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ABSTRACT Rational design and controllable synthesis of visible-light-responsive photocatalysts that exhibit
both good hydrogen-producing efficiency and stability in the water splitting reaction are undoubtedly a chal-
lenge. Here we report an integrated CdS nanorod/oxygen-terminated TisC,Tx MXene nanosheet heterojunc-
tion with a high catalytic hydrogen evolution reaction (HER) activity. By incorporating one-dimensional (1D)
CdS nanorods onto annealed ultrathin two-dimensional (2D) MXene nanosheets, the mixed-dimensional
1D/2D heterojunction achieved a hydrogen-evolving rate of 8.87 mmol-g'-h*", much higher than that of bulk
CdS and CdS/unmodified MXene hybrid catalysts. The enhanced HER activity and stability of the designed
heterojunction catalyst are attributed to the presence of oxygen-containing terminal groups on the surface of
thermally treated TizC,Tx MXene, extended light absorption spectra as well as the precisely constructed
intimate Schottky contact, implying an accelerated interfacial charge transfer and efficient, long-term photo-
catalytic hydrogen production performance. The results demonstrate that oxygen-terminated 2D MXene can

be well utilized as a functional platform for the development of novel heterojunction photocatalysts.
Keywords: CdS, MXene, heterojunction, water splitting, hydrogen evolution reaction

E [NTRODUCTION

With the continuous development of economy, the energy crisis is
becoming more and more serious. Solar energy is the most abun-
dant and clean energy, and converting solar energy into chemical
fuels is highly desirable. Photocatalytic hydrogen production from
water splitting driven by solar energy has been considered as a
promising solution to global energy crisis.l"® Over the past few
decades, semiconductor-based photocatalysis technology has
been widely employed in the applications of CO; reduction, water
splitting, N fixation and environmental remediation.*!”) The semi-
conductors, such as CdS, TiO,, ZnS, WO3, Fe;0s3, Bi,Ss, etc., are
able to act as photoactive materials for redox/change-transfer pro-
cesses.['#2% Among them, highly efficient photocatalytic hydrogen
production over cadmium sulfide (CdS) is well documented, origi-
nating from its good visible light-harvesting property and the
matched band structure.?53% However, its deficiencies including
rapid electron-hole recombination rate, serious photocorrosion
and insufficient active sites impede the practical application in en-
ergy and environmental science.?53".34 Thus, rationally designing
CdS-based catalysts with high hydrogen-evolving activity and en-
hanced stability via accelerating the separation of charge carries
and facilitating interfacial charge transport is of great importance.

Integrating CdS with different co-catalysts to construct various
heterojunctions has proven to be effective in enhancing hydrogen
evolution reaction activity and long-term stability.[0.11.30:35.361 MXene,
which is a newly discovered two-dimensional (2D) transition metal
nitride/carbide, has emerged as a multifunctional material with
excellent performance, showing great prospects for catalysis-
related applications.?537-3%1 MXene has the general composition
of My+1X, Ty, where M is an early transition metal, X can be carbon
or nitrogen, n = 1, 2, 3, and T represents surface functional
groups (-0, -OH and -F).“%411 |t possesses multiple advantages of
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ultrathin 2D layered structure, high percentage of exposed metal
atoms, regulable surface terminations, highly hydrophilic surface,
wide-spectrum light absorption, and excellent electrical conduc-
tivity, providing a universal platform for constructing solar-driven
heterojunction photocatalysts.[4244

The size and thickness of 2D MXene play an important role in
determining the electrical conductivity, interfacial charge transfer
and the hydrogen-producing activity. Moreover, the surface termi-
nations of 2D MXene are highly dependent on a number of factors
including the etching method, delamination process and exfolia-
tion solvent.*44" Generally, ultrathin MXene nanosheets can be
synthesized via the combination of top-down wet chemical etch-
ing and controllable delamination, which intrinsically results in the
coexistence of different terminal groups including hydroxyl, oxy-
gen and fluoride (-OH, -O and -F) on the surface of MXene."8! It
is well-known that oxygen-containing terminal groups majorly af-
fect the band structure and electrical conductivity of MXene, and
subsequently make a great impact on the co-catalyst-assisted
photocatalytic hydrogen evolution reaction.[40:49-52

In this paper, a thermal treatment strategy has been applied to
regulate the oxygen-terminated groups on the exfoliated MXene
nanosheets. Considering the merits of n-type CdS semiconductor,
we further integrate 1D CdS nanorods with designed oxygen-
terminated 2D MXene nanosheets. Our approach is to accelerate
the electron-hole separation of semiconducting CdS and also to
facilitate the charge transport at the interface by introducing highly
conductive 2D MXene nanosheets with predominant oxygen-con-
taining terminal groups. The presence of modified MXene in the
heterojunction also leads to the extended utilization of wide-spec-
trum visible light. The unique feature of formed Schottky interface
endows 1D CdS/2D MXene hybrid catalysts with high activity and
long-term stability in hydrogen production from photocatalytic wa-
ter splitting. Impressively, remarkable AQE enhancement was
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Figure 1. (a) Temperature-depended XRD patterns of DM (MXene
nanosheets); (b) XRD patterns of DM, CdS, and CDM20-500; (c) XPS sur-
vey spectra of CdS, MT-D500 and CdS/MT20-D500 (CDMz20-500); (d, e)
High-resolution XPS spectra of Cd 3d and S 2p in CdS and CDMz20-500;
(f) High-resolution XPS spectra of C 1s in DM-500 and CDM20-500.

observed at fixed monochromatic wavelengths (450 and 520 nm).
B RESULTS AND DISCUSSION

MXene nanoflakes were prepared through intercalation and ultra-
sonication. Typically, DMSO solvent was used as the intercalator
to enlarge the layer spacing of the bulk pristine MXenes (PM), and
the delaminated MXenes (DM) were further obtained by ultra-
sonication. Subsequently, DM samples were annealed at different
temperatures (T = 400, 500, 600, 700 °C) in argon atmosphere to
obtain DM-X (X = 400, 500, 600, 700). The annealed MXenes
were employed as the platform for the nucleation and in-situ
growth of CdS nanorods by a solvothermal process. Varying the
amount of Cd source obtained a series of CdS/MXene composites
labeled as CDM,-X (where y = 10, 20, 40, 80).

The structures and compositions of DM-X and CdS samples
were analyzed by X-ray powder diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS). As shown in Figure 1a, when an-
nealing above 600 °C, characteristic diffraction peaks (26 = 25.3°,
37.8°,48.0°,53.9°, 55.1°, 62.7°, 68.8°, 70.3°, 75.0°) of TiO, were
detected, indicating the formation of a large amount of TiO- at high
temperature.®35 The XRD pattern of CdS shows a series of dif-
fraction peaks at 24.8°, 26.5°, 28.2°, 36.6°, 43.7°, 47.8°, 51.8°,
58.3°, 66.8°, 70.9°, and 75.5° (Figure 1b), which can be assigned
to (100), (002), (101), (102), (110), (103), (101), (202), (203),
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8(211), and (105) lattice planes of hexagonal CdS. Unfortunately,
no diffraction signal of MXene was detected in the composite
CDM2,-500, which may be casued by weak diffraction signal and
low dose of MXene. Figure 1c-d show the XPS spectra of CdS
and CDMy-500. The characteric peaks of Cd?* 3ds and Cd?*
3ds, were probed in both CdS and CDMy-500 (Figure 1d).
Compared to CdS nanorods, CDM3,-500 showed higher binding
energies of Cd** 3dsp and Cd?* 3ds. (404.1 and 410.9 eV).
Correspondingly, the binding energies of S% 2ps» and S% 2pi;
shifted from 160.0 and 161.2 eV (CdS) to 160.5 and 161.8 eV
(CDM_20-500) (Figure 1e), respectively. These phenomena reflect
the decrease of surface electron density of CdS in CDMx-500,
indicating the strong interface interaction.’® On the other hand, C
1s XPS spectrum of MXene was fitted into four peaks located at
282.0, 284.8, 286.5 and 288.9 eV (Fiugre 1f), which can be
assigned to C-Ti, C-C, C-O and C-F bonds, respectively. Obviously,
the binding energies of C-O and C-F shifted towards lower binding
energies in CDM(-500, suggesting an increase of surface electron
density of MXene in CDMg-500.[2:5¢1

SEM and TEM images of CDM3-500 show that CdS nanorods
are anchored on MXene nanosheets tightly (Figure 2a and 2c).5%
The TEM image of DM-500 (Figure 2b) shows a typical flake-like
shape morphology and the lattice fringes with d-spacing of 1.0 nm.
In the high-magnification TEM image of CDM,-500 (Figure 2d), the
lattice fringes belonging to MXene (d = 1.0 nm) and CdS (d = 0.37
nm) are observed in the forms of nanosheets and nanorods, re-
spectively.5”] Furthermore, elemental mapping results of CDMy,-

Figure 2. (a) SEM image of CDM20-500, and TEM images of (b) annealed
MXene (DM-500), (c, d) CDM20-500, and (e) the elemental mapping re-
sults of CDM20-500.
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Figure 3. Photocatalytic Hz evolution performance of CdS and CdS/MXene
composites: (a) composites containing different dose of 500 °C annealed
MXene; (b) composites containing the same dose of MXene annealed at
different temperatures; (c) the performance comparison of the composites
containing MXene and annealed MXene; (d) performance stability test of

CdS and CDMz0-500.

500 show that Ti and C elements are distributed uniformly in the
nanosheets, while Cd and S elements are clearly displayed in the
nanorods (Figure 2e), confirming the successful construction of
the heterojunction of CdS/MXene. 28!

In order to investigate the photocatalytic activity of CdS/MXene
composites, photocatalytic hydrogen production rates of different
composites were evaluated under visible light irradiation.['l As
shown in Figure 3a, CdS nanorods exhibit a low hydrogen evolu-
tion rate, while the composites CDM,-500 (y = 10, 20, 40 and 80)
show enhanced photocatalytic hydrogen production. Especially,
CDMy-500 displays the highest hydrogen production perfor-
mance, which is about 5 times higher than that of CdS. To verify
the optimum annealing temperature of MXene, the anneal pro-
cess of DM was carried out at different temperatures (400, 500
and 600 °C) and fixed at a dosage of 20 mg before being used to
construct composites (CDM-X, X = 400, 500, 600). The results of
photocatalytic hydrogen evolution indicate that CDMg,-500 still
possesses the highest hydrogen-evolving activity (Figure 3b).
Moreover, the photocatalytic hydrogen evolution experiments over
the nanocomposites hybridized with bulk MXene (PM) and inter-
calated MXene (DM) were conducted. As shown in Figure 3c, the
nanohybrid of CDMy,-500 still illustrates the best hydrogen pro-
duction performance. In addition, a long-term photocatalytic hy-
drogen evolution test on CDMy-500 was carried out to evaluate
its durability (Figure 3d). In the 12 h test, CDM3-500 exhibits a
steady increase in the evolved hydrogen under visible light illumi-
nation. AQE values of the optimized CDM3-500 were calculated
to be 35.6%, 27.8% and 18.1% at wavelengths of 420, 450 and
520 nm, respectively, which are higher than those reported in our
previous work.[34
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Figure 4. (a, c) Photocurrent density curves and (b, d) EIS Nyquist plots
of CdS and CdS/MXene composites.

To explore the enhancement of photocatalytic hydrogen, the
photocurrent response curves and EIS Nyquist plots were col-
lected. With intermittent visible light, all the samples exhibited
rapid and consistent response (Figure 4a, c), but only CDM2,-500
performed the highest response signal, indicating more photoge-
nerated charge carriers forming in CDM-500. Correspondingly,
CDM20-500 showed the smallest semicircle of EIS Nyquist plots
(Figure 4b, d), suggesting low resistance of charge migration.
These results suggest that free photogenerated charges are more
easily generated in CDM3,-500. This conclusion is further verified
by in-situ electron spin resonance (ESR) results.[*?l As shown in
Figure 5a and 5b, the ESR signal attenuation of TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl, a typical electron and hole capturing

TEMPO-¢ TEMPO-h™]
a b
- -
= =
< <
N S
& & Lo :
LI — e T AN A | Aedieion
= =
I I
2 2
= =
- —
dark dark
CDM,,-500 CDM,,-500
318.4 318.5 318.6 318.7 318.8 3189 318.3 3184 318.5 318.6 318.7 318.8 318.9
Magnetic field (mT) Magnetic field (mT)
DMPO--OH DMPO-03-"
€ d
- -~
B =
< <
S S ; 1
i 2 |
b~ S SR ANAAAM AN A AR WA A MV,
D e B
= =
9 @
2 2
= =
dark dark
CDM,,-500 CDM,;-500

317.8 3179 3I§.0 31%4.] 31;3.2 31;3.3 317.8 31‘7.9 SIé.ﬂ 3I;§.l 31‘8.2 31;3.3
Magnetic field (mT) Magnetic field (mT)

Figure 5. ESR spectra of radical adducts signal in dispersions of CdS and
CdS/MXene composite: (a) electrons and (b) holes captured by TEMPO;
(c) hydroxyl radical and (d) superoxide radical trapped by DMPO.
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Figure 6. (a) (ahv)? vs. hv plots and (b) the Mott-Schottky plots of CdS; (c) Representative schematic of CdS/MXene heterojunction for hydrogen production.

agent) is dramatic in CDM,-500 dispersion under irradiation, in-  nanorods accelerates the separation and transport of photogene-
dicating a large number of photogenerated electrons and holes  rated charge carriers. The optimized heterojunction photocatalyst
on the surface of CDMzp-500. CDM3,-500 containing 20 mg annealed MXene demonstrates im-
To give insight into the redox capacity of photogenerated  proved hydrogen production performance, which is superior to
charge carriers, hydroxyl radical (-OH) and superoxide radical  those of pristine CdS and CdS/untreated MXene hybrid photo-
(-O2’) were further detected by 5,5-dimethyl-1-pyrroline N-oxide  catalysts. AQE values of the optimal photocatalyst at 450 and 520
(DMPOQO) due to the potentials of O./-O,”and OH/-OH which are  nm reach 27.8% and 18.1%, respectively.
-0.046 and 1.99 V vs. NHE, respectively.[® Under visible light
illumination, the ESR signals of DMPO--O, and DMPO--OH ad- - EXPERIMENTAL
ducts were significantly detected in CDM,-500 dispersions (Fig-  Synthesis and Surface Modification of TizC2Tx MXene Sheets.
ure 5¢, 5d), indicating that the photogenerated electrons have suf-  Solvent intercalation is an effective way to delaminate MXene bulks
ficient proton reduction capacity. (PM) into MXene sheets (DM).1% Typically, 2 g MXene bulks was
The band position of CdS nanorods was determined. UV-vis  added into 50 mL DMSO, and stirred at room temperature in ar-
DRS spectrum was converted into the (ahv)? vs. hv plot through ~ gon atmosphere for hours. The DMSO-intercalated MXene was
formula: ahv = A(hv - Eg)"?, where n is determined by the type of  collected by centrifugation and washed several times alternately
a semiconductor (n = 1 for direct semiconductor and n =4 foran  with ethanol and deionized water. The intercalated MXene pow-
indirect one), and a, h, v and A represent absorption coefficient, = der was then dispersed into deionized water through sonication
Planck’s constant, vibration frequency and proportionality con-  dispersion method under continuous injection of argon. The layer-
stant, respectively. The maximum slope tangent intersects the X-  ed TizC,Tx MXene sheets (DM) were centrifuged and dried in a
axis at 2.39 eV, indicating Eg = 2.39 eV. The conduction band (CB)  vacuum at 60 °C for hours.
of CdS nanorods was estimated according to the tangent of Mott- Five portions of the produced MXene sheets were annealed at
Schottky (M-S) curves (Figure 6b). Positive slopes at different fre- 400, 500, 600 and 700 °C for 1 h, respectively at a heating rate of
quencies suggest a typical n-type CdS, and the intercept on the 5 °C/min in argon atmosphere. And the obtained samples are
X-axis determined the flat-band potentials (Ew) to be -1.25V (vs.  named DM-X (X = 400, 500, 600, 700). For comparison, MXene
Ag/AgCl), which was equivalent to -0.62 V (vs. RHE) accordingto  bulks were annealed at 500 °C for 1 h at the same heating rate in
the following formulal®®: Erpe = Eagagal + 0.059%pH + E%agagei  argon atmosphere, named PM-500.1481
(ECag/agei is about 0.199 V at 25 °C and pH is about 7.3). The value
of CB can be calculated as -0.92 eV since its position is usually
about -0.3 V above Eg. Thus, the valence band (VB) can be calcu-
lated as 1.47 eV by the formula: Evs = Ecs + E4. Based on the above
results, the band structure and electron migration of CDM-500 can
be depicted in Figure 6¢. The tight interface between MXene and
CdS promoted the migration of photogenerated electrons from CdS
to MXene, which is beneficial for the proton reduction.

Synthesis of CdS/TisC2Tx Composites. The sample DM-500 of
different doses (10, 20, 40 and 80 mg) was dispersed into ethyl-
enediamine by sonication treatment to prepare a homogeneous
dispersion. The ethylenediamine solution of Cd(NO3).-4H.0O (20
mL) was dropped into the dispersion of exfoliated TisC,Tx nano-
sheets, followed by stirring at room temperature for hours. The
ethylenediamine solution containing thiourea was then slowly in-
jected into the mixture and stirred for another 2 h. The final mix-
HE CONCLUSION tures were transferred into Teflon-lined autoclaves, sealed and
heated at 160 °C for 2 days. The obtained samples were washed
several times alternately with ethanol and deionized water, and
then dried under vacuum at 60 °C for 24 h, which were named
CDM,-500 (y = 20, 40, 80). The pure CdS nanorods were synthe-
sized in the same strategy.

In summary, we have successfully developed the approach to regu-
late the oxygen-terminated groups on the surface of TizC,Tx MXene
by a control thermal annealing process, constructing a novel he-
terojunction where 1D CdS nanorods are decorated on the modi-
fied 2D TizC2Tx MXene nanosheets. The interfacial intimate con-
tact between the annealed 2D MXene nanosheets and 1D CdS  Characterization. The morphology and microstructure of sam-
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ples were observed by the field-emission scanning electron mi-
croscope (FESEM, FEI NovaNano SEM 450) and transmission
electron microscope (TEM, FEI Tecnai G2 F30 S-TWIN) equipped
with energy dispersive X-ray (EDX) analysis. X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB 250 Xi) was
used to determine the elemental composition of samples, and the
obtained XPS spectra were referenced to the aliphatic C 1s peak
of 284.8 eV. X-ray diffraction (XRD) patterns in the 26 range of 5-
80° were measured by an X-ray diffractometer equipped with Cu
Ka radiation (Rigaku Ultima 1V). UV-vis diffuse reflection spectro-
scopy (DRS) was performed on a UV spectrophotometer (UV2450)
with BaSO, as reference in the range of 200-800 nm. Photoelectro-
chemical tests were performed on an electrochemical workstation
(CHI 660E, Shanghai Chenhua) with a three-electrode system (Pt
wire counter electrode, Ag/AgCl reference electrode and working
electrode). Na;SO; solution (0.1 M) was used as the electrolyte.
Bruker A300-10/12 spectrometer was applied to detect the elec-
tron spin resonance (ESR) signals. The detection of photogenera-
ted electrons and holes by TEMPO was performed severally in
aqueous and acetonitrile solutions. The superoxide and hydroxyl
radicals were detected in methanol and aqueous solutions respec-
tively by using DMPO.

The photocatalytic water splitting experiments were carried out
in a closed gas circulation-evacuation reactor (CEAULIGHT, CEL-
SPH2N-D, 150 mL) which was connected to a water-cooling sys-
tem. 10 mg of sample was added into a reactor containing 50 mL
of lactic acid solution (10 wt.%). After ultrasonic dispersion, the
reactor system was sealed and vacuumized. During photocatalytic
reactions, the reaction system was continuously stirred and illu-
minated with a Xe lamp (PerkinElmer, 300 W, A > 420 nm). Mean-
while, the cooling system kept the reactor temperature at 6 °C. To
assess the rate of hydrogen release, the irradiation duration was
set at 3 hours and measurements were taken at 30-minute inter-
vals by a gas chromatography (GC-7920). The apparent quantum
efficiency (AQE) at a fixed wavelength was calculated according
to the following formula:l"

2xnumber of evolved hydrogen molecules

0/ = 0,
AQE(%) number of incident photons (N) X 100%
N FA
" he

Where E and A are the intensity and wavelength of monochro-
matic light, respectively. The E values at 420, 450 and 520 nm are
267.2, 312.35, and 350.01 mW, respectively. h is the Planck con-
stant (6.626 x 10-34J-s) and c is the speed of light (3 x 108 m/s).
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