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In the field of photocatalysis, heterojunction engineering and crystal surface regulation have emerged as critical
research areas, offering effective strategies to significantly enhance the photocatalytic performance of semi-
conductor materials. However, the synergy between these two strategies in metal-organic frameworks (MOFs)
has been scarcely reported. In this study, a series of CQDs/Ni-BDC (BDC: terephthalic acid) hybrids were pre-
pared by a simple one-step ultrasonic method. The result of the photocatalytic CO2 reduction reaction (pCO2RR)
and control experiments revealed that 0.45 %CQDs/Ni-BDC exhibited the highest photocatalytic CO5 reduction
performance among all as-prepared photocatalysts, with a 0.248 mmol-g~*-h~} CO evolution rate, a 1.338
pmol-g~1-h~! CH, evolution rate and a CO electron selectivity of 97.89 %. The CO yield rate of 0.45 %CQDs/Ni-
BDC was 3.2 times higher than that of pure Ni-BDC. XRD results revealed that Ni-BDC predominantly exposed the
(100) crystal facet after CQDs modification. PL and electrochemical tests demonstrated that the construction of
the CQDs/Ni-BDC heterojunction was successfully prepared to facilitate efficient carrier separation and migra-

tion, leading to an increased photoelectron lifetime.

1. Introduction

The sustainable development of human society is impeded by two
major challenges, namely environmental pollution and energy crisis.
Carbon dioxide, as a prevalent greenhouse gas, is a major contributor to
environmental issues such as global warming [1-6]. Among numerous
technologies for capture/conversion of CO», photocatalytic CO, reduc-
tion reaction (pCO2RR) technology has attracted considerable attention
due to its cost effectiveness, mild reaction conditions, and convenience
of operation. Photocatalytic carbon dioxide reduction utilizes solar en-
ergy to convert CO, and H20 into CO, CH4 and other valuable carbon-
based chemical fuels, providing potential solutions to both the green-
house effect and energy problems[7-12]. However, this technology is
currently limited by low conversion rates[13,14], poor selectivity
[15,16], and catalyst deactivation[17]. Therefore, the synthesis of effi-
cient and stable catalysts continues to be a primary focus in ongoing
research[18-22].

Metal-organic frameworks (MOFs), including NH,-UiO-66(Zr)[23],
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NH,-MIL125(Ti)[24], Fe/Ni-MOF[25], MIL-127(Fe)[26], have been
extensively used in pCO2RR due to their inherent structural flexibility,
significantly larger surface area, exceptional porosity, and tunable op-
tical properties, However, the rapid recombination of photogenerated
electron-hole pairs resulted in a low light harvesting efficiency of MOFs
during the pCO2RR. Compared to 3D bulk MOFs, 2-dimensional nano-
sheet MOFs, were considered to exhibit rapid mass transfer and superior
electron transfer attributed to their nanometer thickness[27]. Zhong et.
al[28] synthesized three kinds of 2D Ni-based MOFs to demonstrate that
an increased number of unsaturated Ni-oxo catalytic sites can facilitate
the photogenerated electron transfer, thereby promoting CO yield in
pCO2RR. Meanwhile, heterojunction engineering through combination
of diverse types of semiconductors or other composition (e.g. carbon
materials, noble metals) remains applicable to MOFs. In the study by
Wang et al. [29], a homologous heterojunction photocatalyst, NiO
(111)/Ni-BDC, was designed by in-situ growth of Ni-BDC on NiO(111)
with HpBDC acting as the etchant. The catalyst was employed for the
reduction of carbon dioxide (CO,) into methane (CH4) and carbon
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monoxide (CO). Furthermore, the regulation of crystal facets has
emerged as a promising strategy to enhance the photocatalytic activity
of metal-organic frameworks (MOFs). A 2D Ni-based MOF (Ni-BDC)
with abundant (100) facets has been reported, which was achieved by
adjusting the ratio of Ni ions to organic ligand. The material exhibited
enhanced photocatalytic CO5 to CO capacity in comparison to the (010)
facet due to the increased exposure of unsaturated Ni2*t[29]. Conse-
quently, the co-optimization of heterojunction engineering and crystal
facet regulation in 2D MOFs emerges as a prospective approach.

Carbon quantum dots (CQDs)[30,31] represent a novel variety of
carbon-based nanomaterials that have been identified as efficacious
compositions for the fabrication of heterojunction constructions inte-
grating with semiconductor materials, including MOFs. This is attrib-
utable to their rapid electron-accepting and —transferring properties
[32]. In addition, it has been previously reported that CQDs could
enhance the catalytic performance of inorganic semiconductor materials
through the regulation of their crystal facets. For instance, CQDs/BiOBr
composites exhibited a gradual increase in diffraction peak intensity at
the (100) crystal facet with in increasing content of CQDs[33]. There-
fore, CQDs were anticipated to accomplish both heterojunction con-
struction and crystal facet regulation of MOFs.

In this work, carbon quantum dots (CQDs) were used to obtain the
rich (100) crystal facet in Ni-BDC and to form a CQDs/Ni-BDC hetero-
junction construction by a simple one-step method. XRD analysis results
revealed that Ni-BDC was oriented along (100) crystal facet after CQDs
modification, and that the crystallinity was significantly improved.
Furthermore, CQDs/Ni-BDC exhibited a superior pCO2RR performance
with a higher CO yield rate and CO selectivity compared to Ni-BDC.
Electrochemical and fluorescence spectra (PL) results demonstrated
that the incorporation of CQDs represented an effective strategy for
enhancing the separation efficiency of photogenerated electron-hole
pairs, thereby leading to a significant improvement in photocatalytic
performance. The multi-cycling pCO2RR test results demonstrate the
superior structural stability of CQDs/Ni-BDC in the acetonitrile/trie-
thanolamine/water test system under Xenon light.

2. Experimental Section
2.1. Materials

All chemicals and reagents were obtained from suppliers and were
directly used without further purification. Nickel (II) chloride hexahy-
drate (NiCly-6H20, >98 %), terephthalic acid (H,BDC, >99 %), N, N-
dimethylacetamide (DMA, AR), acetonitrile (MeCN, AR) and trietha-
nolamine (TEOA, AR) was purchased from Shanghai Titan Scientific Co.,
Ltd. High-purity CO3 (99.999 %) was purchased from Shanghai Wetry
Standard Gas Analysis Technology Co., Ltd.

2.2. Synthesis of Ni-BDC

Ni-BDC was synthesised by a simple ultrasound method referring to a
previous report[34]. 0.75 mmol HoBDC was dissolved in a mixed solu-
tion that included 32 mL DMF, 2 mL deionized water and 2 mL ethanol.
Then, 0.75 mmol NiCly-6H50 and 0.8 mL TEA were added in sequence to
the mixture to obtain a colloidal suspension. Subsequently, the sus-
pension was ultrasonicated for 8 h (53 kHz). Ni-BDC was collected by
centrifugation, washed with DMF and H,O 3 times and dried by vacuum
freeze-drying for 12 h.

2.3. Synthesis of CQDs

CQDs was synthesised basing on a previous report[31]. Briefly, Urea
(1.0 g) and citric acid (1.0 g) were dissolved in 15 ml deionized water
and then was transferred into 30 ml Teflon autoclave at 180 °C for 6 h.
The resulting dark green solution was centrifugated at 10000 rpm for 30
min to remove the lager particles after cooling down to room
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temperature. The upper layer solution obtained from centrifugation was
dried at 80 °C for 12 h to obtain black CQDs solid. Then CQDs was
dissolved in deionized water to obtain a 0.5 mg/mL solution for subse-
quent synthesis.

2.4. Synthesis of CQDs/Ni-BDC by a one-step ultrasonic method:

CQDs solution (0.5 mg/mL) of 0.5, 1.0, 1.5 and 2.0 mL were sepa-
rately added in the precursor solution for preparing a serial of CQDs/Ni-
BDC hybrids, and the obtained samples were named as x CQDs/Ni-BDC
(x = 0.15 %, 0.30 %, 0.45 % and 0.60 %, x represents the mass per-
centage of the added CQDs to the theoretical yield of Ni-BDC). 0.15 %
CQDs/Ni-BDC is utilized as an illustrative example. 0.5 mL CQDs solu-
tion and 0.75 mmol HyBDC were dissolved in a mixed solution that
included 32 mL DMF, 1.5 mL deionized water and 2 mL ethanol. Then,
0.75 mmol NiCly-6H20 and 0.8 mL TEA were added in sequence to the
mixture to obtain a colloidal suspension. The subsequent synthesis
procedures aligned with the methodology employed for Ni-BDC syn-
thesis. Notably, the amount of water added during the synthesis of each
sample was maintained at 2 mL.

2.5. Synthesis of CQDs/Ni-BDC by a two-step method:

In the initial step, Ni-BDC was synthesized following the aforemen-
tioned method. In the subsequent step, the entirety of the Ni-BDC ob-
tained in a single batch was dispersed in 32 mL of DMF. Subsequently,
1.5 mL of CQDs solution (0.5 mg/mL) was added, and the mixture was
subjected to ultrasonication for 8 h. The washing and drying conditions
were in accordance with the preparation method of Ni-BDC.The resul-
tant sample was designated as 0.45 %CS-2.

2.6. Characterization

The crystalline structure of as-prepared photocatalysts was investi-
gated by powder X-Ray diffractometer (PXRD, Bruker D8 ADVANCE,
Germany) using Cu Ko with the scanning rate of 5°/min. The
morphology of samples was measured by a transmission electron mi-
croscope (TEM, JEM-2100F, Japan). X-ray photoelectron spectra (XPS)
were carried out on a spectrometer (Microlab 310F Scanning Auger
Microprobe, VG SCIENTIFIC LTD) with a monochromatic Al-Ka (1486.6
eV) X-ray source. The UV-vis diffuse reflectance spectra (UV-Vis) were
obtained on a spectrophotometer ((Lambda 1050+, Perkin Elmer, USA)
using BaSO4 as a reflectance standard. Room-temperature photo-
luminescence (PL) spectra were detected on a spectrometer (LS55,
Perkin Elmer, USA).

2.7. Photocatalytic COz reduction experiments

The photocatalytic CO, reduction experiments were conducted in a
sealed reactor system (450 mL) with a top window of quartz glass
(Beijing China Education Au-Light Technology., LTD). The reaction
temperature was controlled at 0 °C by circulation of ice-water mixture. A
300 W Xe-lamp was placed on top as the light source. For liquid-gas-
solid reaction system, the photocatalyst (7 mg) was dispersed into the
solvent mixture of acetonitrile (MeCN, 8 mL), triethanolamine (TEOA, 1
mL) and H0O (3 mL). The reactor was continuously purged with high
purity CO with a rate (40 mL/min) for 30 min to remove air and create
an oxygen-free environment prior to illumination. The gaseous products
at different reaction time were detected by a gas chromatograph
equipped with a flame ionization detector (FID) and a thermal con-
ductivity detector (TCD). Liquid chromatography-mass spectrometry
(LC-MS) was employed for the identification of potential liquid reduc-
tion products.

Notably, the reduction of CO5 to CO is a 2-electron process, whereas
the reduction of CO, to CH4 involves an 8-electron transfer. Conse-
quently, the electron selectivity for CO was calculated according to the
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equation below, in which R (CO) and R(CHy) refer to the formation rates
of the gas products CO and CH4, respectively.

Electron selectivity of CO = 2R(CO)/[2R(CO) + 8R(CH4)|x100%

2.8. Photoelectrochemical measurements

Transient photocurrent response (i-t), electrochemical impedance
spectroscopy (EIS) and Mott-Schottky (M—S) plots were carried out
using an electrochemical workstation (CHI 660E Chenhua) with a three-
electrode cell. There are a Pt foil counter electrode and a saturated Ag/
AgCl reference electrode. The working electrode was prepared by the
dip-coating method. The photocatalyst (5.0 mg) was dispersed in
Ethanol absolute (0.9 mL) and Nafion (0.1 mL) mixed solution to form a
slurry. Next, the slurry (100 pL) was dip-coated on an FTO conductive
glass (1.5 x 1.5 cm?). Subsequently, the film was dried in a vacuum oven
at 80°C for 6 h. Re-distilled water solution of Na;SO4 (0.1 M) was used as
the electrolyte.

3. Results and discussion

The TEM images revealed the ultra-thin 2D sheet morphology of Ni-
BDC (Fig. S1a) and CQDs evenly distributed on the sheets of Ni-BDC in
0.45 %CQDs/Ni-BDC (Fig. S1b). Fig. 1 was the XRD spectra of CQDs, Ni-
BDC, 0.15 %CQDs/Ni-BDC, 0.30 %CQDs/Ni-BDC, 0.45 %CQDs/Ni-BDC
and 0.60 %CQDs/Ni-BDC. The XRD patterns of CQDs showed a broad
peak (002) centered at approximately 27°, which was consistent with
the previously reported patterns of CQDs[35]. The diffraction peaks of
as-prepared Ni-MOF and CQDs/Ni-BDC hybrids at 8.7°, 11.1°, 15.6°,
18.1° and 23.7° corresponded to the (100), (010), (101), (210) and
(020) crystal facets of the reported 2-D Ni-based MOF (Ni3(CgHig.
04)2(0OH)2(H20)4, Ni-BDC), respectively[36,37]. Compared to pure Ni-
BDC, the diffraction peak intensity of the (100) crystal facet in CQDs/
Ni-BDC was significantly enhanced, while the intensity of the (010)
crystal facet was markedly reduced. This finding suggested that Ni-BDC
was oriented along the (100) crystallographic direction with the incor-
poration of CQDs potentially attributed to the separation of layers in 2D
Ni-BDC[34]. This observation indicated that CQDs were likely to be
embedded between the layers of 2D-Ni-BDC. Furthermore, the crystal-
linity of CQDs/Ni-BDC was higher than that of Ni-BDC, as demonstrated
by the increased absolute intensity of XRD characteristic peaks. The XRD
result of CQDs further confirmed that the crystal facet regulation of Ni-
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Fig. 1. XRD spectra of CQDs, Ni-BDC, 0.15%CQDs/Ni-BDC, 0.30%CQDs/Ni-
BDC, 0.45%CQDs/Ni-BDC and 0.60%CQDs/Ni-BDC.
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BDC was not attributed to the overlapping of the characteristic peaks of
CQDs.

Fig. 2 was the XPS spectra of Ni-BDC and 0.45 %CQDs/Ni-BDC. The
O 1 s spectra of Ni-BDC and 0.45 %CQDs/Ni-BDC could be decomposed
into two peaks at 531.9 and 533.9 eV (Fig. 2c¢), corresponding to the Ni-
O bond and the O-C=0 bond, respectively. The high-resolution C 1 s
spectrum of Ni BDC was divided into three peaks at 285.1 and 288.8 eV,
which were assigned to the C-C/C=C and O-C=0 bonds, respectively
(Fig. 2d)[37]. However, H,BDC ligand and CQDs had the same carbon
species (such as C=C, C-C and O-C=0), which resulted in the signal
superposition in the C1s spectrum. Consequently, it was hard to separate
the signal peaks of CQDs[38]. The two peaks of Ni 2p at 856.4 and 874.0
eV (Fig.2b) were assigned to 2p3/2 and 2p1/2 of Ni2* for Ni-BDC,
respectively. In comparison, the Ni 2p3/2 and 2p1/2 of 0.45 %CQDs/
Ni-BDC shifted towards lower binding energy, situated at 856.3 and
873.9 eV, respectively. The alteration in binding energy suggested an
increase in the electron density of Ni%*, which could be attributed to the
electrons transfer from the electron-rich structure of CQDs[39].The
atomic percentage of various elements on the surface and interior
(etching for 10 s) of Ni-BDC and 0.45 %CQDs/Ni-BDC was measured by
XPS. As presented in Table 1, the C/Ni atomic molar ratio on the Ni-BDC
surface was 5.3, which corresponded to the molecular formula. The C/Ni
atomic molar ratio on the surface of 0.45 %CQDs/Ni-BDC was 5.8,
which was higher than that of Ni-BDC (5.3), indicating the presence of
CQDs on the surface. The C/Ni atomic molar ratio at the interface of
0.45 %CQDs/Ni-BDC after 10 s etching was 5.6, which was also higher
than that of Ni-BDC (5.2). This result indicated that CQDs also existed
between the layers of the 0.45 %CQDs/Ni-BDC hybrid.

The performance of pCO2RR was evaluated under 300 W Xenon and
using TEOA as the sacrificial agent. Almost no Hy was detected by GC-
TCD during the pCO2RR of Ni-BDC and CQDs/Ni-BDC hybrids (as
illustrated in Fig.S2), confirming that no photocatalytic water splitting
reaction occurred under the given conditions. GC-FID detection revealed
the generation of CO and CH4 products in pCO2RR with all photo-
catalysts, while no other gas product was detected. Furthermore, the use
of LC-MS revealed the presence of a single MeCN signal peak, thereby
confirming the absence of liquid-phase reduction products (Fig.S3). The
data shown in Fig.3 and Table 2 demonstrated that the incorporation of
CQDs significantly enhanced pCOsRR performance. The CO and CHy
evolution rates of 0.45 %CQDs/Ni-BDC were 0.248 mmol-g~*-h™! and
1.338 mmol-g~1-h ™1, respectively. The CO yield rate of 0.45 %CQDs/Ni-
BDC was 3.2 times higher than that of pure Ni-BDC (0.077
mmol-g_l-h_l). The electron selectivity of CO, reduction towards CO
was 97.89 % (Sco = 2Rco/(2Rco + 8Rcua), which was the highest of all
as-prepared photocatalysts. Compared to other Ni-based MOFs or Ni-
MOFs based composites, 0.45 %CQDs/Ni-BDC exhibited better CO
product selection (Table S1).

Considering that the products of pCO2RR might be derived from the
decomposition of acetonitrile, TEOA, or the ligands of MOFs. As re-
ported from literature, 13C isotope labeling experiment was generally
recognized as one of the most effective approaches for verifying the
source of the reduced product[40]. Here, the origin of the reduced
products was further confirmed through a series of controlled experi-
ments. As illustrated in Fig. 3d-g, the generation rate of CO was 0.029
mmol-g_l-h_1 for without the catalyst, while no CH4 was observed. This
finding is consistent with the literature indicating that the sacrificial
agent TEOA possessed photocatalytic capabilities for CO, reduction
under the ultraviolet light [41]. In the pCO2RR test of 0.45 %CQDs/Ni-
BDC without TEOA, the production rates of CO and CH4 were deter-
mined to be 0.098 mmol-g~-h~! and 1.207 pmol-g~1-h ™1, respectively.
The CO yield rate of 0.45 %CQDs/Ni-BDC (0.248 mmol-g~*-h™!) with
TEOA was found to be significantly higher than the combined yields
(0.029 + 0.098 = 0.127 mmol~g_1-h_1) observed in the two control
experiments. This result indicated that the products of pCO2RR for 0.45
%CQDs/Ni-BDC originated from the photoreduction of CO, rather than
the decomposition of acetonitrile, TEOA, and ligands.
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Fig. 2. (a) XPS spectra of Ni-BDC and 0.45 %CQDs/Ni-BDC; (b-d) O 1 s, C 1 s, Ni 2p, deconvoluted spectra of Ni-BDC and 0.45 %CQDs/Ni-BDC.

Table 1
The atomic percentages of various elements in Ni-BDC and 0.45%CQDs-Ni-BDC
measured from the XPS spectra.

Sample Ni (%) 0O (%) C (%) C/Ni
Ni-BDC (surface) 9.95 36.92 53.13 5.3
0.45 %CQDs/Ni-BDC (surface) 9.29 36.42 54.29 5.8
Ni-BDC (etch 10 s) 12.44 22.71 64.85 5.2
0.45 %CQDs/Ni-BDC (etch 10 s) 11.85 21.79 66.36 5.6

Table 2
The photocatalytic evolution of CO and CH4 over Ni-BDC and CQDs/Ni-BDC
hybrids.

Samples co CH,4 CO Selectivity
(%)
(mmol-g*1~h*1) (pmol-gfl-hfl)

Ni-BDC with TEOA 0.077 1.222 94.02 %

0.15 %CQDs/Ni-BDC 0.079 3.659 84.38 %
with TEOA

0.30 %CQDs/Ni-BDC 0.103 1.806 93.43 %
with TEOA

0.45 %CQDs/Ni-BDC 0.248 1.338 97.89 %
with TEOA

0.60 %CQDs/Ni-BDC 0.127 2.568 92.53 %
with TEOA

with TEOA but no 0.029 0 100 %
photocatalyst

0.45 %CQDs/Ni-BDC 0.098 1.207 95.29 %

without TEOA

It is noteworthy that the structure of Ni-BDC underwent decompo-
sition and dissolution in the test system after 6 h of pCO,RR (Fig. S4a). In
contrast, 0.45 %CQDs/Ni-BDC remained original powder after the
photocatalytic reaction (Fig.S4b). 0.45 %CQDs/Ni-BDC showed more
structural stability in the pCO2RR compared to Ni-BDC, which may be
ascribed to the improved crystalline of the CQDs/Ni-BDC hybrids. To

further verify the photocatalytic stability of 0.45 %CQDs/Ni-BDC, multi-
cycling pCO2RR tests were conducted. As shown in Fig. 4, the generation
rates of CO over 0.45 %CQDs/Ni-BDC exhibited a continuous decline
from the 1st cycle to the 5th cycle test, with the result of the 4th cycle
(0.101 mmol‘g’l‘h’l) and the 5th cycle (0.102 mmol-g’l‘h’l) closely
resembling that obtained in the absence of TEOA (0.098 mmol-g’1~h’1).
The decline of the photocatalytic performance mostly due to the con-
sumption of TEOA with the cycling process. Prior to the 6th cycle of
testing, TEOA (1 mL) and H20 (2 mL) were introduced, the generation
rate of CO was raise to 0.26 mmol-g~*-h ™. This also proved the stability
of smaple 0.45 %CQDs/Ni-BDC. Furthermore, the results from multiple-
cycling experiment also demonstrated that the photocatalytic reduction
products of 0.45 %CQDs/Ni-BDC did not originate from the decompo-
sition of ligands.

Diffuse-reflectance UV-vis spectroscopy was used to examine the
optical response of Ni-BDC and CQDs/Ni-BDC hybrids. As shown in
Fig.5a, the CQDs/Ni-BDC hybrids exhibited a higher visible light ab-
sorption in comparison to the Ni-BDC, which is presumably attributable
to the upconverted circularly polarized luminescence characteristics of
the CQDs[42]. The charge migration efficiency of CQDs/Ni-BDC were
further verified by a series of characterization techniques, including
photoluminescence (PL), electrochemical impedance spectroscopy (EIS)
[43] and photocurrent response (Fig.5b-d). Compared to Ni-BDC, the
CQDs/Ni-BDC hybrids showed a reduced PL intensity, thereby demon-
strating the formation of CQDs/Ni-BDC heterojunction construction.
Notably, 0.45 %CQDs/Ni-BDC exhibited the lowest PL peak intensity,
smallest charge transfer impedance (Table S2), and highest photocur-
rent intensity, indicating its superior carrier generation and migration
performance, consistent with the results of pCO2RR tests.

To investigate the effect of crystal facet regulation on the CO,
reduction performance of CQDs/Ni-BDC, we synthesized CQDs com-
bined with Ni-BDC using a two-step method as a comparison sample
named as 0.45 %CS-2. As shown in Fig. 6a, CQDs failed to regulate the
crystal facet of Ni-BDC in the 0.45 %CS-2. The production rate of CO for
0.45 %CS-2 was 0.128 mmol-g~-h~, which was higher than that of Ni-
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Ni-BDC without TEOA; (g) comparison of the photocatalytic conversion rates of the control experiments and 0.45%CQDs/Ni-BDC (experimental group).
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BDC but lower than that of 0.45 %CQDs/Ni-BDC (Fig. 6b and Fig. 6¢).
This result demonstrated that the exposure of the (100) crystal facet
significantly improved the photocatalytic performance of Ni-BDC in
PCO2RR. A possible explanation was that the predominant crystal facet
of Ni-BDC changed from (010) to (100), causing some Ni%" to shift from
saturated to unsaturated coordination. Additionally, the synergy of two
adjacent unsaturated Ni%" sites on the (100) facet reduces the energy
barrier for pCO3RR.[29].

The band structures of Ni-BDC and 0.45 %CQDs/Ni-BDC were
analyzed using Tauc-Plot curves and Mott-Schottky measurement. The
band gap of Ni-BDC and 0.45 %CQDs/Ni-BDC were estimated as 2.80
and 2.15 eV from the Tauc’s-Plot technique by Kubelka-Munk function
(Fig.S5) [44]. The flat band positions were determined using Mott-
Schottky measurement at various frequencies (500, 1000 and 1500
Hz) in 0.5 M NaySO4. As demonstrated in Fig. 7, the flat band positions
of Ni-BDC and 0.45 %CQDs/Ni-BDC were —1.39 and —1.24 V vs Ag/
AgCl (pH = 7), respectively. Consequently, the LUMO positions of Ni-
BDC and 0.45 %CQDs/Ni-BDC separately situated at —1.19 and

—1.04 V vs NHE (pH = 7), which were more negative compared to the
reduction potential of CO/CO (—0.53 V vs NHE, pH = 7) and CO,/CHy4
(—0.24 V vs NHE, pH = 7)[45]. The migration of photo-generated
electrons from the LUMO positions of Ni-BDC and CQDs/Ni-BDC hy-
brids to CO; adsorbed on the active sites for photocatalytic reduction of
CO4 into CO/CH4 was thermodynamically favorable, while the presence
of CQDs significantly improved the efficiency of electron migration.

4. Mechanism analysis

The above analysis suggested that the enhancement of photocatalytic
CO;, reduction performance of the CQDs/Ni-BDC hybrids was attribut-
able to the synergistic effects arising from the CQDs/Ni-BDC hetero-
structure and the exposure of the (100) crystal facet (Scheme 1). On the
one hand, the close interface interaction of CQDs/Ni-BDC hetero-
junction construction originating from the one-step ultrasonic method
facilitated the efficient separation and migration of photogenerated
carriers. On the other hand, the crystal facet regulation of Ni-BDC
reduced the energy barrier for pCO2RR as a result of the synergistic ef-
fect between two adjacent unsaturated Ni%* ions on the (100) crystal
facet.

5. Conclusion

In summary, this work focused on the simultaneous preparation of
heterojunction construction and regulation of crystal facets in Ni-based
MOFs (Ni-BDC) to synergistically enhance photocatalytic activity for
PCO2RR. XRD results showed that CQDs facilitated the transition of rich
(010) crystal facets to the rich (100) crystal facets in Ni-BDC, resulting in
a lower energy barrier for pCO2RR. Compared to Ni-BDC, CQDs/Ni-BDC
hybrids showed the more excellent pCO2RR performance. 0.45 %CQDs/
Ni-BDC exhibited the best performance with 0.248 mmol-g~*-h™! CO
and 1.338 pmol-g~1-h~! CH, evolution rates and the electron selectivity
of CO; reduction towards CO was 97.89 %. The CO yield rate of 0.45 %
CQDs/Ni-BDC was 3.2 times higher than that of pure Ni-BDC. The PL
and photochemical results manifested that the CQDs /Ni-BDC hetero-
junction construction was successfully synthesized and facilitated the
efficient separation and migration of photogenerated carriers, thereby
enhancing the utilization of electrons. The combined effect of (100)
crystal facet exposure and CQDs/Ni-BDC heterojunction structure
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Fig. 5. (a) UV-vis diffuse reflectance spectra; (b) the steady-state photoluminescence (PL) spectra; (c) electrochemical impedance spectroscopy (EIS) plots and (d)
photocurrent responses of Ni-BDC and CQDs/Ni-BDC heterojunctions.
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synergistically contributed to the enhancement of pCO,RR performance

in CQDs/Ni-BDC.
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