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Boosting photocatalytic CO, reduction via
Schottky junction with ZnCr layered double
hydroxide nanoflakes aggregated on 2D TizC,T,
cocatalysty
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Designing efficient photocatalysts is vital for the photoreduction of CO, to produce solar fuels, helping to
alleviate issues of fossil fuel depletion and global warming. In this work, a novel ZnCr-LDH/TizC,T,
Schottky junction is successfully synthesized using an in situ coprecipitation method. ZnCr-LDH
nanoflakes collectively grow on the surface of TizC,T, MXene nanosheets. When using TizC,T, MXene as
a cocatalyst in the prepared heterojunction, the light absorption intensity, photo-induced electron separ-
ation and migration efficiency increase. As a result, the composite ZnCr-LDH/TizC,T, results in significant
improvement in the performance of photocatalytic CO, reduction under simulated solar irradiation. The
optimized sample ZCTC25 has the highest photocatalytic CO, reduction rates of 122.45 pmol g™+ CO and
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19.95 pmol g~ CH, (after 6 h of irradiation). These values are approximately 2.65 times higher than those
of pristine ZnCr-LDH. The product selectivity towards CO is 86%. This work provides a new method for
the construction of novel 2D semiconductor photocatalysts and enriches the application of an unusual
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Introduction

The consumption of fossil fuels and continuous CO, emis-
sions have caused a global energy crisis and environmental
issues. The photocatalytic reduction of CO, into hydrocarbon
fuels using solar energy is recognized as a harmless solution
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type of layered double hydroxides in the photoreduction of CO,.

to decrease the level of atmospheric CO, and achieve carbon
neutrality." However, the efficiency of the photoreduction
process is limited by the inherent inertness of CO, molecules
and complex reduction pathways involving multiple electrons
and protons.” The key to solving these problems is to design
and develop highly efficient photocatalysts. A popular
approach is to build up a two-dimensional (2D) thin-layered
photocatalyst system with a suitable bandgap and band edge
position. Because of its large specific surface area and abun-
dant surface atoms with unsaturated coordination, the light-
harvesting ability significantly improves. The ultrathin thick-
ness can shorten the diffusion distance from the interior to
the surface, and therefore accelerate the charge transfer
process and reduce the recombination of photoexcited charge
carriers in the body. Additionally, the high ratio of exposed
surface atoms gives the thin layered photocatalyst more active
sites for the desired reactions.>* However, no 2D thin-layered
photocatalyst can achieve a high photocatalytic efficiency
without further modification. One approach to achieving the
optimal performance is assembling different materials in a
heterostructure to create a cooperative effect.

Layered double hydroxides (LDHs), 2D anionic intercalated
materials with the general formula [M**;_M*"(OH),]

This journal is © The Royal Society of Chemistry 2022
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(A™),yH,0, have attracted extensive interest in photocataly-
sis in recent decades because osf their flexible components
and tunable structures.>® Much effort has gone into enhan-
cing the photoinduced CO, conversion activity of LDHs
through morphological engineering,”® doping engineering,’
defect engineering,'"® semiconductor hybridization,"*"*
cocatalyst incorporation,'>'® etc. Among the above modifi-
cation strategies, the surface decoration of a photocatalyst with
a cocatalyst attracts a high level of attention because it pro-
vides surface active sites, reduces the activation energy, facili-
tates interfacial charge separation and suppresses the reverse
reaction.'”™*° For example, Jiang et al.®° prepared a series of
Cu,0O-loaded Zn—-Cr layered double hydroxides via an in situ
reduction process from Cu-Zn-Cr ternary LDHs, which they
applied to the photoreduction of CO,. The loaded Cu,O nano-
particles functioned as effective electron traps, greatly promot-
ing charge separation and increasing the number of reactive
sites for CO, reduction. 0.1Cu,O@Zn1.8Cr LDH exhibited a
CO yield of up to 6.3 pmol after 24 h of light irradiation. Pt
NPs were highly dispersed over exfoliated layered double
hydroxide (ex-LDH) via electrostatic interaction,”* and the as-
obtained photocatalyst exhibited a high CO evolution rate of
2.64 pmol g~' h™". However, the CO, photoreduction perform-
ance of these LDH photocatalytic systems is limited.
Therefore, to explore and extend this field, the application of
other effective cocatalysts to promote the photocatalytic CO,
reduction activity of the 2D LDH family of photocatalysts is
still required.

As a promising family of 2D layered transition metal car-
bides/nitrides, MXenes have great potential for application in
supercapacitors,”>>® batteries,”»*> and electrocatalysis.>®*’
They have the multiple advantages of flexibility of elements,>®
a regular layered structure,***° a highly hydrophilic surface,*!
tunable surface functional groups,® good light-harvesting
ability,*® and excellent electrical conductivity.>*> Because of
their high electron conductivity, MXenes are promising as
cocatalysts in photocatalyst systems.*®?” Additionally, the
abundant surface functional groups (-F, -O, -OH) on MXenes
benefit their tight coupling with other semiconductors to form
heterojunctions,”®*° thus increasing the migration and separ-
ation of carriers.*™** For example, Cao et al.*® reported the
fabrication of a 2D/2D TizC,/Bi;WOs heterojunction which
showed significant improvement in photocatalytic CO,
reduction into CH, and CH;OH, with yields of 1.78 and
0.44 pmol h™" g™, Yang et al.** prepared an ultrathin 2D/2D
Ti;C,/g-C3N, heterojunction by direct calcination of a mixture
of bulk Ti;C, and urea, and the optimal sample (10TC) exhibi-
ted yields of 5.19 and 0.044 pmol h™ g~ for CO and CH,.
However, these product yields are still relatively low. Therefore,
the exploration of other highly active heterogeneous photo-
catalytic systems is of great significance. The attempted combi-
nation of an MXene with an unusual LDH for the photoreduc-
tion of CO, is rare. Therefore, using MXenes to improve the
electron separation and migration of LDHs, and therefore to
promote the photocatalytic CO, reduction activity of LDHs, is
the focus of our research.

This journal is © The Royal Society of Chemistry 2022
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In this work, we construct a series of ZnCr-LDH/Ti;C,T,
composites with different loading amounts of Ti;C,T, using a
coprecipitation process. In detail, Ti;C,T, nanosheets were
obtained by wet chemical etching Ti;AlC, with subsequent
TMAOH (tetramethylammonium hydroxide) intercalation and
ultrasonic exfoliation. After cation electrostatic adsorption, the
aggregate semi-transparent ZnCr-LDH nanoflakes were grown
in situ on the surface of the Ti;C,T, nanosheets through copre-
cipitation to form a tightly coupled Schottky junction. Because
of the improved light absorption intensity and reinforced
photo-induced carrier separation and migration efficiency, the
obtained 2D/2D ZnCr-LDH/Ti;C,T, heterostructures exhibited
a significant improvement in photocatalytic CO, reduction
under simulated solar irradiation. The optimized sample
ZCTC25 had the highest photocatalytic CO, reduction rates of
122.45 pmol g~' CO and 19.95 pymol g~* CH, (after 6 h of
irradiation). These values are 2.65 times higher than those for
pristine ZnCr-LDH. Ti;C,T, MXene as a support for growing
self-assembled ZnCr-LDH nanoflakes to form a Schottky junc-
tion is an efficient photocatalyst for enhancing photocatalytic
CO, reduction.

Experimental

Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H,0), chromic nitrate
nonahydrate (Cr(NOj3);-9H,0), sodium hydroxide (NaOH),
ammonium carbonate (Na,CO;), hydrofluoric acid (HF,
content >40.0%), tetramethylammonium hydroxide (TMAOH)
and TizAlC, powder were purchased from Forsman Scientific
(Beijing) Co., Ltd. All of the above reagents were of A. R. grade
and used without further purification. Deionized (DI) water
was used for all experiments.

Synthesis of Ti;C,T, MXene nanosheets

All reagents used were of analytical grade and were used as
received without further purification. Ti;C,T, MXene was syn-
thesized via selective etching of Al from Ti;AlC, using concen-
trated hydrofluoric acid solution. Specifically, 1 g of Tiz;AlC,
powder was slowly added to 20 mL of HF to avoid overheating
under continuous stirring at room temperature for 18 h. The
mixture was then centrifuged and washed repeatedly with de-
ionized (DI) water to reach pH ~7. The black multilayered
TizC,T, (~0.6-0.9 g) was obtained after freeze-drying. To
obtain Ti;C,T, MXene nanosheets, 0.5 g of Ti;C,T, MXene
powder was wetted with 5 mL of tetramethylammonium
hydroxide (TMAOH) as an intercalator and the mixture was
then diluted with 10 mL of DI water. After stirring at room
temperature for 24 h, the basic Ti;C,T, MXene solution was
brought to a neutral pH by washing in DI water four times
using centrifugation (2 min per cycle at 8000 rpm). To delami-
nate, the sediment was then re-dispersed in 50 mL of DI water
and ultrasonicated under Ar protection for 30 min. The sus-
pension was centrifuged at 3500 rpm for 20 min to obtain the
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few-layered Ti;C,T, MXene supernatant and the unexfoliated
solid apart. Finally, the few-layered Ti;C,T, MXene supernatant
was collected after three solid ultrasonication and centrifu-
gation cycles, and the concentration was measured to be
1.2 mg mL~". The obtained supernatant was stored at a low
temperature (~5 °C) for further use.

Synthesis of ZnCr-LDH/Ti;C, T, hybrids

Solution A was prepared by dissolving 5 mmol of Zn
(NO3),-6H,0 and 2.5 mmol of Cr(NO3);-9H,0 in 30 mL of DI
water, then adding various amounts of Ti;C,T, MXene super-
natant (containing 5 mg, 25 mg and 50 mg Ti;C,T, MXene,
respectively). The solution was ultrasonicated to obtain a
homogeneous solution. Solution B was prepared by dissolving
15 mmol of NaOH and 12.5 mmol of Na,CO; in 40 ml of DI
water. Solution B was added dropwise into solution A under
constant stirring. The resulting slurry was heated at 60 °C in
an oil bath for 24 h. The precipitate obtained was collected
using centrifugation, washed several times with DI water and
then freeze-dried overnight. The as-prepared samples were
labeled ZCTC5, ZCTC25 and ZCTC50. The actual contents of
Ti;C,T, MXene in ZCTC5, ZCTC25 and ZCTC50 were calculated
to be 0.10%, 0.51% and 0.99%, respectively, measured by
inductively coupled plasma-optical emission spectrometry
(ICP-OES, Table S17).

Synthesis of ZnCr-LDH

The procedure was similar to the synthesis steps used for the
ZnCr-LDH/Ti;C,T, hybrids, without the addition of TizC,T,
nanosheets.

Characterization

The XRD patterns of the obtained samples were recorded
using an X-ray diffractometer (XRD, TD-3500), using Cu Ka
radiation (@ = 1.542 A) at an operating voltage of 30 kV and a
current of 20 mA, with a scanning rate of 6° min~". The mor-
phology was characterized using field emission scanning elec-
tron microscopy (FESEM, ZEISS GeminiSEM  500).
Transmission electron microscopy (TEM) and fine resolution
transmission electron microscopy (HRTEM) images were
recorded using an FEI TECNAI F20 apparatus. X-ray photo-
electron spectroscopy (XPS) was carried out using a ULVAC
PHI5000 VersaProbe and all binding energies were calibrated
using the adventitious C 1s peak at 284.8 eV to inspect the
chemical state. UV-visible diffuse reflectance spectra were
recorded wusing a UV-vis spectrophotometer (UV-2550,
Shimadzu), and then switched to the absorption spectra on
the basis of the Kubelka-Munk relationship. BaSO, was used
as the standard. The N, adsorption-desorption and CO,
adsorption were carried out on TriStar 3000. In situ Fourier
transform infrared (in situ FTIR) spectroscopy was analyzed
using a Nicolet NEXUS870 (USA) spectrometer. The inductively
coupled plasma-optical emission spectrometry (ICP-OES) was
performed on Thermo Fisher iCAP PRO.
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Photocatalytic CO, reduction

Typically, 30 mg samples were uniformly dispersed on the
glass reactor with an area of 4.2 cm®. A 300 W xenon arc lamp
was used as the light source for the photocatalytic reaction.
The light intensity is 95.1 mW cm® at the wavelength of
385 nm. The volume of the reaction system was approximately
460 mL. Before the irradiation, high purity CO, was bubbled
into the reaction jar for 20 min to reach ambient pressure and
sealed. 0.4 mL of deionized water was injected into the reac-
tion system as a reducer. The photocatalysts stood for some
time in the CO,/H,0 atmosphere to ensure that the adsorption
of gas molecules was complete. During the irradiation, 1 mL
of gas was extracted from the reaction system per hour and
injected into the gas chromatographic column for CO and CH,
concentration analysis using a gas chromatograph (GC-2014C,
Shimadzu Corp., Japan). And the O, was detected with the
column TCD equipped on it.

Photoelectrochemical performance measurements

Photoelectrochemical measurements were made using a
CHI-660E workstation (Shanghai Chen Hua Co., Ltd) with a
conventional three-electrode cell, which consisted of a counter
electrode (Pt foil), a reference electrode (Ag/AgCl), and a
working electrode (FTO glass). 0.5 M Na,SO, solution was used
as the electrolyte. The working electrode was prepared as
follows: 30 mg of the as-prepared sample was dispersed in
30 mL of acetone with 15 mg of iodine. This suspension was
evenly coated on the FTO glass within a 1 cm” area using an
electrophoresis method and then dried at room temperature.

Results and discussion

Fig. 1 illustrates the whole synthetic process for producing the
ZnCr-LDH/Ti;C,T, (ZCTC) composites. The process includes
four stages: selective etching, intercalation and exfoliation,
electrostatic adsorption and in situ coprecipitation. In detail,
the aluminum in ternary MAX (Ti;AlC,) was selectively etched
using HF to achieve bulk Ti;C,T, with a multilayer structure.
Through TMAOH intercalation overnight and ultrasonic exfo-
liation, the negatively charged delaminated few-layer TizC,T,
nanosheets were uniformly dispersed in an aqueous solution.
Next, positively charged Zn** and Cr’" ions were electro-

Ti,C,T, nanosheet

Ti,AIC, Bulk TizC,T,
TMAOH intercalation ’\
‘ HF etching and ultrasonication “
— “_ﬂ
e
isz\%g <o
S & >
; Oy /&S
ZCTC composite NS
NN
A TS
v

Na,CO; . NaOH

—_—
In-situ coprecipitation

Fig. 1 Schematic illustration of the synthesis of the ZCTC composite.
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statically adsorbed on the Ti;C,T, nanosheets. Alkali was
slowly dropped in and the mixed solution stirred constantly to
complete the in situ coprecipitation process. Finally, small
LDH nanoflakes were grown in aggregate on the flat Ti;C,T,
nanosheets to form the heterostructure.

The crystal structure and phase characteristics of the as-pre-
pared samples were studied using X-ray diffraction (XRD) ana-
lysis. As shown in Fig. S1,7 the MAX phase exhibits intense
peaks, which can be assigned to TizAIC, according to previous
reports.*® After etching treatment using HF, the (104) diffrac-
tion peak located at 39° (26) was not observed, indicating that
the Al in Ti;AlC, was removed. Additionally, the (002) and
(004) peaks were shifted towards lower diffraction angles of
8.8° and 17.8°, indicating a broader plane spacing. This indi-
cates that Tiz;C,T, MXene was successfully synthesized.
Additionally, compared with TizAIC,, the peak intensities of
TizC,T, were weak, which can be ascribed to the thinner
layered structure of Ti;C,T,.*>*® Meanwhile, the ‘black’ col-
loidal solution of the Ti;C,T, nanosheets after ultrasonication
exhibit a typical Tyndall effect (Fig. S2t), suggesting the for-
mation of a homogeneous dispersion of Ti;C,T, nanosheets.
As shown in Fig. 2a, the XRD peaks of the composites located
at 11.7°, 23.4°, 34.0°, 38.9°, 59.3° and 60.5° can be ascribed to
the (003), (006), (012), (015), (110) and (113) planes of a rhom-
bohedral hydrotalcite-like ZnCr-LDH structure (ICDD card no.
052-0010) without co-crystallization of any impurity phases.””
Upon increasing the amount of Ti;C,T, MXene, no character-
istic peak (002) of TizC,T, was observed for the ZnCr-LDH/
Ti;C,T, nanomaterials. This is because of the relatively low
additive amount and the dispersion of the MXene layers.*®*°

Fig. 2b shows the FTIR spectra of the samples. As reported
previously,®® there are no clear peaks in the Ti;C,T, spectrum,
and the overall infrared absorption of the composite ZCTC is
similar to that of ZnCr-LDH, suggesting that the signals in
ZCTC are from ZnCr-LDH. Specifically, the peak at approxi-
mately 3400 cm™" originates from the stretching vibration of
the hydroxyl radical in the LDH host layer and interlayer water
molecules.”® The peak at approximately 1630 cm™" can be
attributed to the bending vibration of lattice water.”® The
peaks at approximately 1360 and 780 cm™" are assigned to the
anti-symmetric stretching mode and bending vibration of
CO;>7, respectively.’® As shown in Fig. 2c, the Raman peaks at
approximately 1380 and 1560 cm ™" correspond to the charac-

teristic D and G bands of carbon,® respectively, which are

(a) (b) 57(©)
B(H-O-H) WCO,")
Zcros — 2
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s[4 HAZER 3 e NE
= ; 3
s Nl | & N\ g
= 5 VN oo
] 2 2 A\
2 2c1es E 2 N
§ MMM § Tceion § pron N
S e o G0 a0 8 i NNV B A Z0CrLoH
zncon| S0 e, 0430 780
T h R % B & R T B T T R 40 o 0 o T e e

2theta (degree) Wavenumbers (cm-1) Raman shift (cmT)

Fig. 2 (a) XRD patterns of pristine ZnCr-LDH and composites with
different masses of TizC,T, (5 mg, 25 mg, 50 mg). (b) FTIR spectra of
TizC,Ty, ZnCr-LDH and composites ZCTC with different TizC,T, loading
amounts. (c) Raman spectra of ZnCr-LDH, TizC,T, and ZCTC25.
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both detected in Ti;C,T, and ZCTC25. In addition, the Raman
peak at 1061 ecm™" for ZnCr-LDH is assigned to in-plane OH
bending vibrations.>® This peak distinctly shifts lower to
992 cm™' for ZCTC25, suggesting an interface interaction
between ZnCr-LDH and Ti;C,T, MXene.

To examine the morphology and nanostructure compo-
sition of the as-prepared samples, field emission scanning
electron microscopy (FESEM) and transmission electron
microscopy (TEM) were employed. Few-layer and single-layer
Ti;C,T, nanosheets were obtained by etching TizAlC, into
Ti;C,T,, with subsequent ultrasonic exfoliation treatment. As
shown in Fig. 3a and S3a,t bulk Ti;C,T, MXene was observed
after the Al layer was eliminated from TizAlC, by the HF
etching process, exhibiting a loose, accordion-like structure.
Fig. 3b and S3bf show the delaminated thinner 2D Ti;C,T,
nanosheets with a typical 2D layered structure of which the
lateral size is around 300-400 nm. This indicates the success-
ful exfoliation of bulk Ti;C,T,. Pure ZnCr-LDH (Fig. 3c and
S4aft) exists in the form of solid agglomerates consisting of
numerous irregular 2D nanoflakes. This can also be demon-
strated by TEM—Fig. 3d and S4bt show a consistent micro-
structure with self-assembled translucent nanoflakes matching
the SEM image of pure ZnCr-LDH. It can be seen from Fig. 3e,
f and Fig. S4c, df that the ZnCr-LDH nanoflakes grow in situ
on the surface of the Ti;C,T, MXene nanosheets. Because of
the terminated functional group (T = -F, -OH, -0), TizC,T,
MXene is negatively charged. Therefore, the electrostatic inter-
action between Ti;C,T, MXene nanosheets and Zn*', Cr*'
could explain the growth of ZnCr-LDH onto the TizC,T,
MXene nanosheets. Fig. 3f shows that the ZCTC25 exhibits dis-
tinctly different areas of morphology, which are labeled as
ZnCr-LDH and Ti;C,T, MXene. In the magnified region
(Fig. 3g), we also observed the coexistence of two interplanar

Fig. 3 (a) SEM image of multi-layered TizC,T, nanosheets. (b) TEM
image of exfoliated few-layered TizC,T, nanosheets. (c and d) SEM and
TEM images of collectively-grown translucent nanoflakes of pristine
ZnCr-LDH, respectively. (e and f) SEM and TEM images of ZCTC25,
respectively. (g) HRTEM image of ZCTC25. (h) SEM elemental mapping
images of ZCTC25.
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spacings, 0.26 nm and 0.36 nm, corresponding to the TizC,T,
(01 10) plane and the ZnCr-LDH (006) plane, respectively. This
indicates the close integration of the two materials and the
successful formation of a heterostructure interface between
the ZnCr-LDH and Ti;C,T, MXene nanosheets, which facili-
tates the separation and transfer of photoexcited carriers. As
shown in Fig. 3h, the uniform distribution of Zn, Cr, Ti, C and
O in the selected area observed using elemental mapping of
FESEM further confirms the successful synthesis of the
ZCTC25 heterostructure.

To investigate the surface chemical composition and state
of the as-prepared samples, X-ray photoelectron spectroscopy
(XPS) analysis was conducted. All the binding energies were
calibrated using the C 1s peak located at 284.8 eV, which was
assigned to adventitious carbon (C-C). As shown in the XPS
survey spectra (Fig. 4a), Ti, C, O and F were observed in
TizC,T, MXene. Furthermore, Zn, Cr, C and O were observed
in both ZnCr-LDH and ZCTC25. For ZCTC25, no F or Ti was
detected, and the absence of the F 1s peak located at 684.8 eV
was further confirmed by high-resolution spectra (Fig. S5at).
This indicated that F was fully removed after the TMAOH inter-
calation and co-precipitation process. Although Ti does not
appear in the XPS survey spectra, the high-resolution spectra
of ZCTC25 Ti 2p (Fig. S5b¥) shows its existence in the ZnCr-
LDH/Ti;C,T, composites, with two characteristic peaks at
458.5 and 461.7 eV, which can be assigned to the Ti-O and Ti-
C bonds, respectively.”® As shown in the high-resolution XPS
spectra of Ti 2p in Ti;C,T, (Fig. S61), the binding energies at
454.5, 455.3 (460.8) and 456.9 (462.3) eV correspond to Ti-C,
Ti** and Ti’", respectively. Fig. 4b shows the high-resolution C
1s spectra of Ti;C,T, and ZCTC25. Tiz;C,T, shows three charac-
teristic peaks at 281.6, 286.1 and 288.8 eV, which are assigned
to the C-Ti, C-O and C-F bonds, respectively.** For ZCTC25,
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Fig. 4 (a) XPS survey of ZnCr-LDH, ZCTC25 and TizC,T,. (b) High-
resolution XPS C 1s spectra of ZCTC25 and TizC,T,. (c) High-resolution
XPS Zn 2p spectra of ZCTC25 and ZnCr-LDH. (d) High-resolution XPS Cr
2p spectra of ZCTC25 and ZnCr-LDH.
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the binding energies of C 1s at 286.3 and 288.7 eV are assigned
to the C-O and O-C=O0 bonds, respectively. C-Ti cannot be
detected in ZCTC25 because of the small amount of Ti;C,T,
MXene nanosheets. The C 1s peaks shown in Fig. S71 at
binding energies of 284.8, 286.3 and 288.9 eV suggest the pres-
ence of a carbonate anion in the structure of the ZnCr-LDH. As
shown in Fig. 4c and d, in ZnCr-LDH and ZCTC25, Zn 2p and
Cr 2p are both deconvoluted into two peaks. The absorption
peaks at 1021.8 and 1044.8 eV for ZnCr-LDH are assigned to
Zn 2ps;, and Zn 2p,,,, respectively, with a doublet separation
of 23.0 eV. This indicates the existence of Zn>". The absorption
peaks at 577.4 and 586.6 eV for ZnCr-LDH are assigned to Cr
2ps/, and Cr 2pq),, respectively, with a doublet separation of
9.2 eV. This is consistent with the Cr’" valence state. The
binding energies of Zn 2ps., Zn 2p,,5, Cr 2p3,, and Cr 2p,, in
ZCTC25 are 1022.5, 1045.5, 578.1 and 587.3 eV, showing a posi-
tive chemical shift of 0.7 eV compared to ZnCr-LDH. This
suggests that electrons are transferred from ZnCr-LDH to
Ti;C,Ty MXene, building up a strong interface interaction
between ZnCr-LDH and the Tiz;C,T, MXene nanosheets.
Additionally, a broader full width at half-maximum is present
in the Zn 2p spectrum of ZCTC25, because of the enhanced
disorder after the loading of Ti;C,T, MXene nanosheets.

The optical absorption properties of all as-prepared
samples were measured using ultraviolet-visible diffuse reflec-
tance spectroscopy (UV-vis DRS). As shown in Fig. 5a, ZnCr-
LDH exhibits two absorption peaks in the visible region. The
one at approximately 410 nm was assigned to the ligand-to-
metal charge-transfer effect from O,, to Cr-3dt,,, and the
other at approximately 570 nm was assigned to Cr-3dt,, — Cr-
3de, (d-d transition) of Cr*".°> Upon increasing the loading
content of the Ti;C,T, MXene nanosheets, the light absorption
intensity of all the composites is increasingly promoted in a
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ZCTC50. (b) Tauc energy gap plot of ZnCr-LDH. (c) Steady-state photo-
luminescence spectra of ZnCr-LDH and ZCTC25. (d) Time-resolved
transient photoluminescence decay spectra of ZnCr-LDH and ZCTC25.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr01448c

Published on 04 May 2022. Downloaded on 5/8/2024 12:18:23 AM.

Nanoscale

wide spectral range of 300-800 nm. The increase in light
absorption intensity is caused by the full-spectrum absorption
properties of Ti;C,T, MXene. This reflects the metallic nature
of Ti;C,T, MXene. The band-gap energy (E,) of the pristine
ZnCr-LDH is estimated to be 2.64 eV based on the Tauc plot
(Fig. 5b). Steady-state photoluminescence and time-resolved
transient photoluminescence decay spectra were recorded
using an excitation wavelength of 405 nm, and are shown in
Fig. 5¢c and d. The composite ZCTC25 exhibits a decreased
photoluminescence intensity, indicating suppressed electron-
hole recombination compared to pristine ZnCr-LDH. In
addition, the average photoluminescence lifetime was reduced
from 0.64 to 0.57 ns upon the introduction of Ti;C,T, into
ZnCr-LDH, indicating the presence of a non-radiation decay
pathway,*® which is caused by electron transfer from ZnCr-
LDH to Ti;C,T,.

Photocatalytic CO, reduction was performed in a glass
reactor filled with high purity CO, gas (>99.995%) under simu-
lated solar irradiation, and a small amount of water was
added. As shown in Fig. 6a and b, carbon monoxide (CO) and
methane (CH,) were both produced under reduction con-
ditions and product growth was proportional to time. As
shown in Fig. 6¢, when the Ti;C,T, MXene was introduced into
ZnCr-LDH to form the nanohybrid, the product yields of CO
and CH, both increased until the loading capacity of TizC,Ty
MXene exceeded the optimal value. The ZCTC25 composite
exhibited the highest photocatalytic CO, reduction activity
with CO and CH, yields of 122.45 and 19.95 pmol g ', respect-
ively (after 6 h of irradiation), which is around 2.65 times
higher than the values for pristine ZnCr-LDH (46.34 pmol g~*
CO and 7.48 pmol g~' CH,). The CO, reduction performance
of ZCTC50 declines mainly because excess Ti;C,T, MXene can
hinder the metal active sites. Although CO and CH, are both
photocatalytic CO, reduction products of the as-prepared
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samples, the composites present higher selectivity toward CO
gas. For ZCTC25, the CO product selectivity was calculated to

Nco

be 86% (selectivity = X 100%) in 6 h. The photo-

(CH,+CO)
generated holes in the VB of ZnCr-LDH oxidize H,O to
produce hydrogen ions by the reaction of H,O — 1/20, + 2H" +
2e”. CO is formed by reacting with two protons and two elec-
trons (CO, + 2H' + 2e” — CO + H,0), and CH, formation
through accepting eight electrons and eight protons (CO, +
8H' + 8¢~ — CH, + H,0). And the competitive reaction of water
splitting also occurred (H,O — H, + O,), because the H, and O,
were observed after irradiation because of the competitive reac-
tion of water splitting, as shown in Fig. S9 and Fig. S10.T While
the performance of physically mixed ZCTC composite without
forming the Schottky junction is lower than that of ZCTC25 syn-
thesized through in situ coprecipitation method (Fig. S13a and
bt). Therefore, after a tight contact was formed between ZnCr-
LDH and Ti;C,T, MXene, the separation and shifting efficiency
of the interface charge was greatly enhanced, leading to efficient
electron transfer from ZnCr-LDH to Ti;C,T,, which increased the
photocatalytic CO, reduction ability.

When the photocatalyst is under dark conditions or an Ar
atmosphere, there are no conversion products, as shown in
Fig. S11.7 To determine the carbon source of the reaction pro-
ducts, gas chromatography-mass spectrometry (GC-MS) was
used to detect CO labeled with *>C.>> As shown in Fig. 6d, the
3CO peak appears at a retention time of 1.225 min consistent
with the peak position in the mass spectra when using *CO, as
the carbon source. The base peak at m/z = 29 in the mass spec-
trum indicates that the relative atomic mass of carbon in the CO
product is 13 (Fig. 6d inset image). Therefore, it is clear that the
photocatalytic reaction products originate from CO, conversion.

The N, adsorption and desorption were carried out for the
pristine ZnCr-LDH and ZCTC25 samples to determine the
porosity, specific surface area and pore size distribution. As
shown in Fig. S12a,t both samples exhibit the Type IV iso-
therm with a hysteresis loop, which is given by mesoporous
adsorbents. The hysteresis loop is further classified to be the
Type H3 loop because the adsorption branch resembles a Type
II isotherm and the lower limit of the desorption branch is
normally located at the cavitation-induced p/p,. Loop of Type
H3 is given by non-rigid aggregates of plate-like particles.>*”*
The surface area of ZnCr-LDH and ZCTC25 samples are calcu-
lated to be 59.64 and 42.28 m”> g~', respectively, using the
Brunauer-Emmett-Teller (BET) model. Shown by the pore size
distribution (inset image), the range is from 17 to 1300 nm
while the most probable pore size is 36 nm, which is further
verifying the mesoporous nature of the materials. The CO,
adsorption ability of ZCTC25 with 24.16 cm® g™ is slightly
weaker than pristine ZnCr-LDH with 24.93 ecm® g7, as shown
in Fig. S12b,7 which can be relative to the smaller specific
surface area of ZCTC25. However, the higher photocatalytic
CO, reduction performance of ZCTC25 indicates that its
surface area and CO, affinity are not the main factors impact-
ing photoactivity of ZnCr-LDH/Ti;C,T, composites.
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Fig. 7 (a) In situ FTIR spectra of pristine ZnCr-LDH under dark and light
irradiation for a different time. (b) In situ FTIR spectra of composite
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In situ Fourier transform infrared spectroscopy (in situ
FTIR) measurement was conducted to detect the intermediates
of CO, photoreduction over pristine ZnCr-LDH and composite
ZCTC25 (Fig. 7a and b). It shows that the characteristic peak at
around 1550 cm™ of both samples can be ascribed to the
COOH* group, which is the crucial intermediate for reducing
CO, to CO.”® The absorption peak at approximately 1072 cm ™"
is caused by the CHO* group resulting from successive proto-
nation of CO, molecules, which is the intermediate for redu-
cing CO, to CH,.>” At the same time, the band at around
1680 cm™" is attributed to the asymmetric vibration of bicar-
bonate (CO,") and adsorbed H,0.%®

Photoelectrochemical tests were used to determine the
charge transfer ability. ZCTC25 exhibits a smaller arc radius
than the pristine ZnCr-LDH in the electrochemistry impedance
spectroscopy (EIS) Nyquist plot, as shown in Fig. 8a, indicating
its lower electrical resistance. Therefore, ZCTC25possesses
high-speed channels for fast transfer and efficient separation
of photoexcited charges. The decreased electrical resistance of
ZCTC25 can presumably be ascribed to the high electrical con-
ductivity and superb charge migration of MXene. Additionally,
the transient photocurrent spectra (Fig. 8b) show that
ZCTC25 has a higher photocurrent density than pristine ZnCr-

(a) (b)<C o
® ZnCr-LDH ° 3 3 2ZCTC25
2]l e Heeos 2 08 light on light off ZnCrLDH
° 3 07 i5C,
g 20 . > 08
k7]
05
= ° ° 5
N 9 Y T 04
b ° ° =
10 ° c
'0. e 8 03
s oo 502
L o1
o
£ o
12 3 4 5 6 7 O 100 110 120 130 140 150 160 170 180 190
Z' (KQ) Time (s)
A
vay
(c) (d) > )3
16 s Y

—e—1500Hz
144 —+—2000Hz
—+—2500Hz

NHE , pH=7
ZnCr-LDH  TisC,T,

azsev -GBS0 N “Tiiouy
1 k €’ C lbarner COZ

Cs2(1010F-2
3

ZnCr-LDH

Uy, =-1.38 eV CO,CH,
/ o VB H,0 4
1366V --[--- —
A6 12 -08 04 00 04 08 12 e N,

Potential (V vs. Ag/AgCl)

Fig. 8 (a) EIS Nyquist plot and (b) transient photocurrent spectra of
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at three different frequencies. (d) Schematic diagram of charge transfer
over the ZCTC composite under simulated solar irradiation.
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LDH, indicating enhanced charge transfer kinetics in ZCTC25.
The increased photocurrent density of ZCTC25 maybe because
of the ability of MXene to improve the light absorption and
enhance the charge separation.”® These results prove that the
ZCTC25 heterostructure inhibits electron-hole recombination
and improves the photoexcited carrier separation.

It can be seen that the Mott-Schottky (MS) curves possess a
positive slope at different frequencies (from 1500 to 2500 Hz),
indicating that ZnCr-LDH is a typical n-type semiconductor
(Fig. 8c). The Fermi level (E) is nearly equal to the flat-band
potential (Ug,), which is approximately —1.38 eV (vs. Ag/AgCl, pH
= 7) derived from the intercept of the tangent of the MS curves
on the x-axis. The Eg vs. Ag/AgCl, pH = 7, is approximately 0.2 eV
more negative than the Er vs. NHE, pH = 7. Therefore, the Eg vs.
NHE, pH = 7, is calculated to be —1.18 eV. In general, the con-
duction band (CB) of the n-type semiconductor is approximately
0.10 eV more negative than the Ep>*®° Therefore the CB value
(Ecg) of ZnCr-LDH is estimated to be —1.28 eV (vs. NHE, pH =
7). On account of the E, of ZnCr-LDH being 2.64 eV, the valence
band value (Eyg) is calculated to be 1.36 eV (vs. NHE). This is
consistent with the XPS-VB value, which was determined to be
1.35 eV from the XPS valence spectrum (Fig. S87). According to
previous reports, the Er values of Ti;C,T, with terminal -F, and
Ti;C,T, with terminal —O, are calculated to be 0.18 eV and 0.71
eV, respectively (vs. NHE, pH = 7).** These values are much
lower than the conduction band position of ZnCr-LDH, and
therefore the photoexcited electrons tend to transfer from ZnCr-
LDH to TizC,T, across the heterojunction interface.

Based on the results discussed above, a photocatalytic
process for the ZnCr-LDH/Ti;C, T, heterostructure is proposed.
The Fermi level of ZnCr-LDH is higher than that of Ti;C,T,
before contact, as indicated by the above MS measurements.
Therefore, the difference between the Fermi levels for ZnCr-
LDH and TizC,T, drives the electron migration from ZnCr-
LDH to TizC,T, after their contact to equilibrate the Ex between
the two materials. In the equilibrium process, the energy band
of ZnCr-LDH (an n-type semiconductor) will bend upwards to
produce a Schottky barrier, as shown in Fig. 8d. Under simu-
lated solar irradiation, the photo-induced electrons are excited
and leap from the CB to the VB of ZnCr-LDH, and holes are left
in the VB. Then, the electrons migrate along the Schottky junc-
tion to Ti;C,T,, achieving efficient electron separation. Their
backflow is prevented by the Schottky barrier. After that, the
electrons accumulated at the Ey of Ti;C,T, react with adsorbed
CO, molecules and reduce them to CO and CH, gas.
Meanwhile, the holes gathered on the VB of ZnCr-LDH are con-
sumed by sacrificial H,O. In brief, the enhanced photocatalytic
CO, reduction performance is a result of the increased photo-
generated electron separation and migration along with the het-
erojunction interface between ZnCr-LDH and Ti;C,T, MXene.

Conclusions

In summary, a novel 2D/2D ZnCr-LDH/Ti;C,T, Schottky het-
erojunction is synthesized using an in situ coprecipitation
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method. ZnCr-LDH nanoflakes collectively grow on the surface
of Ti;C,T, MXene nanosheets. The heterojunction of ZnCr-
LDH/Ti;C,T, exhibits significantly improved photocatalytic
CO, reduction under simulated solar irradiation. The opti-
mized sample ZCTC25 has the highest photocatalytic CO,
reduction rates of 122.45 pmol g~' CO and 19.95 pmol g~' CH,
(after 6 h of irradiation). These values are approximately 2.65
times higher than those for pristine ZnCr-LDH, which are
46.34 pmol g~! CO and 7.48 pmol g~ CH,. The product selecti-
vity towards CO gas is 86%. These results can be attributed to
the improved light absorption, the promoted charge separ-
ation and the migration of the prepared heterojunction after
decoration with Tiz;C,T, MXene as a cocatalyst. This work
further improves the photocatalytic CO, reduction perform-
ance of ZnCr-LDH by using MXene as a cocatalyst and enriches
the application of an unusual type of layered double hydrox-
ides in the photoreduction of CO,.
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