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Carbon dioxide (CO,) electrolysis presents a promising route for the conversion of CO, into value-added
products. However, increasing selectivity for a specific deep-reduction product such as methane still
remains a great challenge. Here, we report the highly efficient electroreduction of CO, to methane (CH,)
over a precisely controlled Cu-ZnO heterointerface system, which delivered superior activity with a faradaic
efficiency of up to 72.4% at —0.7 V vs. RHE, surpassing most previously reported catalysts. Experimental
measurements and theoretical calculations confirmed the high CO, to CH, selectivity was derived from the
interfacial synergistic effects between the Cu and ZnO nanostructure. DFT calculations showed that the
electronic structure of the interfacial Cu sites was significantly modulated by ZnO, resulting in moderate
adsorption energies of *COOH and *CHO intermediates on the Cu sites, in turn, promoting the conversion
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Introduction

In the context of global warming and combustion of fossil
fuels, reducing carbon emissions and upgrading carbon
dioxide (CO,) to valued-added commodity chemicals are
deemed as key focuses of attention. The CO, electrolysis
process presents a promising route to achieve this goal.'™®
Among the products in the electrochemical carbon dioxide
reduction reaction (CO,RR), methane (CH,) possesses the
highest gravimetric energy density (13.9 KW h kg™!) and has
attracted considerable attention.””® However, due to the eight-
electron transfer process, conversion from CO, to CH, still
suffers from a large overpotential and low faradaic efficiency
(FE).'® Therefore, developing novel high-efficient (CO,RR) elec-
trocatalysts and uncovering the underlying reaction mecha-
nism is highly desirable.

In this regard, the design of heterostructures is an
advanced strategy to achieve favorable catalysis with high
selectivity due to their well-defined and closely integrated
active sites, which can have a significant influence in the CO,
electrocatalysis, especially for the deep conversion of CO,."*™’
For example, the tandem catalytic mechanism can be achieved
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terfaces and provides a platform for designing highly selective electrochemical catalysts.

by introducing Ag or Au on Cu sites, where the CO, conversion
to CO occurs on the Ag or Au sites and the C-C bond for-
mation step occurs on the Cu sites, generating various pro-
ducts  including n-propanol, propionaldehyde, and
ethanol.’®'® The tailored introduction of Ag can also optimize
the coordinated number and oxide state of surface Cu sites,
promoting suitable *CO adsorption for the C-C coupling
process.”! These studies prove the potential of utilizing het-
erointerfaces to adjust the adsorption of critical intermediates
and driving the reaction to proceed to the expected pathway;
however, high CO,-CH, conversion activity based on hetero-
structure catalysts has rarely been reported.

Here, we synthesized a series of Cu-ZnO heterostructure
catalysts with a tunable ratio of heterointerfaces as efficient
electrocatalysts for CO, reduction. Cu was used to provide the
active sites®*>* and ZnO was used to assist in the deep conver-
2426 Therefore, in this work, by pre-
cisely adjusting the heterointerface ratio between Cu and ZnO,
the highly selective conversion of CO, to CH, was achieved
with a faradaic efficiency of 72.4% at —0.7 V vs. RHE, outper-
forming most reported catalysts. Further investigations based
on experimental measurements and theoretical calculations
indicated that the outstanding CO,-CH, performance was
derived from the interfacial synergistic effect between Cu and
ZnO. Due to the modulation of ZnO, the d-band center of the
interfacial Cu sites were upshifted, which increased the
adsorption energies of the *COOH and *CHO intermediates
on the interfacial Cu sites, which in turn promoted the conver-
sion from CO, to CH,.

sion of carbon dioxide.
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Experimental section
Synthesis of different Cu : Zn ratios of Cu-ZnO catalysts

First, 0.5 g of copper nitrate and 0.5 g zinc nitrate were put in
a 50 mL beaker. Next, 5 mL of deionized water was used to dis-
solve the metal salts. Then, 0.5 g of tissue paper processed by
a shredder was added in the metal salt solution and the
hybrid materials were stirred and sonicated until the solution
was completely adsorbed on the finely crumbled paper. The
mixture was then heated at 80 °C for several hours to dry
thoroughly. Afterward, the mixture was annealed using a tube
furnace at 700 °C under a high-purity argon atmosphere for
3 h with a 5 °C min™" heating rate. It was noted that high-
purity argon gas should be kept continuously to remove
unnecessary air for at least 2 h before the annealing process to
avoid explosion. The resulting product was denoted as 2Cu-
1ZnO. The product was kept in a centrifuge tube for further
use. Also, 9Cu-1ZnO, 4Cu-1Zn0O, and 1Cu-1ZnO electrocata-
lysts were prepared by tuning the feed ratio of copper/zinc salt
at ratios of 0.8/0.2, 0.67/0.33, and 0.2 g/0.8 g, respectively. As
controls, following the similar procedure, Cu-Cu,O and ZnO
electrocatalysts were synthesized with only 1.0 g copper or
1.0 g zinc salt used in the experimental process.

Synthesis of Cu-ZnO with different amounts of substrate

Electrocatalysts with different metal salt: tissue paper ratios

(3:1,1:1, and 0.5: 1) were also prepared by adjusting the feed

ratio of copper/zinc salt at 0.75/0.75, 0.25/0.25, and 0.125 g/

0.125 g, respectively. Afterward, the electrocatalysts were syn-

thesized following the same procedure as mentioned below.
For more information, see details in the ESL.{

Results and discussion

Schematic diagrams of the designed heterointerface structures
are shown in Fig. 1a, where the red ball is Cu covered by green
ZnO. By adjusting the feed amount of copper and zinc sources,
the coverage could be modulated. This variation in the
exposed interfaces resulted in different CO,RR products chan-
ging from CO to CH,. The Cu-ZnO electrocatalysts were syn-
thesized via a process of carbonizing tissue paper with the
adsorption of different metal ion feed ratios. The structure
details of the resulting Cu-ZnO samples obtained by SEM and
EDX-mapping tests are shown in Fig. 1b and c, which clearly
exhibited the heterostructures with different ZnO coverage
rates. The atomic ratios of Cu : Zn were measured to be of 9:1,
4:1,2:1, and 1:1 by inductively coupled plasma mass spec-
trometry (ICP-MS). Cu structures (red areas) were covered by
ZnO nanoparticles (green areas), exposing abundant Cu-ZnO
heterointerfaces. Zn and O had similar distributions and Cu
exhibited complementary patterns (Fig. S1T). The coverage of
ZnO on copper surfaces was changed with the atomic ratio of
Cu:Zn, and 2Cu-1ZnO exhibited the most heterointerfaces.
For comparison, catalysts with different amounts of metal ions
and tissue paper were prepared in the experiment (Fig. S2 and
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Fig. 1 (a) Schematic diagrams of the designed heterointerface struc-
tures. Red and green balls represent metal Cu and ZnO, respectively. (b)
SEM images and (c) overlap mapping pictures of the Cu-ZnO catalysts
with different heterointerfaces. The Cu:Zn ratios were 9:1, 4:1, 2:1,
and 1:1, respectively. Red and green areas represent the element distri-
bution of Cu and Zn, respectively. The ratios were acquired from ICP
tests.

S37), and distinct morphologies were acquired. In addition,
too much tissue paper did not lead to the formation of hetero-
structures, but generated nanoparticles in the carbon
matrices.”” The X-ray diffraction (XRD) patterns of the Cu-ZnO
catalysts were characterized and analyzed as shown in Fig. 2a.
All the Cu-ZnO catalysts possessed a clear two-phase hetero-
structure, which could be ascribed to metallic Cu (black stan-
dard line, JCPDS: 04-0836) and ZnO (red standard line, JCPDS:
36-1451), but exhibited different relative strengths of XRD
peaks (Fig. 2b). The structure with Cu,O on the Cu surface
could be acquired without zinc sources according to the Cu,O
PDF standard card (JCPDS: 05-0667). Also, the pure ZnO struc-
ture could be obtained without copper sources (Fig. S41). In
addition, Cu-ZnO catalysts with different feed ratios of metal
ions and tissue paper were also characterized (Fig. S57), in
which the phases of Cu and ZnO could also be observed in the
diffraction patterns. The relative intensity of the diffraction
peaks decreased with the reduced feed ratios of metal ions,
which agreed well with the SEM and SEM-mapping obser-
vations mentioned above. Fig. 2b shows the HRTEM image of
2Cu-1ZnO electrocatalysts, together with patterns derived
from the yellow and blue areas. The heterointerface can be
clearly observed, marked by the red dotted line. The nano-
structure showed (111) facets of metallic Cu with a lattice para-
meter of 2.1 A (Fig. 2c), and (002) facets of ZnO with a lattice
parameter of 2.6 A (Fig. 2d). The formed nanostructure clearly
indicated the formation of heterogeneous Cu-ZnO.

X-Ray photoelectron spectroscopy (XPS) was further used to
analyze the surface components of Cu-ZnO catalysts with
different heterointerfaces. The Zn 2p spectrum was detected
and is shown in Fig. 2e. The peaks of Zn>* were shifted to
higher energy with the increased Zn content of the catalysts.

Inorg. Chem. Front., 2023,10,168-173 | 169
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Fig. 2 (a) XRD patterns of different Cu:Zn ratios of Cu-ZnO catalysts.
(b) HRTEM of 2Cu—-1ZnO, together with patterns derived from the (c)
yellow and (d) blue areas. XPS spectra of the selected samples: (e) Zn 2p,
(f) Cu 2p, (g9) Zn Auger peaks, and (h) Cu Auger peaks, respectively.

ZnO also showed the same tendency (Fig. S61). The shifts of
the Cu peaks were opposite to those of Zn, decreasing from
9:1 to 1:1. These XPS results indicated there were electronic
interactions between Cu and Zn, especially when the ratio
between Cu and Zn became larger, where the shifts seemed
more obvious. Compared with 1Cu-1ZnO catalyst, 2Cu-1ZnO
had rather smaller shifts (—0.06 eV for Zn and +0.07 eV for
Cu). At the same time, 9Cu-1ZnO changed more clearly
(=0.12 eV for Zn and +0.35 eV for Cu, also compared with
1Cu-1ZnO). Furthermore, the Zn and Cu auger spectra were
also detected to distinguish Cu®/Cu* and Zn°/Zn**, indicating
the presence of the Zn>" and Cu’ species of Cu-ZnO catalysts
(Fig. 2g and h).">?®

The electrochemical properties of Cu-ZnO and related cata-
lysts were studied by electrochemical tests in a gas-tight three-
electrode H-type cell with 0.1 M KHCO; solution, which was
CO,-saturated. The details are shown in the Experimental
section and the results are shown in Fig. 3. As shown in
Fig. 3a, the linear sweep voltammetry (LSV) curves showed that
the ZnO and Cu-ZnO catalysts had better current densities for
the electrochemical reduction process, compared with Cu
powder and Cu-Cu,O catalysts. Among the Cu-ZnO catalysts,
2Cu-1ZnO exhibited the best electrochemical activity with the
smallest overpotential and the largest current density. To
further quantify the CO,RR performance of different catalysts,
the faradaic efficiency (FE) was evaluated by using nuclear
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Fig. 3 (a) Linear sweep voltammetry curves, (b) CH, faradaic efficiency,
(c) CO faradaic efficiency, and (d) H, faradaic efficiency of Cu powder,
Cu-Cu,0, ZnO, and Cu-ZnO with different Cu:Zn ratios. (e) CH,4
partial current density of different catalysts. (f) Relationship between the
performance, components, and morphology of Cu-ZnO catalysts.

magnetic resonance (for liquid products) analyses and gas
chromatography (for gas products).The FEcy, of 2Cu-1ZnO
reached 72.4% at —0.7 V vs. RHE in CO,-saturated electrolyte
(Fig. 3b), which exhibited good performances among Cu-based
catalysts (Tables S1 and S2t). Although the ZnO catalyst exhibi-
ted the best current density, the major reduction products
were CO (Fig. 3¢c) and H, (Fig. 3d), while only a few CH, could
be detected in this condition. Also, 4Cu-1ZnO exhibited good
a FEcy, (49.1%). However, 9Cu-1ZnO and 1Cu-1ZnO showed
poor selectivities for CHy, only 3.5% and 16%, respectively. By
contrast, their selectivities for CO and H, remained dominant.
The partial current density of different products revealed the
same results. 2Cu-1ZnO showed the best selectivity and a high
yield of CH, (Fig. 3e). At the same time, the CO and H, yields
of 2Cu-1ZnO underperformed the other catalysts (Fig. S7 and
S8t). To better gauge the CO,RR properties of the Cu-ZnO
heterostructure, we also analyzed the catalysts with different
feed ratios of metal ions and tissue paper, and found that cata-
lysts without a suitable heterostructure had an obviously
reduced selectivity for CH, as well (Fig. S9t). These electro-
chemical results indicated the relationship between the struc-
ture and performance, whereby CH, could be generated with
Cu-ZnO catalysts with a suitable heterostructure. The surface
content of Cu-ZnO catalysts could be summarized by integrat-
ing the peak areas according to XPS in Fig. 2e and f. When the
Cu:Zn ratio was close to 1: 1, the selectivity for CH, was excel-
lent in our tests (Fig. 3f). These results indicate that the cover-

This journal is © the Partner Organisations 2023
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age of ZnO on the Cu surface influences the performance.
Suitable heterostructures are important for the CO,RR. The
stability of 2Cu-1ZnO was tested at —0.7 V vs. RHE (Fig. S107),
and exhibited good stability. Also, the 2Cu-1ZnO -catalyst
showed similar structures before and after the electrochemical
tests, indicating its satisfactory structural stability (Fig. S11
and S127).

DFT calculations were performed to study the reasons for
the good performance observed on the 2Cu-1ZnO catalyst. The
optimized simulated geometries for the CO,RR reaction steps
are shown in Fig. 4a. The chemical bonding between parts of
Cu and ZnO could be verified by the sliced electron localiz-
ation function (ELF) maps. According to the results, there were
covalent bonds between Cu and O and Zn and O. Also, there
may be metallic bonds between Cu and Zn (Fig. $131).>%*° The
Gibbs free energy (AG) values of the potential-limiting step
(PDS) for the CO,RR on these catalysts were used to explain
the experimental results. The free energy diagrams for CO,-
CH, are summarized in Fig. 4b. Here, *CHO species is one of
the most critical intermediates for CH, generation. The ability
for intermediate adsorption always influences the
performances.’’*> The specific CO,-to-CH, reaction pathway
was: * - *COOH - *CO — *CHO — *CH,0 — *CH30 = *O —
*OH — * (where * represents the catalytic site). The AG value
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Fig. 4 DFT-optimized geometries for CO, conversion to CH4 on the
Cu-ZnO heterostructure. (a) The model of the Cu—-ZnO heterostructure.
The involved CO,RR reaction intermediate steps on Cu-ZnO. Orange,
white, red, gray, and blue balls represent Cu, H, O, C, and Zn, respect-
ively. Free energy diagrams for CO, reduction into (b) CH,4, (c) CO, and
(d) H, on Cu, ZnO, and Cu-ZnO heterostructure. Calculated partial
density of states (PDOS) of Cu site of (e) Cu-ZnO and (f) Cu, where the
black line presents the d-band center.
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of *CHO on the Cu-ZnO was 0.52 eV, which was the smallest
among the catalysts. Furthermore, compared with the energy
barrier for *CO — *CHO, Cu needs more energy to go from
*COOH — *CO (1.13 eV) and ZnO needs more to go from *OH
— * (1.06 eV), respectively. These results indicate that the cata-
Iytic activity of Cu-ZnO for the electrochemical CO, to CH,
could be expected to be improved, which could be ascribed to
the enhanced adsorption with the *CHO species. The AG
value of COOH* on ZnO was 0.71 eV along the CO pathway,
which was smaller by approximately 0.04 eV and 0.42 eV than
that on Cu-ZnO and pristine Cu, respectively (Fig. 4c).
Considering the energy barrier for the CH, generation, ZnO is
more likely to generate CO, which is consistent with the experi-
mental phenomenon. As shown in Fig. 4d, we found that the
AGy~ value for HER on Cu-ZnO was approximately —0.58 eV,
which was further away from 0 eV than the values of —0.24 eV
on the ZnO and 0.19 eV on the Cu, respectively. Therefore, Cu-
ZnO could be expected to have poor HER catalytic activity.
Meanwhile, the formation of H, for the Cu-ZnO system
needed a higher energy barrier of 1.12 eV (Fig. S147), indicat-
ing that CH, species were more accessible to obtain on the het-
erointerface. These results can be understood in terms of the
electronic structure. The D-band center (g4) is consistent with
the CO,RR catalytic activity. The closer the d-band center is to
the Fermi level, the stronger the adsorption, within the d-band
center theory.”® Designing heterointerface electrochemical cat-
alysts with a suitable d-band center for the generation of
specific products by interfacial synergistic effect is very promis-
ing. Our results show that when ¢4 shifted closer to the Fermi
energy level (from —2.34 eV to —2.17 eV), less free energy was
required to generate the intermediates of *COOH and *CHO,
indicating the enhanced CH, catalytic activity of the Cu-ZnO
heterostructures (Fig. 4e and f).

Conclusions

In summary, we report the synthesis of heterointerface cata-
lysts with Cu-ZnO interfacial sites via a carbonization process.
The resulting heterogeneous structure of Cu-ZnO promoted
CO, reduction to CH,4. The experimental results and theore-
tical calculations showed that the high performance could be
attributed to the synergy between ZnO and Cu. This work unra-
vels the strong dependence of carbon dioxide reduction selecti-
vity on the heterogeneous catalysts, and provides a platform
for designing highly selective electrochemical catalysts.
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