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Spontaneous Atomic Sites Formation in Wurtzite CoO
Nanorods for Robust CO, Photoreduction

Jishi Wei, Fan Lu Meng, Tongtao Li, Tianxi Zhang, Shibo Xi, Wei Li Ong,
Xiao-Qiao Wang, Xinyue Zhang, Michel Bosman,* and Ghim Wei Ho*

Controlled incorporation of single atoms in a suitable host matrix can result
in a radical transformation in catalytic properties. However, finding a straight-
forward synthetic strategy that offers a compelling combination of solution
processing, atomic doping and a matching host is still a grand challenge.
Here, a spontaneous heteroatom formation of atomic Zn sites in well-defined
wurtzite CoO nanorods, delivering high photoreduction rates, reaching

86.7 umol g~! h™" for CO and 31.4 pmol g™ h™! for CH, production is reported.
Based on the validation of atomic Zn sites structures, catalytic process
tracking via in situ/ex situ spectroscopic probes, and related structural simu-
lations, a good description of the catalytic reaction kinetics for Zn/CoO as a
function of applied potential is established, revealing how the single doping

sites influence the CO, photoreduction.

1. Introduction

CO, reduction photocatalysts based on active atomic sites
not only exhibit outstanding activity and stability due to their
controllable coordination centers and distinct electronic struc-
tures, but also significantly reduce the consumption of cata-
lytic species due to their atomic dispersion.l! Combined with
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a nanostructured architecture, the atomic
active sites can also help to elucidate the
reaction mechanisms and structure—
performance relationships.?l  After all,
the control of the surface structure of
photocatalysts at the atomic level allows
efficient surface charge separation.l’! For
example, doped heteroatoms at the sur-
face can induce an in-plane local electric
field, which effectively inhibits the recom-
bination of photogenerated electrons and
holes on the catalyst surface.l!l. Apart from
the in-plane charge transfer pathway, the
surface charge carrier separation can be
projected into all directions by atomically
loading active sites in 3D space.[1+]

However, when atomic sites are intro-
duced into a mismatched host, phase instabilities will occur
due to the large atomic size difference,”! the distinct coordina-
tion numbers between guest atoms and host atoms,®! or the
polarization behavior and low separation efficiency of photoin-
duced e—h* pairs.’l In addition, the morphology and size of
the host are also essential factors of a catalyst design, as they
determine the exposed contact area.l'”? The most significant
considerations are the provision of efficient photon absorp-
tion, and the shortening of the charge migration distance and
large contact area with reactants.!! Therefore, building a cata-
lyst with both nanoscale tailored geometry of the host and an
atomic-scale optimal match between dopant sites and the host
lattice, which can form a highly crystalline phase with minimal
lattice disorder, is highly desired.'?")] To this end, solution-
based thermal decomposition offers powerful opportunities
to construct nano-catalysts with well-controlled morphologies
and sizes, in a “bottom-up” manner.1% Nevertheless, when
incorporating a dopant precursor into a known host synthetic
system, the morphology of the resultant product often changes
drastically compared to its host counterparts,”-2" and severe
phase separation may even occur, due to the more complex
thermodynamically controlled process.?2¥l This poses a huge
challenge in using a solution-based strategy for well-defined
single-atom catalysts with both surface and volumetric atomic
doping, as well as maintaining the nanoscale structure.

Herein, we circumvent the common structural variation
arising from the introduction of the foreign element into a
crystalline host, and achieve homogeneous, surface and volu-
metric atomic-Zn doping in wurtzite CoO nanorods (Zn/CoO
NRs), by virtue of the similar ionic radius of Co?* (0.58 A) and
Zn?* (0.60 A)?Y and their well miscible lattices,””! based on a
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Figure 1. A) Schematic diagram comparing the CoO NRs and the CoO NRs with single Zn sites. For 7.5 Zn/CoO NRs (optimal sample), we present
a representative B) FESEM image and C) a HAADF STEM image and EDX maps, with Zinc mapped in red color and Cobalt in green color. Scale bar:
20 nm. D-E) Representative atomic-resolution HAADF STEM images of individual NRs. Scale bars: 5 nm.

one-pot thermal decomposition procedure. Benefiting from the
similar nucleation and growth temperature of Co/Zn-oleate
precursors,?%] the atomically dispersed Zn sites are spontane-
ously formed during the preparation in a liquid media, without
affecting the overall morphology of the host CoO nanorods
(CoO NRs) (Figure 1A). This in turn enables continuous and
precise control of atomic doping, allowing the Zn-doping to
be exclusively modulated without any other morphological or
structural influences. The optimal Zn-doped CoO NRs in our
work result in an optimized band structure and enhancement
in CO, chemisorption, with the CoO host maintaining high
densities of exposed photoactive surfaces and rapid interfacial
charge carrier transport for heterogeneous reductions. The
resulting structure exhibits highly efficient and stable photo-
catalytic activity toward CO, reduction without any sacrificial
agents or photochemical sensitizers. This work demonstrates a
well-engineered photocatalyst with atomic sites, which accounts
for both physically and photochemically favorable advantages
for robust CO, photoreduction. It also highlights the value of
the adaptable decomposition synthesis strategy that will be
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applicable to other metal-based catalysts as well, and may be
exploited for designing rational catalytic models for various
photochemical reactions.

2. Results and Discussion

2.1. Structural Characterization and Analysis

The morphology of the as-prepared nanorods was identified
with a series of techniques: field emission scanning electron
microscopy (FESEM, Figure 1B and Figure S1, Supporting
Information), high-resolution transmission electron micro-
scopy (HRTEM, Figure S2, Supporting Information), and
high-angle annular dark-field scanning transmission electron
microscopy (Figure 1C-E). The images show that the monodis-
persed nanorods have fairly uniform, pencil-like shapes and a
narrow size distribution with length 40-50 nm and diameter
6-10 nm.[?8! Self-assembly of the uniform CoO NRs or Zn/CoO
NRs was performed by slow evaporation of a few drops of the
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nanorod suspensions on substrates. Figure 1B shows sponta-
neous local self-assembly of the nanorods to form short-range
ordered cluster-like superlattice structures. The well-defined
CoO or Zn/CoO NRs can be used as ideal structural models
to understand the corresponding catalytic reaction mechanism
and performance. As the Zn content increases (X Zn/CoO NRs,
X=125,5,75, and 10, where X represents the mole percentage
of the Zn(Oleate), precursor), the size uniformity remains well-
preserved (Figure S2, Supporting Information) but the color of
the as-prepared nanorods changes gradually from dark green to
emerald green (Figure S3, Supporting Information), indicating
a composition variation over the entire series.?’! And this dif
ference generated by Zn contents between different samples
can also be directly distinguished by FESEM-energy dispersive
X-ray spectroscopy (EDX) mapping results in Figure S4, Sup-
porting Information.

We use 75 Zn/CoO NRs as a model for further observa-
tion. The uniform distribution of Zn dopants in the CoO hosts
was confirmed by HAADF STEM imaging coupled with EDX
(Figure 1C, Figures S5A-C and S6, Supporting Information)
and also by electron energy loss spectroscopy (EELS) elemental
mapping (Figure S5E-H, Supporting Information). The EDX
and EELS elemental maps of 75 Zn/CoO NRs readily reveals
the homogeneous distribution of Zn throughout the host
matrix without any metallic Zn segregation or precipitation at
the surface or bulk of the nanorods. These findings suggest
that the as-prepared Zn/CoO NRs have uniform Zn dopant
distribution, which is the result of a spontaneous process that
uniformly distributes the dopant atoms in the CoO host during
particle synthesis. High-resolution STEM images shown in
Figure 1D,E, Supporting Information, reveal the typical hexa-
gonal structure, viewed in (100), (002), and (101) orientations,
respectively.3% Their similar atomic number does not allow
direct differentiation between the Co and Zn atoms from the
STEM images. In view of the well-ordered lattice, it can be
deduced that the Zn element have infused and doped the Co
host lattice, hence does not affect the original wurtzite crystal
of the CoO matrix.BY This result attests that wurtzite-type CoO
NRs serve as an ideal host structure for Zn atomic sites.l?%l
Similarly, TEM images (Figure S2, Supporting Information) of
other Zn doping concentrations in CoO NRs also exhibit the
same crystal growth behavior.

In order to understand the influence caused by Zn doping
in the photocatalytic performance with objectivity, the possible
effects generated by the differentiated aspect ratio of rod shape
nano-catalysts or crystal growth orientation should be excluded.
Using TEM images of all samples (Figure S7A-E, Supporting
Information) as the basis for statistics, different samples show
invariable aspect ratios (Figure S7F, Supporting Information)
and shape without any visual structural defects, similar to the
pure counterpart are observed. At the same time, the marked
(002) plane denotes the preferential growth of the Zn/CoO
nanorods is along the c-axis of the hexagonal cell (Figure S8,
Supporting Information). As negligible changes in shape, mor-
phology, structure, and preferred crystal orientation of the Zn/
CoO nanorods are noted, the associated change in the exposed
crystal facets caused by Zn doping can be inconsiderable.

To gain deeper insight into the crystal structure of the
Zn/CoO NRs, X-ray photoelectron spectroscopy (XPS), X-ray
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diffraction (XRD) and X-ray absorption spectroscopy (XAS)
were performed. The XPS results were used to further inves-
tigate the surfaces of these samples. All high-resolution XPS
spectra presented in Figure 2A-C and Figure S9, Supporting
Information, show typical Co—O and Zn—O bonds. In detail,
the Co 2p band can be deconvoluted into two peaks, corre-
sponding to Co 2p;;, (795.5 eV) and Co 2p;;, (779.6 eV).P?
The Zn 2p band can similarly be deconvoluted into two peaks
at 1046.6 and 1023.6 eV, representing Zn 2p;; and Zn 2p;,
respectively.3 The O 1s band contains a peak at 531.8 and one
at 530.1 eV, attributed to Zn—0 and Co—O, respectively.l*! The
atomic ratio between Zn and Co increases from 2.5 to 9.8 at%,
in accordance with the increase in the ratio of Zn(OL), and
Co(OL), precursors from 2.5 to 10 mol% for the 2.5 Zn/CoO
to 10 Zn/CoO samples (Table S1, Supporting Information) and
FESEM-EDX results (Figure S4, Supporting Information).

This clearly reflects the consistency and high controlla-
bility of the doping approach. The XRD patterns of the CoO
nanorods, shown in Figure 2D, reveal that the peak positions
are identical to the standard wurtzite CoO pattern (P6;mc).1*¢l
The intense (002) peak denotes the preferential growth of the
CoO nanorods along the c-axis, which is consistent with the
STEM data. Noticeably, doping an appropriate amount of Zn
element (2.5 Zn/CoO NRs to 75 Zn/CoO NRs, Figure S10,
Supporting Information) still manifests as a homogeneous
crystal phase without any phase separation, whereby the Zn/
CoO NRs shows a crystal structure consistent with that of the
pristine CoO NRs. However, when more Zn dopants are intro-
duced into the CoO matrix (10 Zn/CoO NRs), the peak intensity
of the (002) plane decreased sharply. The excessive Zn dopants
change the original crystal growth behavior and perturb the
stable phase, leading to slight lattice distortions.[’”] As such, it
can be seen that the CoO matrix is capable of accommodating a
high level of Zn doping (72 at% Zn contents (measured by XPS
(Table S1, Supporting Information)) in the original CoO crystal
structure, qualifying it as an ideal catalyst model for under-
standing the change generated by the introduced Zn atoms.

A more accurate coordination environment of the Zn dopant
was further revealed by XAS analysis. The Fourier-Transformed
Extended X-ray Absorption Fine Structure (FT-EXAFS) spectra
acquired from Zn/CoO NRs (75 Zn/CoO NRs and 10 Zn/CoO
NRs), reference samples (CoO NRs), standard Zn foil, and
standard ZnO are presented in Figure 2E-L and Figures S11
and S12, Supporting Information. With increasing Zn incor-
porated, X-ray absorption near edge structure (XANES) spectra
and FT-EXFAS curves of 10 Zn/CoO NRs diverge from those
of CoO NRs. Accordingly, XRD shows a lower (002) peak
for 10 Zn/CoO (Figure 2D). Moreover, it can also be found
that 75 Zn/CoO NRs do not show a peak at 2.300 A, related
to the Zn—Z7n bond that is explicitly observed in metallic Zn
foil (Zn K-edge, R space, Figure S12B, Supporting Informa-
tion).B®! Instead, a peak at 1.534 A, corresponding to the Zn—0O
bond, is clearly detected in the Zn/CoO spectrum (Zn K-edge,
R space, Figure 2L and Table S3, Supporting Information).l3%
The first coordination shell peak is located at a position slightly
different from the general Zn—O bonds, implying a Zn coor-
dination environment that is different from the wurtzite
ZnO (Figure S12C,D, Supporting Information). Compared
with standard samples, the normalized XANES spectra of
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Figure 2. High-resolution XPS spectra of the A) Co, B) Zn, and C) O elements in 7.5 Zn/CoO NRs (Optimal sample). For 7.5 Zn/CoO NRs, 10 Zn/
CoO NRs, and CoO NRs, D) XRD patterns, E) Normalized XANES spectra and F) FT-EXFAS curves of the Co K-edge. The corresponding EXFAS fitting
curves of the 7.5 Zn/CoO NRs in G) Co k-space and H) Co R-space. ,J) Comparison of normalized XANES spectra and FT-EXAFS plots for 7.5 Zn/CoO
NRs, Zn foil, and standard ZnO (Zn K-Edge). The corresponding EXFAS fitting curves of the 7.5 Zn/CoO NRs in K) Zn k-space, L) Zn R-space. (Inset

figures in H and L) Schematic model of the 7.5 Zn/CoO NRs.

75 Zn/CoO NRs at Co K edge and Zn K edge show a resembling
oscillation trend (Figure S12E,F, Supporting Information), and
thus it is clear that a similar nearest neighbor atomic structure
prevails between Zn and Co atoms in the CoO matrix.*" In the
Zn/CoO samples, we observe no peaks related to Zn—7n in Zn
metal or Zn—O in wurtzite ZnO, which would typically occur
in the range 3.1-3.3 A. This further excludes the presence of Zn
metal and ZnO secondary phases in the samples, leaving the
apparent scenario of Zn being distributed in the CoO host as
single-site substitutions, not unlike the recently demonstrated
Mo, /Fe, 05 catalyst.[*!]

The light-harvesting capability, charge separation-transfer
ability, and surface redox reactions of Zn/CoO NRs were
studied to understand the influence of atomic Zn on their
intrinsic photocatalytic properties. UV-vis diffuse reflectance
spectra show that the CoO NRs have an absorption edge at
=552 nm (Figure 3A, Supporting Information). After Zn dis-
persion, a slight blue shift of all the absorption edges can be
consistently observed from 2.5 Zn/CoO NRs to 10 Zn/CoO
NRs (Figure S13, Supporting Information). Accordingly, the
bandgap of CoO NRs was measured to be 1.85 eV, while Zn/
CoO NRs were measured to have bandgaps of 1.93, 1.96, 2.16,
and 2.16 eV with increasing Zn concentration (Figure S14,
Supporting Information), agreeing with previously reported
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work.l According to the Burstein-Moss effect, Zn doping
can provide additional charge carriers that shift the energy gap
toward the higher energy side.[*!

To gain insights into the band structure change with the Zn
dispersion, the energy positions of the conduction band (CB)
were calculated using Mott—Schottky plots at different frequen-
cies (Figure 3B and Figure S15, Supporting Information). The
CB of CoO NRs is found to be at —0.45 eV. With the increase
in Zn doping, the CB edge gradually increases. This indicates
that Zn doping induces a change in the CB, which could lead
to an enlarged overall band gap in the doped materials. The
CBs are derived to be —0.55, —0.58, —0.60, and —0.60 eV for
5 Zn/CoO NRs, 75 Zn/CoO NRs, and 10 Zn/CoO NRs, respec-
tively, consistent with the obtained UV-vis results. Thus, it
can be seen that Zn dopants can effectively change the elec-
tronic structures of the original CoO NRs, and the related
band structure can be engineered to optimize the associated
CO, photoreduction reactivity (Figure 3C and Figure S16, Sup-
porting Information).! To further explore the crucial role of
Zn-doping in tailoring the electronic structure at the atomic
level, DFT calculations were performed. From Figure 3D,E,
Supporting Information, the presence of the Zn dopant endows
the CoO NRs with an increased density of states (DOS) in the
CB and VB with respect to the pure CoO NRs. In addition, the
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Figure 3. A) UV-Vis spectra, B) Mott—Schottky plots at different frequencies, and C) band structures of different samples. DOS of D) CoO NRs
and E) 7.5 Zn/CoO NRs. F) Nyquist plots (insert: related equivalent circuit) and G) photocurrent curves. H) Comparison of electronic transmission
efficiency between CoO NRs (upper) and 7.5 Zn/CoO NRs (below, optimal sample) via XPS spectra.

spatial distribution of the orbital wave functions at the CB and
VB (valence band) reveal that the d-orbitals from Zn dopants
(purple line in Figure 3E) contribute greatly to this change.l*’]
Together with the previous characterizations, it can be con-
cluded that the addition of Zn sites can effectively change the
original electronic structure of CoO NRs, which leads to vari-
ations in potential positions that affect the thermodynamics of
the CO, photoreduction process.*l

The surface charge transfer efficiencies were measured by
electrochemical impedance spectroscopy (EIS) (Figure 3F;
Figure S17 and Table S4, Supporting Information). The charge
transfer resistance simulated by equivalent circuit follow the
sequence 7.5 Zn/CoO NRs (904 Q) < 10 Zn/CoO NRs (966 )
< 5 Zn/CoO NRs (1222 Q) <2.5 Zn/CoO NRs (1228 Q) <
CoO NRs (2084 Q), inferring that the lowest interfacial charge-
transfer resistance is the 75 Zn/CoO NRs samples. All these
results confirm that Zn doped CoO NRs, especially the 7.5 Zn/

Adv. Funct. Mater. 2022, 32, 2109693 2109693

CoO NRs, show good interfacial charge carrier transfer.] To
further explore the photogenerated charge-separation efficiency,
photocurrent, and fluorescence (FL) characterizations were
also conducted. As shown in Figure 3G and Figure S18, Sup-
porting Information, the charge transfer process was inves-
tigated by transient photocurrent responses. The 75 Zn/CoO
NRs sample is observed to possess a higher photocurrent den-
sity than the CoO NRs, likely pertaining to Zn effectively sup-
pressing the electron—hole recombination. Also considering
that the result is obviously higher than other CoO samples
with lower Zn content, it suggests that an optimal amount of
Zn atoms is an essential factor to enhance the surface reaction
kinetics of photocatalytic reactions.*¥ This is further supported
by FL spectra (Figure S19, Supporting Information) where pure
CoO NRs display a relatively high intensity peak caused by
the intrinsic carrier recombination. A significantly quenched
photoluminescence emission is observed for Zn/CoO NRs,
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indicating its enhanced electron trapping ability and charge
carrier separation compared with the pure CoO. Thus, an
adequate supply of electrons is realized by CoO with dispersed
Zn atoms, optimizing the elementary process of photocatalytic
CO, reduction.” Besides, this phenomenon is further inves-
tigated using time-resolved transient photoluminescence (PL).
The emission decay curves of both samples (Figure S20, Sup-
porting Information) are fitted by the exponential kinetics func-
tion where two-lifetime values were derived. And the average
emission lifetime reflects the overall emission decay, where life-
times prolong from 11.90 ns (CoO NRs) to 34.20 ns (7.5 Zn/CoO
NRs) for different samples. For photocatalytic materials with a
single component, the significantly increased carriers lifetime
confirmed the function of atomic Zn sites in the separation of
the photogenerated electron and hole, thus, achieving the provi-
sion of long-lived electrons for CO, reduction.*->4

The appreciable difference in photoelectric properties
brought forth by the Zn dispersion within the CoO host is
directly reflected by the quantitative comparison of charge
transfer efficiency. Apart from the difference in charge transfer
characteristics between Zn/CoO NRs and CoO NRs as distin-
guished by EIS tests, FL spectra, decay lifetime, or photocurrent
measurements shown above, a more direct approach can be
employed. In this regard, photoreduction capability comparison
between CoO NRs and Zn/CoO NRs through the formation of
metallic Pt from [H;0],[PtClg).4H,0 will help to single out the
role played by Zn dopants.”® In Figure 3H, three sets of Pt 4f
XPS peaks can be assigned to metallic Pt?, partially oxidized Pt?*
and Pt*" species. The percentage of Pt° is determined to account
for 48.2 at% from the sum of Pt species for all Pt-contained
samples. Comparatively, the percentage of Pt? in Pt-75 Zn/CoO
NRs can reach 73.4 at% (Table S5, Supporting Information).
Moreover, for Pt-CoO NRs, the binding energies of Pt 4f;, and
Pt 4f5 ), are observed respectively at 74.3 and 70.6 eV, lower than
those of the Pt-75 Zn/CoO NRs (Pt 4f;, =74.5 eV and Pt 4f;, =
71.1 eV). This is because the electron transfer occurs from the
CoO to the Pt particles with higher work function.’®! When Zn
sites are introduced into CoO NRs, the binding energy of Pt
4f;; shifts toward higher values (71.1 eV), which is close to that
of metallic Pt (71.2 eV), indicating that the energy required for
electron transfer from Zn/CoO is lower.’”] This demonstrates
that the electron transfer efficiency can be greatly improved
with the Zn dopants distributed in the CoO matrix.

2.2. Photocatalytic Performance and Simulation

Before validating the CO, photocatalytic performance, we first
identify whether the CO, photoreduction process might come
from the other carbon source (oleate acid) on the surface.
Labeled *CO, generated by Na,!3CO; was used as the tracer to
test the carbon source of CO and CH,, and general 2CO, gas
was also taken for the related contrast experiment. The photo-
reduction products were analyzed by gas chromatography-
mass spectrometry, and the experimental results are shown
in Figure S21, Supporting Information. Compared with the
unlabeled CO,, the m/z values of CH, and CO produced from
13C-labeled CO, molecules were 17 and 29, respectively, which
confirms that the carbon source of CO and CH, originates from
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the photoreduction process of CO,.I’®! Besides the 3C isotope
labeling experiments, 8O isotope labeling was also conducted
to confirm the half-reaction of oxidation. Shown as Figure S21,
Supporting Information, the presence of °0'®0 and 0, in the
180 labeling experiment verifies that O, originated from water
oxidation.l>’!

Further CO, photoreduction of all prepared photocatalysts
was also performed under simulated sunlight irradiation in
a high pressure (10 atm) reactor system. The main gaseous
products of H,, CO, and CH, were detected in the photocata-
lytic reduction system (Shown as the GC profile in Figure S22,
Supporting Information). Besides the identification of gas prod-
ucts, liquid 'H NMR was also employed to detect the presence
of the liquid products. The result reveals that there is no peak
associated with any liquid product, this ensures the reliability
of following comparison and analysis (Figure S23, Supporting
Information). Figure 4A and Figure S24, Supporting Informa-
tion, display the CO and CH, yields of various photocatalysts
under the same irradiation conditions. After 1 h of irradiation
time, the 75 Zn/CoO nanorods yielded =86.7 and 31.4 pmol g
of CO and CH,, respectively. The optimally doped 75 Zn/CoO
NRs outperforms other reported CoO,-based photocatalysts
(Table S6, Supporting Information).l®*-% In comparison, the
pure CoO NRs catalyst shows that the natural reduction effi-
ciency of CO, under sunlight irradiation is negligible. This cor-
roborates with our earlier findings that the CB position of CoO
NRs (-0.45 eV shown in Figure 3B) is incapable of CO, reduc-
tion. Furthermore, Zn/CoO NRs with fewer atomic Zn sites
(2.5 Zn/CoO NRs and 5 Zn/CoO NRs) show lower CO, photo-
reduction performance. And such differences are also proven
by their poor ability in charge transfer, electron trapping ability
and charge carrier separation through the photocurrent and FL
characterizations (Figure S17-S20, Supporting Information).

The contrast between different samples in catalytic ability
can be better reflected by the product selectivity. In Figure S25,
Supporting Information, the single product selectivity of the
CoO NRs samples toward H, correlates to their band structures
as shown in Figure 3A-E. The selectivity for CO, reduction
products of CoO NRs is dependent on Zn doping concentra-
tion. The overall selectivity of CO,-reduced products for the
75Zn/CoO NRs can reach 80.3% (59.0% for CO and 21.3%
for CH,, respectively). With an overly increase in Zn contents,
the 10 Zn/CoO NRs shows a relatively lower selectivity in car-
bonaceous products (71.2%), and higher product selectivity in
H,. Furthermore, with increasing amount of Zn incorporated,
XANES spectra and FT-EXFAS curves of 10 Zn/CoO NRs is
observed to deviate from those of CoO NRs (Figure 2E,F, Sup-
porting Information). This suggests that the overdoped Zn spe-
cies have affected the original CoO matrix. According to pre-
vious studies, over doping of Zn will result in amalgamation of
metal oxides to form minute amounts of binary metal oxides.
This reduces the accessible Zn atomic sites and adversely
affects the related catalytic performance.[6:67]

The apparent quantum efficiency (AQE) of CO, photore-
duction process over 75 Zn/CoO NRs at different wavelengths
is then studied. As shown in Figure S26, Supporting Informa-
tion, the AQE increases at shorter wavelengths, which is in
accordance with the optical absorption spectrum. Impressively,
the AQE of 75 Zn/CoO NRs can reach 2.23% in the visible light

© 2021 Wiley-VCH GmbH
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Figure 4. A) CO, photoreduction performance of different samples. B) Cycle stability of 7.5 Zn/CoO NRs (optimal sample) in the CO, photoreduction
process. C) In situ DRIFTS of the 7.5 Zn/CoO NRs during the photoreduction process. D) CO,-TPD curves of CoO NRs and 7.5 Zn/CoO NRs. E) Side
view of CO, adsorption models of I. CoO NRs and 7.5 Zn/CoO NRs with Zn site in the Il) inner layer and Ill) surface layer (Grey balls represent C
atoms, pink balls represent O atoms, green balls represent Co atoms, and red balls represent Zn atoms).

range (at 400 nm), which is comparable to many other highly
efficient CO, photocatalysts.®*7% Long-term stability of the
optimal CoO NRs with Zn sites is particularly important for
practical applications. The sample exhibits stable reactivity for
a durable photoreduction process over 18 h without noticeable
deterioration (Figure 4B). Further, unchanged XRD patterns
(Figure S27, Supporting Information) and surficial elements
(based on XPS results, Figure S28, Supporting Information)
of 75 Zn/CoO NRs before and after the photocatalytic process
(18 h) imply their stable crystal structure and composition.
Moreover, by comparing the HRTEM images of 7.5 Zn/CoO NRs
before and after photocatalytic process, the morphology, lattice
plane, and lattice spacing of the sample remained unchanged
before and after the photocatalytic process, also proving their
structural stability (Figure S29, Supporting Information).

To disclose the CO, photoreduction process, in situ diffuse
reflectance Fourier transform infrared spectroscopy (DRIFTS)
studies of optimal Zn/CoO NRs (75 Zn/CoO NRs) were con-
ducted to detect their intermediates during CO, photoreduction
(Figure 4C). Based on the in situ DRIFTS result, it can be con-
cluded that CO, molecules are first adsorbed on the surface
of Zn/CoO NRs and then converted into various intermediate
species, such as CO?™ (1566 cm™), C—H (1329 cm™), HCO;~
(1211 and 1678 cm™), and CO;% (1361, 1382, 1520, 1541, and
1618 cm™),/ and eventually transformed into CO and other
carbon reductants upon illumination. As shown in the inset
of Figure 4C, the augmented peak at 2142 cm™ is attributed to
the stretching vibration of CO, which gradually increases with
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the irradiation time.”? It demonstrates that CO, molecules are
continuously converting into CO molecules. Furthermore, from
the results of in situ DRIFTS, a possible photocatalytic reaction
pathway is proposed in Figure S30, Supporting Information.
The photogenerated electrons from the Zn/CoO NRs are cap-
tured rapidly by CO, and yield -CO, radicals, due to the better
CO, binding ability on the surface. At the same time, the
photogenerated holes are captured by H,O to initiate the photo-
oxidation process, yielding protons (H*) and hydroxyl radicals
(-OH).*l Then, unstable -CO, radicals subsequently transfer
to surface carbon anions (CO;2") or react with above -OH and
generate the other intermediate radicals such as HCO;~." All
these carbon species can be clearly observed in in situ DRIFTS
in the range of 1300-1700 cm™! in Figure 4C. They will continue
to combine with H* from water vapor (H,0) and e~ from the
catalysts to form CO molecules,”?! where gradually enhanced
peaks at 2142 cm™! reflected by in situ DRIFTS prove the for-
mation of CO molecules. Furthermore, CO molecules can now
become intermediates for further hydrogenation reduction into
CH, molecules." During the above processes, the efficiency of
photocatalytic CO, reduction is significantly enhanced by the
atomically dispersed Zn within the CoO NRs.

CO,-TPD is another crucial characterization to understand
the differences in catalytic performance caused by Zn dopants.
As shown in Figure 4D, at low-temperature (50-200 °C),
CoO NRs and 75 Zn/CoO NRs exhibit almost the same CO,
desorption peaks, which can be ascribed to physical adsorp-
tion. This result is related to the apparent geometrical shape,
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which corroborates with our observation that Zn doping does
not result in an obvious morphological change between CoO
NRs and Zn/CoO NRs. The 75 Zn/CoO NRs show two strong
peaks at 475 and 552 °C, in contrast to the two relatively weaker
peaks at 453 and 513 °C of the CoO NRs. Hence, stronger CO,
chemical desorption occurs at the surfaces of 75 Zn/CoO NRs,
which demonstrates that more active sites are formed with Zn
dopants incorporated within the CoO matrix.””! Combined with
simulation results of the CO, adsorption energy (Figure 4E), the
presence of Zn dopants will change the CO, adsorption energy
from —0.100 to —0.519 to —0.652 eV (with different positions
of Zn sites), translating into a favorable coupling of free CO,
molecules with the Zn/CoO NRs, similar to what was recently
observed for a Cu—Fe catalyst.”®l Thus, Zn dopant active sites
resulting from the substitution of original Co atoms in the
CoO crystals can change the surface adsorption energy and will
accelerate the reactions between CO, molecules and the cata-
lyst. This reflects the valid contribution of atomic Zn dopants in
the kinetics of the CO, photoreduction process.

3. Conclusions

We have demonstrated a photocatalyst from wurtzite type CoO
nanorods with atomic Zn sites for efficient CO, reduction. The
good lattice match and atomic homogeneity ensure a suitable
band structure and robust CO, chemisorption. Accordingly, the
production rate of CO reaches a high value of 86.7 umol g™t h™?,
exceeding other cobalt oxide-based catalysts for CO, photore-
duction. Collectively, the characterization and theoretical cal-
culations results show strong electronic coupling, modulated
DOS and appropriate CO, adsorption energy of the judiciously
chosen and well-constructed host-dopant catalyst. This work
provides an effective avenue for the spontaneous synthesis of
highly active, singly dispersed dopant photocatalysts, toward
efficient CO, conversion.
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from the author.
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