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Abstract

The development of efficient photocatalysts for the production of hydrogen peroxide (H20) is a
promising strategy to realize solar-to-chemical energy conversion. Graphitic carbon nitride (g-C3Na)
presents giant potential for photocatalytic H202 production, but the sluggish charge separation
depresses its photocatalytic performance. Herein, an interfacial Schottky junction composed of TisC>
nanosheets and porous g-CsN4 nanosheets (TC/pCN) is constructed by a facile electrostatic self-
assembly route to significantly boost the spatial charge separation to promote the activation of
molecular oxygen for H.O> production. As the optimal sample, TC/pC esses the highest H20-
production rate (2.20 pmol L't min) under visible light irradiatio 0 nm), which is about 2.1
times than that of the porous g-CsN4. The results of sup ide radical detection and rotating disk
electrode measurement suggest that the two-step®e- ectron reduction of oxygen is the
predominant reaction step during this phoioca™g@ti® H.O> production process. The enhanced
photocatalytic performance is ascribed ation of Schottky junction and subsequent built-in
electric field at their interface, Wh@%ﬂe the spatial charge separation and restrain the charge

recombination. This wo OQ,an in-depth understanding of the mechanism of photocatalytic

H20, production, and giveNjdeas for the design of highly active materials for photocatalytic H20-
production.
Keywords: Photocatalytic H.O> production; TisC> Mxene; Porous g-C3Na; Schottky junction; Spatial

charge separation
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1. Introduction

Hydrogen peroxide (H20>) is a clean and multifunctional oxidant whose byproduct is only water
[1, 2]. It has been widely used in the field of chemical industry and environmental management, such
as pulp bleaching, organic synthesis, disinfection, and water remediation [3-7]. Recently, H2O2 has
also attracted tremendous interest as an ideal fuel cell energy carrier that can replace Hz [8-10]. On the
one hand, H20- can be stored and transported more conveniently and safely than that of Hz due to its

water solubility [11-13]. On the other, compared to two-compartment Hz based fuel cell, the structure

and scale of single-compartment direct peroxide-peroxide fuel cell Elgmgre more advanced [14,
15]. However, the anthraquinone method as the most used metho » production is limited by
its complicated routes, high costs, and toxic by-products [ oreover, the synthesis of H2O in the

presence of H> and O though noble metal catalysts @ blem of potentially explosive nature,

and the method of obtaining H2O, via ele

restricted by its high energy consumpti%

friendly and low cost technology f«@g production is urgently desired [19-21].

oxygen reduction reaction (ORR) is also

. Therefore, the safe and efficient, environmental-

As one of the most i ethods for H20 production, semiconductor photocatalysis owns
the advantages of safety\pollution-free, and energy conservation [22-25]. In this process,
photogenerated electrons on the conduction band originated from semiconductor materials can reduce
O3 to produce H20O2. Among the various semiconductor materials, graphitic carbon nitride (g-C3Na)
has drawn much attentions owing to its efficient visible light absorption, proper conduction band edges,
high chemical stability, and excellent environmental benignity [26-28]. Since Shiraishi et al. [29]
firstly reported that g-C3Na4 could highly selective produce H20- in an alcohol/water mixture with O

under visible light irradiation (A > 420 nm) due to the efficient formation of 1,4-endoperoxide species,
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many investigations have been made in this field [30, 31]. Nevertheless, the bulk g-CsN4 usually
presents poor photocatalytic activity because of the low separation and transfer efficiency of
photogenerated charge carriers. Therefore, various strategies have been developed for g-CsN4, such as
defects engineering [32-34], heteroelements incorporating [35], and other species introducing [36, 37],
aiming at boosting the spatial charge separation, and thus improving the yield of H.O> production.
Mxenes, a novel family of two-dimensional (2D) materials obtained by selectively etching the A
layers from the MAX phases (M represents early transition metal, A represents A-group element, and
X represents C and/or N element), have stimulated growing concerng rgge 38, 39]. Among them,
TizC as a typical Mxene has been widely investigated since it ed in 2011 because of its
unique features, such as superior electrical conductivity, goggtructural stability, and excellent visible
light harvesting ability [40]. Moreover, TisC: could t@ d with semiconductor photocatalysts

to form Schottky junctions, which greatly progo eparation of photogenerated charge carriers.

Thus, in addition to the bright future i of Li-ion batteries and supercapacitors, TizC> also
presents great potentials in photo@& 41, 42]. For example, Ran et al. [43] demonstrated that
TizCz could remarkably photocatalytic H2 production performance of CdS under visible
light irradiation (A > 420 nn¥, The H> production activity and the apparent quantum efficiency (AQE)
of CdS/TisC, hybrid photocatalyst could reach to 14342 pmol h** g and 40.1%, respectively, which
could be ascribed to the excellent electrical conductivity, desirable Fermi level position and the
formation of Schottky junction. Besides, Cao et al. [44] also found that the 2D/2D TizCa/Bi2WOs
heterostructure exhibited significantly enhanced activity toward photocatalytic CO. reduction.

Benefiting from the improved charge transfer ability, the total yield of CHs and CH3OH on

TisC2/BiWOe was 4.6 times than pristine Bi2WQs. These reports demonstrated that TisC. could
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greatly promote the separation and transfer of photogenerated charge carriers, and thus improving the
photocatalytic performance. Theoretically, when the metal’s work function is greater than the n-type
semiconductor’s work function, a Schottky junction can be established after their intimate contact [45-
47]. As the work function of TisC; is greater than that of g-C3Ng, it can be reasonably deduced that the
interfacial Schottky junction composed of 2D TisCz nanosheets and 2D porous g-CsN4 nanosheets
might be a superior catalyst for photocatalysis, which may own enhanced visible light absorption,
accelerated spatial charge separation, and a desirable yield of H20> [40, 48].

In this study, a novel TisC> Mxene/porous g-CsNs (TC/pCN), ierfamg! Schottky junction is
fabricated via a facile electrostatic self-assembly process. The per of TC/pCN photocatalyst
for H202 production under visible light irradiation (A > 42 ) is investigated. Based on the results

of superoxide radical detection, rotating disk electrod S ent, photoelectrochemical properties

and band structure analysis, the possible QrooWgkigh mechanism of H>O. over the TC/pCN
photocatalyst is proposed. The introdu C: into g-C3sN4 not only boosts the spatial charge
separation, but also promotes the p@on of H202 under visible light.
2. Experimental sectio
2.1. Preparation of samples
2.1.1. Preparation of the porous g-C3N4 nanosheets

The porous g-CsNa4 nanosheets were prepared by a chemical exfoliation method. Bulk g-C3zNswas
first obtained by the thermal pyrolysis of urea on a semiclosed crucible at 520 °C for 2.5 h with a
heating rate of 10 °C min 1. Then 1 g of the bulk g-CsN4 was dispersed in 200 mL of 0.5 mol L

hydrochloric acid (HCI) solution under ultrasonic treatment. After ultrasonication for 1 h, the mixture

was stirred for 4 h, then filtered and washed with deionized water until the pH > 6. Finally, the porous
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g-CsN4 nanosheets were obtained by drying the product at 60 <C for 12 h.
2.1.2. Preparation of the TisC2 nanosheets

The TizC, nanosheets were prepared according to the previous report [44]. Typically, 1 g of
TizAIC, was dispersed in 20 mL of hydrofluoric acid (HF) solution (content > 40.0%). After stirring
for 72 h, the suspension was centrifuged, washed with deionized water until the pH > 6, and dried for
8 h under vacuum at 60 <C. Then, the precursor was added into 20 mL of dimethyl sulfoxide (DMSO)
and kept stirring for 12 h. The mixture was centrifuged, washed with deionized water for several times
to remove the remainder DMSO, and dried for 8 h under vacuum at 60C sequently, 0.5 g of the
dried sample was dispersed in 50 mL of deionized water and u -treated for 1 h under N2
protection followed by 1 h of centrifugation at 3500 rpm t ove the unexfoliated sample. Finally,
the supernatant of TisC2 nanosheets was obtained, and@ ration was measured to be 1 mg mL 2.

2.1.3. Preparation of the TizsCaz/porous g-CsN sample

The TizCa/porous g-C3N4 (TC/pC as prepared by a facile electrostatic self-assembly
method. Typically, 0.3 g of the @g-&,m was dispersed in 50 mL of deionized water and
ultrasound-treated for 0. S@ently, a certain volume of the Ti3C> solution was added dropwise
into the above suspension 2§d ultrasound-treated for another 0.5 h to delaminate and strengthen the
interfacial interaction. The mixture was then stirred for 4 h to build the mutual electrostatic attraction
between the two species. Finally, the precipitate was filtered and dried for 8 h under vacuum at 60 <C.
The mass ratios of TisC> to porous g-CsN4 were set as 1%, 2%, and 5% by controlling the added
volume of TisC; solution, and the obtained samples were designated as TC/pCN-X (X =1, 2, 5). The

porous g-CsNa4 with no TisC> solution adding was defined as pCN.

2.2. Characterization
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Zeta potential was detected by a Zetasizer Nano ZS (Malvern, UK). Transmission electron
microscopy (TEM) images were collected on a Tecnai G2 F20 S-TWIN electron microscope (FEI,
USA). Atomic force microscopy (AFM) images were acquired on a Dimension Edge (Bruke,
Germany). Energy-dispersive X-ray spectroscopy (EDS) mapping images were obtained on a Quanta
250 field emission scanning electron microscopy (FESEM, FEI, USA). Brunauer-Emmett-Teller (BET)
specific surface areas were measured by N2 adsorption-desorption method using an ASAP 2020 HD88
instrument (Micromeritics, USA). X-ray diffraction (XRD) patterns were tested on a D8 Advance X-
ray diffractometer (Bruke, Germany) with Cu Ka radiation. Fourier trakgf infrared (FTIR) spectra
were monitored using a KBr pellet on a TENSOR 27 spectrome e, Germany). Ultraviolet
visible diffuse reflectance spectra (UV-vis DRS) were m ed on a Cary 300 spectrophotometer
(Varian, USA). X-ray photoelectron spectroscop @ as performed on a Escalab 250Xi

spectrometer (Thermo, USA) with Al Ko radjatio oluminescence (PL) spectra were conducted

on a F-7000 fluorescence spectrophoto hi, Japan) under 320 nm excitation. Time-resolved
photoluminescence (TRPL) spect@ recorded on a FLS 980 fluorescence spectrophotometer
(Edinburgh Instruments; . iolet photoemission spectroscopy (UPS) was carried out on a
Escalab 250Xi spectromete{ Thermo, USA) using He I resonance lines (21.2 eV).
2.3. Photocatalytic H2O. production

The photocatalytic H.O> production experiments were carried out as follows. First, 50 mg of
catalyst powder was uniformly dispersed into 50 mL of aqueous solution containing 10 vol%
isopropanol (IPA) with ultrasonication for 10 min. Then Oz was continually bubbled through the

suspension and stirred in the dark for 1 h to achieve the adsorption-desorption equilibrium before

irradiation. Finally, the suspension was irradiated with a 300 W xenon lamp (PLS-SXE300/300UV,
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Perfect Light, China) equipped with a 420 nm cutoff filter under stirring. At certain time intervals, 3
mL of the suspension was collected. After removing the catalyst powder by centrifugation and filtration
with a millipore filter (0.45 um), the H2O2 concentration was measured by iodometry [30]. The H20-
decomposition behavior of the photocatalysts was studied by dispersing 50 mg of sample in 50 mL of
1 mmol L H,0; solution and irradiating for 1 h visible light under continuous stirring. To evaluate
the stability and recyclability of the photocatalysts, after reaction, the samples were collected by
centrifugation and washed with deionized water and ethanol respectively, and dried for the cycle
experiments. %
2.4. Superoxide radical detection

The electron spin response (ESR) signal of <Oz obtained from a JEOL JES-FA200
spectrometer under visible light irradiation (A > 42(@ ere 5,5-dimethyl-1-pyrroline N-oxide

(DMPO) was used as spin-trapped reagent. Zhe tration of *O2” was evaluated by nitroblue

tetrazolium (NBT) transformation test, j I mg of the sample was dispersed in 50 mL of 0.01
mmol L NBT aqueous squtior@ concentration was measured by a Shimadzu UV-2700
spectrophotometer at its a@ absorbance peak (260 nm).
2.5. Electrochemical and pr§toelectrochemical measurement

Rotating disk electrode (RDE) measurement was conducted on a Chenhua CHI 760E
electrochemical workstation with a three-electrode cell. The Ag/AgCI electrode and Pt wire electrode
were used as the reference electrode and counter electrode, respectively. The working electrode was
prepared as follows: 5 mg of the sample was added into 0.5 mL of 10 vol% Nafion solution (diluted
with ethanol). Then 5 pL of the suspension was uniformly dropped on a glassy carbon electrode

(diameter of 5 mm) and the electrode was dried at room temperature. The linear sweep voltammetry
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(LSV) curves were collected in an O,-saturated 0.1 mmol L phosphate buffer solution (pH 7) with a
scan rate of 10 mV s,

The transient photocurrent response curves, electrochemical impedance spectroscopy (EIS) and
Mott-Schottky plots were obtained on a Chenhua CHI 760E electrochemical workstation with a three-
electrode cell. The Ag/AgCl electrode and Pt wire electrode were used as the reference electrode and
counter electrode, respectively. The working electrode was prepared as follows: 5 mg of the sample
was added into 1 mL of 0.5% nafion solution under ultrasonication for 1 h. The suspension was then
dropped on a fluorine-doped tinoxide (FTO) glass (1 > 2 cm?) whjc re-cleaned by acetone,
ethanol and deionized water, respectively. The obtained electro ied at 80 °C for 4 h and
calcined at 120 °C for 1 h. 0.2 mmol L* Na,SO4 aqueou ution was used as the electrolyte. The
light source was provided by a 300 W xenon Iam@- E300/300UV, Perfect Light, China)

equipped with a 420 nm cutoff filter. The trggaie ocurrent response was tested on an applied

voltage of 0 V with the light on or ctrochemical impedance spectroscopy (EIS) was
collected on an applied voltage of&n amplitude of 0.005 V over a frequency between 1072
and 10° Hz. Moreover, -S curves were also collected at the frequency of 1000 Hz.
3. Results and discussion
3.1. Synthesis and physicochemical properties

Fig. 1 displays the synthetic process of TC/pCN interfacial Schottky junction. Initially, TizAIC>
MAX phase was etched into multilayer TisC, by HF. The multilayer TisC> was subsequently exfoliated
into few-layer ultrathin TisC> nanosheets under a DMSO assisted ultrasonication. Meanwhile, the
porous g-CsN4 was obtained from the delamination of bulk g-CsN4 by HCI assisted ultrasonication.
Zeta potential analysis shows that the potential of TisC, (Fig. S1a) and porous g-CsN4 (Fig. S1b)

9



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

surface is negative (-27 mV) and positive (21 mV), respectively. Thus, the spontaneous self-assembly
between the positively charged porous g-C3Ns and the negatively charged TizC> was realized by the
electrostatic interaction.

The morphology and microstructure of the samples were characterized by TEM. As displayed in
Fig. 2a, the TisC2 nanosheets are almost transparent, indicating the existence of ultrathin nanostructure.
The darker color is observed in some place, which can be ascribed to the crumple of highly flexible
TizCz nanosheets [49]. As for g-CsNa4 (Fig. 2b), it presents typical sheet-like and porous morphology.
Meanwhile, it can be clearly seen from Fig. 2c that the TC/pCN- sses 2D nanostructure

consisted of TisC> nanosheets and porous g-CsNs nanosheets. ause of the electrostatic

attraction between the two parts, their contact is quite ysgate. Moreover, high-resolution TEM

\

e two species. From Fig. 2d, no clear

(HRTEM) was performed to obtain more mformatlo
fringe can be observed in the part of porous g 3 to its low crystallinity, whereas an obvious
lattice fringe with the measured spacmg@ can be found in TisC», which is in good agreement
with the (0110) crystal plane of T 419 Besides, AFM image (Fig. 2e) and the corresponding height
distribution profile (Fig. h@t the TC/pCN-2 possesses typical 2D hierarchical nanostructure.
Additionally, FESEM-EDS\lemental mapping was collected to further authenticate the presence of
the hybridization. As shown in Fig. 2g, the elements of C, N, Ti, F and O distribute across the TC/pCN-
2 uniformly, and no other foreign elements can be detected, thereby validating the elemental
composition of the sample qualitatively. Therefore, these results demonstrate the successful assembly
of TizC2 nanosheets with porous g-C3zN4 nanosheets for TC/pCN-2 interfacial Schottky junction. The
BET specific surface area of the samples were analyzed by N adsorption-desorption isotherms shown

in Fig. S2. The BET specific surface area of the pCN, TC/pCN-1, TC/pCN-2, TC/pCN-5 and TizC>

10
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samples are 52.37, 54.70, 59.34, 56.37 and 8.45 m? g, respectively. As the content of TisCz increases,
the specific surface area of the composite gradually increases and the TC/pCN-2 sample has the largest
surface area. With further increasing the TisC> content, the specific surface area of the composite
decreases because of the relatively small surface area of TisCo.

The crystal structure of the samples was analyzed by XRD. The sample with intense peaks in Fig.
3a can be assigned to MAX phase TisAlC». After HF etching treatment, the diffraction peaks of (002)

and (004) shift to lower degrees and the most intense diffraction peak at 39.0 °disappears, suggesting

the removal of Al element in TisAIC2 and successful transformati i3AIC2 to TisCz [41].
Meanwhile, most of the peaks in TisC, become weaker and broa ared to TisAlIC,, which is
ascribed to the thinner layered structure of TisC.. Fig. isplays the XRD patterns of TC/pCN

samples with different TisC> contents. All of the san‘@ nt two similar diffraction peaks. The

peak (002) at 27.5<is indexed to the stacking refle conjugated planes, and the other peak (110)

at 13.1 °represents the repetition of non r [50]. No distinct diffraction peaks of TisC> can be
detected, indicating the well distrit@%mited amount of TizC> in the TC/pCN samples. Fig. 3c
shows FTIR spectra of t m o clear peaks can be observed in the TizC> and the framework of
TC/pCN is similar to thatNpf g-CsN4, suggesting that the signals in TC/pCN are from g-C3Na.
Specifically, the peak around 810 cm™ is ascribed to the breathing vibration of triazine units, and the
peaks between 1200 and 1700 cm™ are assigned to the skeletal stretching of C-N heterocycles [51, 52].
Additionally, the peaks between 3000 and 3400 cm™ belong to the -NH and -OH stretching vibrations
because of the free amino groups and adsorbed hydroxyl species [53, 54]. The optical absorption
properties of the samples were studied by UV-vis DRS. As displayed in Fig. 3d, pristine porous g-

CsN4 exhibits an absorption band around 450 nm. The bare TisC, presents a broad and intense
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absorption from 300 to 800 nm. After hybridizing porous g-CsNs with TisC,, the visible-light
harvesting ability is significantly enhanced. The absorbance in the visible light region of the TC/pCN
becomes stronger as the content of TisC increases. These changes are further evidenced by the
physical appearance changes. As shown in the insert image of Fig. 3d, the color of the sample change
from bright yellow to dark yellow with the increase of TisC> content.

The surface chemical composition and states of the samples were investigated by XPS. As
displayed in the XPS survey spectra (Fig. 4a), C, N and O elements related to g-C3Na4 can be seen in
TC/pCN-2, while Ti and F elements related to TizC, cannot be clear ved due to their weak
intensity. The presence of Ti and F elements in TC/pCN-2 are fur Nied by the high-resolution
spectra, demonstrating that the TisC> are successfully inco ted into the g-CsNa. Fig. 4b shows the

high-resolution Ti 2p spectra of TisC, and TC/pCN- spectrum of TisC> are deconvoluted

into five peaks, in which 455.3 and 461.3 eV gined to Ti-C, 457.3 and 463.2 eV is related to

Ti-O, and 459.3 eV belongs to Ti-F [4 ed to TizCo, the binding energies of all Ti-related

peaks in TC/pCN-2 exhibit a nega@ﬁ. The high-resolution F 1s spectra of TizCz and TC/pCN-2
are provided in Fig. 4c. ig’o peaks at 684.9 and 689.8 eV can be detected, corresponding to
F-Ti and F-C, respectively [§3]. In comparison with the F 1s spectrum of TisC», the binding energies
in TC/pCN-2 also show a negative shift. In addition, Fig. 4d displays the high-resolution C 1s spectra
of the samples. All the binding energies at 284.8 eV are ascribed to C-C (adventitious carbon) [50].
TisC> presents three characteristic peaks at 281.8, 286.3 and 288.9 eV, which are attributed to the C-
Ti, C-O and C-F, respectively [44]. As for TC/pCN-2, the binding energy of C 1s in 285.8 and 288.4
are assigned to the C-N and C-N=C [55], which exhibits a positive shift in comparison with that in the

g-CsN4. No obvious C-Ti can be detected in TC/pCN-2 because of the limited content of TisCa. Fig.

12



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

4e demonstrates that the O 1s region of TisC> can be divided into three species (O-Ti, OH-Ti and
adsorbed H>0 or CO) [44], which are located at 529.6, 530.8 and 531.8 eV, respectively. Only peak
about adsorbed H>O or CO- can be obviously found in TC/pCN-2. Besides, TC/pCN-2 presents N 1s
spectrum similar to pCN, as shown in Fig. 4f, the peaks located at 398.9, 399.9, 401.2 and 404.2 eV
are related to C-N=C, N-C3, C-NH and charging effects in heterocycles, respectively [56]. These
changes demonstrate that electrons transfer from g-CsNs to TisCz in the TC/pCN-2 sample due to the
strong Schottky effect between the g-C3Na4 and Ti3Cy, increasing the electron density of TisCo.
3.2. Spatial charge separation ability

The spatial charge separation ability of the TC/pCN interf ottky junction during the
photocatalysis was investigated. Fig. 5a displays the tra t photocurrent response curves of the

samples on typical cycles of visible light irradiation > which directly interrelates with their

spatial charge separation ability [57-59]. W':i&t on, the current is generated immediately,

demonstrating the high photo-sensitivj icient spatial charge separation of the samples.
Compared to pCN, all the TC/pCN (@2, 5) samples show elevated photocurrent response, and
TC/pCN-2 presents the i @)tocurrent density, indicating that the TizC. can greatly accelerate
the spatial charge separatiorpn the samples. Moreover, the spatial charge separation efficiency of the
samples was examined by the PL technique [60, 61]. As shown in Fig. 5b, a broad PL band (425-550
nm) with a peak at 465 nm is observed on pCN, which can be ascribed to the radiative recombination
of electron-hole pairs. The introduction of TisC> leads to substantial suppression of radiative electron-
hole recombination in g-C3N4. The TC/pCN-2 presents the weakest PL intensity, implying the fastest

spatial charge separation [62, 63]. To get more information about spatial charge separation and transfer,

TRPL test were conducted. As shown in Fig. 5c, the fluorescence decay curves can be fitted by a

13



276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

biexponential model (Eqg. (1)):

R(t) = By exp(—t/71) + B, exp(—t/7;) )
Where B; and B are the weight factor, and 71 and > are the short and long fluorescent lifetime,
respectively. Clearly, both the short and long lifetimes of TC/pCN-2 (71 = 2.75 ns, 41.09%; > = 10.52
ns, 58.91%) are prolonged in comparison with those of pCN (z1 = 2.51 ns, 37.01%; > = 9.12 ns,

62.99%). Therefore, the average fluorescent lifetime (Ave.t) is calculated via the following Eq. (2):

_ Bl‘[% +BzT§

Tave = B1T1+B3T, &)
and the average fluorescent lifetime increases from 8.20 ns 9.32 ns (TC/pCN-2),
demonstrating that the incorporation of TisC2 on g-C3N4 can effic celerate the spatial charge

separation and depress the charge recombination, and th ongate the lifetime of photogenerated

charge carriers [43, 57]. EIS are employed to reflec eJettronic conductivity and the interfacial
charge transfer behavior of the samples [64 \ isplayed in Fig. 5d, TC/pCN-2 presents an
obvious decrease in the semicircle dia ared with that of pCN, implying that the TC/pCN-

2 interface has a better electrical co@ct)'/lty, which is beneficial for achieving efficient spatial charge

separation and transfer dw é tocatalytic process.
3.3. Photocatalytic H2O- pr&luction

The photocatalytic H2O> production ability of the TC/pCN interfacial Schottky junction was
evaluated by Oz reduction from isopropanol solution under visible light irradiation (A > 420 nm). As
shown in Fig. 6a, the yield of H,O; is distinctly increased by compounding TisC2 with porous g-C3Na.
The TC/pCN-2 presents the best photocatalytic performance, the amount of H202 (131.71 pmol L?)
produced after 60 min of visible light irradiation is about 2.1 times than that of the pCN (61.63 pmol

LY. Fig. S3 displays the UV-vis absorption spectrum changes on TC/pCN-2 among the H2O:
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production process. It can be clearly observed that the absorbance at 350 nm significantly increases
with the prolongation of irradiation time. However, when the mass ratio of TizC; to porous g-CsNs is
excessive (TC/pCN-5), the yield of H.O> decreases presumably because of the light shielding effect.
Meanwhile, control experiments reveal that H2O. can hardly be detected in the absence of
photocatalyst or only in the presence of TisC,, indicating the decisive role of photocatalysis in the H.O>
production process.

In the process of photocatalytic H,O2 production, the formation and decomposition of H2O> exist
simultaneously since H20> can be decomposed by photogenerated char &rs. Therefore, the zero-
order kinetic (H20; formation) and first-order kinetic (H202 deco ((§n) are utilized to evaluate

the behavior of H,O, production. The kinetic model shown g. (3) provides the H202 concentration

[H,0,] = ﬂ&m—xdt)) ©

Ks and Kgq are the formation rate const 1 min") and decomposition rate constant (min™),

as a function of reaction time [66].

respectively. The values of Kr and §q arg@ estimated by fitting the data in Fig. 6a into Eq. (3) and the

results are displayed in €N @ Ks value significantly increases by the introduction of TisCo,
reaching a maximum at%i which is approximately 2.1 times than pCN (from 1.12 to 2.38
umol L min?), while the Kg value of TC/pCN-2 (2.38x10° min) is smaller than that of pCN
(2.65x10°% min™). The positive effect of TisC, on the Ks is well matched with the overall H,0;
production. These results demonstrate that the combination of porous g-C3Ns with TizC> can promote
the formation of H20; and depress decomposition of H20..

To further investigate the decomposition behavior of H>O: in the presence of photocatalysts under

visible light irradiation, the H>O, decomposition experiments were performed with an initial H20>
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concentration of 1 mmol L. As exhibited in Fig. 6¢, the H-0, decomposes about 17.5% on TC/pCN-
2 after 60 min of visible light irradiation, which is lower than that on pCN (19.0%). In the absence of
photocatalysts, the decomposition of H>O; is negligible. The decomposition rate constant (Kq’) are

estimated by the following Eq. (4):

Ky = /o (4)

Where Ct is the H,02 concentration at time t, Co is the initial concentration of H.02 (1 mmol L?). The
results in Fig. S4 illustrate that the Kq* value of TC/pCN-2 (3.21%<10° mint) is smaller than that of
PCN (3.49x10° min™). The results further confirm the inhibition %decomposition in the
TC/pCN-2, which will elevate the yield of H20 production.

Besides, the recyclability and physicochemical stabiliggf the TC/pCN-2 in the photocatalytic
H>0> production were also investigated. The cyclic s were conducted and the results are
exhibited in Fig. 6d. Obviously, the yield &'\
consecutive cycles. The physicochem@%ties of the TC/pCN-2 after photocatalytic H,O>
production for four times were furfger cigaracterized by the XRD (Fig. S5), FTIR (Fig. S6) and XPS
(Fig. S7) techniques, anﬁ iglls changes can be seen, demonstrating that the photocatalyst is
stable. Moreover, the H,0O, Rgoduction activity of TC/pCN-2 (131.71 umol gt h'l) is higher than most

of other g-CsN4-based photocatalysts reported previously (Table 1), suggesting that TizCz/porous g-

still reach to 123.83 umol L* after four

CsN4 photocatalyst is a promising photocatalytic system for H>O> production.
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Table 1
Comparison with other g-C3Na4 based photocatalysts for H202 production.

Photocatalysts Dosage  Reaction solution Light source H20: production activity  Ref.
(gL (pmol g )

g-CsN4/PDI 1.67 Water (30 mL) 2 kW XL (A > 420 nm) 21.08 [36]
g-CsNa/PDI/rGO 1.67 Water (30 mL) 2 kW XL (1> 420 nm) 24.17 [37]
3DOM g-CsNs-PW11  1.00 Water (100 mL) 300 WXL (A>320nm)  35.00 [14]
Ag@U-g-CsNs-NS 1.00 Water (100 mL) 300 W XL(A>420nm)  ~67.50 [31]
g-CsNz-CoWO 1.00 Water (100 mL) 300 WXL (A>420nm)  97.00 [12]
g-CsNs-CNTs 1.00 10 vol% FA (100 mL) 300 W XL (A >400nm)  487.00 [9]

g-CsNas 4.00 90 vol% EA (5 mL) 2 kW XL (A > 420 nm) 125.00 [29]
Mesoporous g-CaNa 4.00 90 vol% EA (5 mL) 2 kW XL (A > 420 nm) ~183.50 [32]
KPD-CN 0.50 10 vol% EA (40 mL) 300 W XL (A>420nm)  ~485.50 [35]
DCN 0.83 20 vol% IPA (60 mL)  AM1.5 (A > 420 nm) 96.80 [33]

OCN 1.00 10 vol% IPA (50 mL) 300 W XL (A > 420 nm) 00.00 [30]
TisCz/porous g-CsNa 1.00 10 vol% IPA (50 mL) 300 W XL (A > 420 nm) : This work
PDI: pyromellitic diimide; rGO: reduced graphene oxide; 3DOM g-CsNa: three dimen ered macroporous graphitic carbon
nitride; PW11: polyoxometalate (POMs) cluster of [PW11039]”; U-g-C3sNs-NS: ultrathin g nanosheets; CowWO: POMs-derived

metal oxides; CNTs: carbon nanotubes; KPD-CN: (K, P, and O)-incorporated pORgneric carbon nitride; DCN: defective g-CsN4; OCNs:
S

To clarify the route of H>O> production in hotWe8talytic process, some control experiments

oxygen-enriched carbon nitride polymer; FA: formic acid; EA: ethanol; IPA: Rol; XL: Xenon lamp.

were performed. As displayed in Fig. 7a, t can hardly be examined in the absence of visible
light irradiation, indicating that the 2 ction is accomplished by photocatalysis. Moreover, no
detectable amount of H>O> is@c when O is replaced by N, and the generation of H2O is
suppressed in the absence N\’ IPA. These results suggest that the H>O- is mainly produced from the
electron reduction of O rather than the oxidation of H.O by the photogenerated holes [8]. Fig. 7b
shows the ESR spectra of DMPO-+O," adduct for the pCN and TC/pCN-2 samples. It is obvious can
be seen that the DMPO-+O," adduct signal of TC/pCN-2 is much stronger than that of pCN under
visible light irradiation, which is ascribed to the accelerated spatial charge separation and transfer,
resulting in the enhanced intensity of DMPO-+O2" adduct signal. The amount of Oz formed in the

photocatalysis is estimated by the NBT transformation method. As exhibited in Fig. S8, the intensity
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of characteristic absorption peak of NBT (260 nm) declines after photocatalytic process. According to
the reaction relationship between *O2 and NBT (4:1 in molar ratio), the average *O2" generation rates
of pCN and TC/pCN-2 are evaluated to be 3.15 and 5.47 pumol L't h* (Fig. 7c). This result demonstrates
the increased formation of «O2", which will further promote the production of H2O..

To further investigate the pathway of O reduction, rotating disk electrode (RDE) analysis of
oxygen reduction reaction (ORR) were performed [67, 68]. Fig. 7d and e depicts the linear sweep

voltammetry (LSV) curves of pCN and TC/pCN-2 measured on a RDE in an Oz-saturated 0.1 mol L™

phosphate buffer solution (pH 7) at different rotating speeds, respectiyef ifference between Fig.
7d and e is not significant due to the limited content of TizCy, in hat the loading of limited
content of TisC> has no obvious impact on the pathway gen reduction reaction for porous g-

C3N4. The Koutecky-Levich plots of the data at 1% 9/AgCl are presented in Fig. 7f. The

average number of electrons (n) involved ingthe | reduction of O is obtained by the linear

regression of the plots using the foIIowi@ nd Eq. (6):
Q =i +B w2 (®)
() B = 0.2nFv~Y6CcD?/3 (6)
Where j is the measured curfgnt density, jk is the kinetic current density, w is the rotating speed (rpm),
F is the Faraday constant (96485 C mol™), v is the kinetic viscosity of water (0.01 cm? s), C is the
bulk concentration of Oz in water (1.26x10 mol cm™3), and D is the diffusion coefficient of Oz (2.7x10°
® cm? s1), respectively [69]. According to the intercept of the Koutecky-Levich plots, the jk values of
PCN and TC/pCN-2 are estimated to be 10.15 and 12.71 mA cm?, respectively, indicating that Oz is
reduced more efficiently on TC/pCN-2 [32]. The n values of pCN and TC/pCN-2 are 1.54 and 1.59,

which are determined by the slope of the Koutecky-Levich plots. This result suggests that two-step
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single-electron Oz reduction occurs on the pCN and TC/pCN-2, and the loading of TizC2 on g-C3Na
can promote the generation of electrons [11, 34]. Therefore, The H.O production reaction in this

photocatalytic process can be described as follows:
e +0,--0; (7
+0; + e~ 4+ 2H* - H,0, (8)

3.4. The mechanism of activity enhancement

The band gap energy (Eg) of pCN is determined to be 2.63 eV using Kubelka-Munk remission
function (Fig. S9). Next, ultraviolet photoelectron spectroscopy (UPS ployed to investigate
the band structure of the samples. As shown in Fig. 8a, the vale energy (Eve) of pCN is
determined to be 5.83 eV. And the conduction band energ g) is calculated to be 3.2 eV. Because

the reference standard for which 0 V vs reverS|bIe electrode (RHE) equals -4.44 eV vs

vacuum level [70], the Evs and Ecs of pCN ated to be about 1.39 V and -1.24 V vs RHE,

respectively. Moreover, the cutoff ener f TisC2, pCN and TC/pCN-2 are 17.89, 18.67 and
18.46 eV (Fig. 8b and c), while th@\l evel (E) are all 0 eV. Accordingly, their work functions

(e) can be calculated t 3 and 2.74 eV according to the following equation, e® = hv - |

Ecutorf - Ef | [71, 72]. Obvi®sly, the work function of TisC> is greater than that of g-C3aNs, thus a
Schottky junction can be established after their contact. Such an upshift (0.21 eV) of the work function
between pCN and TC/pCN-2 also verifies the existence of Schottky effect [71]. Besides, the slopes of
the Mott-Schottky plots (Fig. 8d) demonstrate that porous g-CsNas is n-type semiconductor and
TC/pCN-2 presents larger carrier density owing the formation of Schottky junction.

On the basis of the above results, a possible photocatalytic mechanism over TizCa/porous g-C3Na

Schottky junction is proposed in Fig. 9. As mentioned above, the work functions of TisC2 (e®1c) and
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porous g-C3Na (e®pen) are determined to be 3.31 and 2.53 eV, respectively. When TisCz and porous g-
CsNg are in contact, the visible-light induced electrons on porous g-CsNas will flow to TisC; at the lower
energy level to achieve an equilibrium state between the fermi levels of TisC. (Efrc) and porous g-
C3aN4 (Efpen). A space charge layer thus can be generated on the side of porous g-CsN4, making the
upward bending of energy band and inducing the formation of Schottky barrier (¢sg). As a result, the
electrons trapped by TizCz can’t flow back to conduction band (CB) of porous g-CsNas, which can
highly efficient boost the spatial charge separation. Therefore, the TisC, nanosheets can create a
Schottky junction with the host porous g-C3Na nanosheets to imp o%catalytic activity, and
meanwhile, serve as the active sites for the H,O> production.

4. Conclusion

Interfacial Schottky junction of TizC,; Mxene/po -C¥Rl; was designed and fabricated via the

electrostatic self-assembly method. Benefi

ttigg fr
in electric field, the photogenerated @Q

transferred. The TC/pCN-2 has th@st activity with an H2O; production rate up to 2.20 pmol L*!

mint under visible lighy d@’(k > 420 nm). The mechanism analysis demonstrate that the two-
uc

step single-electron red n of oxygen is the predominant reaction step during the photocatalytic

Schottky effect and the accompanying built-

porous g-CsNs can be effectively separated and

H>0, production process. This work promotes understanding of the mechanism of photocatalytic
H>0, production and provides a new idea for the design and synthesis of new materials for the
production of H2O..
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Figure captions

Fig. 1. Schematic illustration of synthetic process of TisCa/porous g-CaN4 (TC/pCN) interfacial
Schottky junction.

Fig. 2. TEM images of (a) TisCz, (b) pCN and (c) TC/pCN-2; (d) HRTEM image, (e) AFM image and
(F) the corresponding height distribution profile, and (g) FESEM-EDS elemental mapping of TC/pCN-
2.

Fig. 3. (a) XRD patterns of TisAIC, and Ti3Cy; (b) XRD patterns of pCN and TC/pCN samples; (c)
FTIR spectra of the samples; (d) UV-vis DRS spectra and a photogr i of the samples.

Fig. 4. XPS spectra of TizsC2, pCN and TC/pCN-2: (a) total survey, p,(C)F1ls,(d)C1ls,(e)
O 1sand (f) N 1s.

Fig. 5. (a) Transient photocurrent response curves, @ ectra, (c) TRPL spectra and (d) EIS
Nyquist plots of the samples.

Fig. 6. (a) Time-dependent productio nder visible light irradiation; (b) Formation rate
constant (Kf) and decomposition @nstam (Kg) for H2O2 production; (c) The photocatalytic
decomposition of H.O 1) under visible light irradiation; (d) Cycling runs for the
photocatalytic H.O2 producqpn over TC/pCN-2.

Fig. 7. (a) Comparison of the photocatalytic production of H2O. under different conditions for
TC/pCN-2; (b) ESR spectra of DMPO-+O," adduct and (c) time-dependent concentration plots of *O2~
for pCN and TC/pCN-2; LSV curves of (d) pCN and (e) TC/pCN-2 measured on a RDE at different
rotating speeds; (f) Koutecky-Levich plots of the data obtained at the constant electrode potential (-1.0
V vs. Ag/AgCI).

Fig. 8. UPS spectra of (a) pCN and (b) TizCo; (c) UPS spectra and (d) Mott-Schottky plots of pCN and
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573  TC/pCN-2.

574  Fig. 9. The photocatalytic mechanism of the TizCz/porous g-C3N4 system.
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