) could result in the strong chemi-
sorption of H,. Therefore, when Cu/ZnO(0001) and Cu/ZnO
(0001) are exposed to CO, and H,, the Cu/ZnO(0001) system
could be saturated and poisoned by the strong chemisorption
of H,. In contrast, the adsorption competitors CO, and H,
could be simultaneously chemically adsorbed and activated on
Cu/Zn0O(0001) (on which the H, undergoes chemisorption on
metallic sites and CO, chemisorption occurs on edge sites).
Thus, we propose that Cu/ZnO(0001) is an ideal surface for the
hydrogenation of CO,.

3.2. Electronic structures of the chemisorbed CO, states of
Cu/ZnO polar surfaces

In this section, detailed electronic structures have been
obtained to provide further understanding of the physical and
chemical origins of the interaction between CO, and the Cu/

Nanoscale, 2023,15, 9040-9048 | 9043
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ZnO polar surfaces. The ZnO(0001) surface has n-type-like con-
ductivity, as the Fermi level enters into its conduction bands;
see the density-of-states (TDOS) (see Fig. S3(a) in ESI}). The
Zn0(0001) surface exhibits p-type conductive characters, as its
Fermi level is lower and enters the valence bands (see
Fig. S3(c) in ESIt). Similar results were reported in ref. 42 and
43. With Cu deposition on the ZnO(0001) surface, the Cu 3d
states contribute to the valence band maxima of the Cu/ZnO
(0001) surface, leading the TDOS of the Cu/ZnO(0001) surface
to shift to the higher energy level and enlarging its band gap
(see Fig. S3(b) in ESI}). In contrast, in the case of Cu/ZnO
(0001), no energy shift of TDOS is found for the Cu/Zn0O(0001)
surface. However, the contribution of the Cu 3d orbitals to the
valence band maxima is still remarkable in Cu/Zn0O(0001) (see
Fig. S3(d) in ESI}). The DOS analysis of the Cu/ZnO polar
surface systems reveals that Cu deposition would induce
charge redistribution on the interfaces of Cu/ZnO(0001) and
Cu/Zn0(0001).

In the chemisorbed CO, states of the Cu/ZnO polar sur-
faces, the 2p orbitals of the O and C atoms from CO, could
introduce some states located in the fundamental gaps of
these two systems (Fig. 3(a) and (b)). For the chemisorbed CO,
state of Cu/ZnO(0001), the O(CO,) 2p orbital hybridizes
remarkably with the valence orbitals of Cu in the top of the
valence band. The C(CO,) 2p orbitals contribute to the conduc-
tion band, which is mainly dominated by the 4s orbitals of the

a
€6
2 ——0(COy) (2p)
S 4 ——C(CO,)(2p)
% 4 O(surface) (2p)
i —\/\/\’VJ \ o
e
0 A«A/\NM
o0 g T T |A -‘Aé f f Y T T
Q -4 2 0 2 4 6
Energy (eV)
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£15
£12] ——0(COy) (20)
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] 4 2Zn(surface) (4s)
:5; 6+ Cu (3d)
2 3
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e 6 -4 2 0 2 4 6
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+0.4 - - o
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Fig. 3 Partial density of states (PDOS) for (a) CO, chemisorption on
edge site of Cu/ZnO(0001) and (b) CO, chemisorption on edge site of
Cu/ZnO(0001), and contour plots of electronic charge density differ-
ence for (c) CO, chemisorption on edge site of Cu/ZnO(0001) and (d)
CO, chemisorption on edge-site of Cu/ZnO(0001).
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Zn atoms. In the case of the chemisorbed CO, state of the Cu/
Zn0(0001) surface, the O(CO,) 2p orbital hybridizes with the
Cu 3d orbital in the valence band and the surface O 2p in the
top of the valence band (ranging from —4.6 to 0.2 eV), while
the C(CO,) 2p contributes to the conduction band in the high-
energy-level region (i.e., from 5 to 6 eV). The PDOS results illus-
trate that there are substantial covalent interactions between
CO, and the Cu/ZnO polar surface systems, which clearly
confirm the formation of chemical bonds between the
adsorbed CO, and the Cu/ZnO polar surface systems.

Analysis of the electronic density difference (see the
contour diagrams in Fig. 3(c) and (d)) again confirms the
covalent contribution of the interaction between CO, and the
Cu/ZnO polar surface system. For the edge sites of Cu/Zn
(0001), the charge density changes mainly emerge on the 2p
orbitals of the C and O of CO,, and the Cu atom, as well as the
relevant surface Zn atom. Similar charge density changes have
been found in the chemisorbed CO, states of the Cu/ZnO
(0001) surface, with the charge density changes mainly emer-
ging on the 2p orbitals of C and O of CO,, the 3d orbitals of
the Cu atom, and the 2p orbitals of the linked surface O. The
charge density changes of the two Cu/ZnO systems indicate
the covalent interaction between CO, and the deposited Cu
atom. Moreover, the Cu atom donates electrons to CO,, and
the C-O double bonds in CO, are greatly weakened and
elongated. The depleted charge density of Cu and the accumu-
lated charge density on CO, imply that Cu deposition could
result in charge redistribution and improve the electron
donation ability of ZnO polar surfaces. As a result, the chemi-
sorption of CO, is remarkably promoted on the edge-sites of
Cu/ZnO polar surfaces.

Bader charge analyses were applied to further identify
the charge states of CO, adsorption on Cu/ZnO polar surfaces
(see Table 2). Without CO, adsorption, there is significant net
negative charge distributed on the Cu atom of Cu/ZnO(0001),
indicating that there is electron transfer from ZnO to Cu. This
is consistent with our XPS results for Cu/ZnO(0001) (see
section 3.4). When CO, is adsorbed on the Cu/ZnO(0001), CO,
gains electrons with a partially negative charge of —0.9]e|,
which is donated from Cu/ZnO(0001). The Cu atom and the
surface Zn atoms of Cu/ZnO(0001) inject electrons to CO, with
0.34|e| and 0.32]|e|, respectively. In the case of Cu/ZnO(0001)
system, Cu is still the primary electron donor, contributing
0.10|e|; however, surface O atoms prefer to accept the negative
charges of —0.03|e|, leading to much less negative partial
charges of —0.04|e| in CO,. This difference in charge transfer
in between Cu/Zn0O(0001) and Cu/ZnO(0001) is mainly attribu-
ted to their different surface atoms, i.e., the surface Zn atoms
of Cu/Zn0O(0001) and surface O atoms of Cu/ZnO(0001), which
are characterized by electrophobic and electrophilic properties,
respectively, as mentioned in ref. 46.

As a result, Cu deposition on the ZnO polar surface systems
would encourage CO, activation through its electron donor
ability. Moreover, Cu/ZnO(0001) possesses surface Zn atoms
with electrophobic properties, which would provide more elec-
tron transfer to CO, chemisorption than Cu/ZnO(0001). Thus,

44,45
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Table 2 Bader charges Q (in |e|) of the atoms (or entities) on the clean substrate (i.e., Cu/ZnO) and the adsorbed complex (i.e., CO,—Cu@ZnO), and
their Bader charge differences AQ when going from CO; in the gas phase plus the clean Cu@ZnO substrate to the adsorbed complex®

CO, chemisorbed on Cu/Zn0O(0001)

CO, chemisorbed on Cu/Zn0O(0001)

Cu Zn® Surface Zn° CO, Cu o’ Surface O° CO,
Qcu/zno -0.31 0.89 6.98 0.00 0.92 -1.07 —7.49 0.00
Qco,-cujzno 0.03 1.21 7.08 —0.90 1.02 —1.11 —7.52 —0.04
AQ 0.34 0.32 0.10 —0.90 0.10 —0.04 —0.03 —0.04

“ Negative and positive values of AQ indicate electron gain and donation, respectively.  For the surface atom involved in the interaction between
the adsorbate and substrate.  Sum of the charges of all surface atoms in a unit cell except the atom bonding to the CO,.

Cu/Zn0(0001) could induce more electron transfer to promote
the formation of chemisorbed CO, species on its edge site
than Cu/ZnO(0001).

3.3. Reaction pathway of CO, hydrogenation to formic acid

Based on our previous studies in the above section, Cu/ZnO
(0001) is the most feasible candidate for the photocatalytic
hydrogenation of CO,. In this section, the reaction pathway of
CO, hydrogenation by Cu/ZnO(0001) is investigated.
Considering that the H, molecule tends to dissociate on Cu
nanoislands, we constructed a large-size slab model of Cuo/
ZnO(0001) with a Cuy cluster on the ZnO(0001) surface to
simulate the CO, hydrogenation reaction (see Fig. 1(d) and
(c)). The electron location function (ELF) and charge difference
distribution calculation of Cue/ZnO(0001) reveal that the Cuo
cluster and ZnO(0001) surface have a strong interaction
(Fig. 4(a) and (b)). Much of the electronic charge could be
accumulated around the interface of Cuy, and ZnO(0001), as
well as the photogenerated electrons arising from ZnO(0001).

cis-HCOOH*
S0 044
‘d;" 02 // AG=0.39 eV " trans-HCOOH*
’ HoCO* // e
< *+CO,(g)+H s p /019
§ 00| 2O ,» 0.0 ,/ 2G=0.60 eV
N 0.00 o . y
@ 02 AN IR VAN ;
o =2 HCoo* .bi-HCOO}
i 0.4 034 =
-0.6

Reaction coordinate

St B B0 B & A A
B K W e

cis-HOCO*

*+CO,(g)+H,(8) co,* | cis-HCOOH HCOO* bi-HCOO*  trans-HCOOH

Fig. 4 (a) The electron location function and (b) the differential charge
density of the Cu-cluster-loaded ZnO(0001) surface (blue represents
positive charge and yellow represents negative charge). (c) The Gibbs

free energy diagrams of CO, reduction.
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This great accumulated charge ability might enhance the reac-
tivity of Cuo/Zn0O(0001) toward the CO, reduction.

Fig. 4(c) shows the Gibbs energy profile and intermediate
structures of CO, hydrogenation by Cue/ZnO(0001). The initial
step corresponds to the chemisorption of CO, on the interface
of Cuoe/ZnO(0001). It is energetically favourable to form the
exothermic intermediate CO,* with an energy of —0.3 eV. Here,
molecules that have been activated are denoted with a star.
Subsequently, the hydrogenation of CO,* step could generate
two different intermediates, HOCO* and HCOO¥*, due to the
fact that the target atom attacked by H can be either the O or C
atom of CO,*. Our calculation results reveal that the formation
of both HCOO* and HOCO* are endothermic processes.
However, the formation of the intermediate HCOO* requires a
smaller activation energy than that of HOCO*. Moreover, since
the C atom of CO,* is combined with the interfacial Cu atom,
the C atom could be activated by the greatly accumulated
charge around the interface of Cuy/ZnO(0001). Particularly, in
the HCOO* path, the spillover proton on the Cu nano-islands
could couple with the photoelectron to attack the C atom of
CO,*, which could greatly promote the formation of the inter-
mediate HCOO*. The intermediate HCOO* is metastable and,
subsequently, HCOO* would undergo structural rearrange-
ment to form the bi-HCOO* intermediate with an energetic
exothermicity of 0.55 eV. In this structural rearrangement step,
the upper O atom of HCOO* would shift to the interface of
Cuo/Zn0O(0001) and combine with the interfacial Cu and Zn
atoms to form the intermediate bi-HCOO*. In our calculations,
bi-HCOO* should overcome a large activation energy to accept
another H to form the final product trans-HCOOH*. However,
the interfacial O atom of bi-HCOO* could be further attacked
by the second coupling of a spillover proton and photo-
electron, which could promote the process of bi-HCOO* evol-
ving to the final product transsHCOOH*.*° In view of the
HCOO* path, the hydrogenation of CO,* step and hydrogen-
ation of bi-HCOO* step are both feasible to be assisted by the
coupling of a spillover proton and a photoelectron. By contrast,
in the hydrogenation of CO,* step in the HOCO* path, the
upper O of CO,*, as the target of spillover proton attack in the
cis-HOCO* formation step, is far from the interface of Cuy/ZnO
(0001). Thus, the formation of the intermediate HOCO* is less
assisted by the coupling spillover proton and photoelectron
near the interface. Therefore, based on our calculations, the

Nanoscale, 2023,15, 9040-9048 | 9045
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HCOO* path is the optimal reaction pathway for the photo-
catalytic hydrogenation of CO, by Cu/ZnO(0001).

3.4. Experimental study of the direct photocatalytic
hydrogenation of CO, on the Cu/Zn0O(0001) surface

In order to further interpret the above theoretical results and
the suggested reaction route of the direct photocatalytic hydro-
genation of CO, by the Cu/ZnO polar surface, we constructed
an illustrative experiment using a custom-built reaction system
(see details in the ESI, Fig. S4t). The AFM images of the Cu
metal on ZnO substrates are shown in Fig. S5 of the ESLf
Fig. 5(a) and (b) represent the high-resolution Cu 2ps/, and O
1s XPS data of the Cu/ZnO(0001), respectively. It can be
observed that when Cu was deposited on the ZnO(0001), the
binding energy of Cu 2p;, shifted to a lower value, indicating
an electron transfer process from ZnO(0001) to Cu, which
agrees with the above theoretical Bader charge analysis.
Correspondingly, the O 1s binding energy of the Cu-loaded
ZnO(0001) surface shows an upward shift compared to that of
the clean Zn0O(0001) surface. The fed H, and CO, gases reacted
on the clean ZnO or Cu/ZnO polar surface under the radiation
of a 300 W xenon lamp. After 4 hours of reaction, the irradiated
surfaces of the photocatalysts were dried in a vacuum oven at
60 °C and then scraped with a razor blade to obtain the residual
reaction products. The powders scraped from the reacted cata-
lyst surface were then analysed using infrared (IR) transmission
spectroscopy. Fig. 5(c) presents the FT-IR spectrum of the
surface product on Cu/ZnO(0001) after reaction. The character-
istic peaks located at 2970, 2880, 2740, 1668, 1580, 1397, 1378,
and 1353 cm™
formate,*” while the characteristic peaks of copper formate (at
2930, 2850, 1620, and 1350 cm™") are absent.*® Thus, it can be

are in good agreement with those of zinc
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Fig. 5 (a) XPS Cu 2ps,, and (b) O 1s core level spectra; (c) IR spectrum
data of the Cu/ZnO(0001) catalyst after the photocatalytic reaction.
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surface.

speculated that formic acid is a possible reduction product of
the photocatalytic hydrogenation of CO, on the Cu/ZnO polar
surface. However, for the clean ZnO and Cu/ZnO(0001) photoca-
talysts, no obvious products related to the reduction of CO, can
be identified in the scraped powders from the FTIR spectrum.
Therefore, the Cu/Zn0O(0001) surface is an efficient photocatalyst
for the direct hydrogenation of CO,, which is consistent with
the above theoretical discussions.

Combining the theoretical and experimental works, we
propose the optimal reaction route of the direct photocatalytic
hydrogenation of CO, by Cu/Zn0O(0001) as illustrated in Fig. 6. In
the oxidation half-reaction, an H, molecule is adsorbed by Cu
nanoislands and then is bound to a Cu atom after disassociation.
These two disassociated H atoms are further oxidized to two H'
by the photo-generated holes. In the reduction half-reaction, CO,
is absorbed at the edge site of Cu/ZnO(0001) and becomes a
bidentate carbonate structure (intermediate CO,*, structure (1) in
Fig. 6). The intermediate CO,* is then attacked by H' coupling
with a photoelectron on the interface, via simultaneous C-Cu
bond cleavage and C-H bond formation steps, resulting in the
HCOO* intermediate (structure (2) in Fig. 6). The intermediate
HCOO* is metastable, and it is energetic favourable for it to
undergo structural rearrangement to form the intermediate bi-
HCOO* (structure (3) in Fig. 6). Finally, the secondly spillover
proton coupled with the photoelectron would attack the inter-
facial O of the bi-HCOO* intermediate, leading to the final ¢rans-
HCOOH* product (formic acid).

4. Conclusions

In this paper, the adsorption of CO, and H, on the polar sur-
faces of ZnO(0001), ZnO(0001), Cu/ZnO(0001), and Cu/ZnO
(0001) have been systematically investigated using DFT simu-
lations. Our calculations showed that CO, can only be weakly
physisorbed on clean ZnO(0001) and ZnO(0001) polar surfaces.
In contrast, the Cu deposited on the ZnO polar surfaces Cu/
ZnO(0001) and Cu/ZnO(0001) could greatly promote the
chemical adsorption of CO, on the surfaces. The electronic

This journal is © The Royal Society of Chemistry 2023
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structure studies clearly show that Cu deposition induces
charge redistribution on the Cu/ZnO polar surfaces and
improves the charge donor ability of the ZnO substrate near
Cu atoms, and thereby the chemical adsorption of CO, on Cu/
ZnO(0001) is enhanced. H, prefers to chemisorb on the de-
posited Cu nanoislands, ZnO(0001) surface and Cu/ZnO(0001).
Therefore, when Cu/Zn0O(0001) and Cu/ZnO(0001) are exposed
to CO, and H,, Cu/ZnO(0001) could be saturated and poisoned
by the strong chemisorption of H,, while, in contrast, Cu/ZnO
(0001) has more opportunity to adsorb H, and CO, simul-
taneously near the edge site to promote the hydrogenation of
CO,. Thus, it can be deduced that Cu/ZnO(0001) should be a
favourable surface for the photocatalytic hydrogenation of
CO,. This deduction is then confirmed by the photocatalytic
hydrogenation experiment. The optimal HCOO* reaction
pathway for the photocatalytic hydrogenation of CO, by Cu/
Zn0O(0001) is proposed based on the theoretical and experi-
mental results. In this optimal HCOO* path, the hydrogen-
ation of CO,* step and hydrogenation of HCOO* step could be
promoted by the coupling of a photo-generated spillover
proton and a photoelectron on the interface of Cu/Zn0O(0001).
This research demonstrated the feasibility of the photocatalytic
reduction of CO, on Cu/ZnO(0001), and will be helpful for the
reasonable design of high-efficiency catalysts.
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