
Chinese Chemical Letters 32 (2021) 3377–3381

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Communication

Significantly influenced photocatalytic performance for H2O2

generation over ultrathin g-C3N4 through regulating the migration

orientation of photogenerated charge carriers

Xinxia Hea,1, Hongyan Shanga,b,1, Chuan Wanga, Le Chena, Zehan Gonga, Jun Wangc,
Shilin Zhaob,∗, Jun Maa,b,∗

a College of Chemistry and Materials Science, Sichuan Normal University, Chengdu 610068, China
b Key Laboratory of Land Resources Evaluation and Monitoring in Southwest, Ministry of Education of China, Chengdu 610066, China
c State Key Laboratory of Environmental-Friendly Energy Materials, School of Materials Science and Engineering, Southwest University of Science and

Technology, Mianyang 621010, China

a r t i c l e i n f o

Article history:

Received 11 January 2021

Revised 8 February 2021

Accepted 16 April 2021

Available online 22 April 2021

Keywords:

Ultra-thin g-C3N4

Photocatalytic H2O2 production

Photogenerated charge carriers

Migration orientation

a b s t r a c t

H2O2 has been widely applied in the fields of chemical synthesis, medical sterilization, pollutant re-

moval, etc., due to its strong oxidizing property and the avoidable secondary pollution. Despite of the en-

hanced performance for H2O2 generation over g-C3N4 semiconductors through promoting the separation

of photo-generated charge carriers, the effect of migration orientation of charge carriers is still ambigu-

ous. For this emotion, surface modification of g-C3N4 was employed to adjust the migration orientation

of charge carriers, in order to investigate systematically its effect on the performance of H2O2 genera-

tion. It was found that ultrathin g-C3N4 (UCN) modified by boron nitride (BN), as an effective hole-attract

agent, demonstrated a significantly enhanced performance. Particularly, for the optimum UCN/BN-40%

catalyst, 4.0-fold higher yield of H2O2 was obtained in comparison with the pristine UCN. As comparison,

UCN modified by carbon dust demonstrated a completely opposite tendency. The remarkably improved

performance over UCN/BN was ascribed to the fact that more photo-generated electrons were remained

inside of triazine structure of g-C3N4, leading to the formation of larger amount of 1,4-endoxide. It is

anticipated that our work could provide new insights for the design of photocatalyst with significantly

improved performance for H2O2 generation.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2), as a high-value and growing de-

manded chemical, has received extensive attention in the fields

of liquid fuel cells, organic synthesis, environmental remediation,

clinical medicine and water disinfection, etc. [1–7]. Currently, solar-

driven H2O2 production has attracted much attention from the sci-

entific community since solar is exhaustive resource on the earth.

Particularly, the environment and safety risks for the production

and transportation of H2O2 could be successfully avoided since

these procedures are green and environmentally benign [8]. There-

fore, it is of great significance to explore photocatalysts with high

performance for H2O2 generation.
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At present, various semiconductors have been applied in photo-

catalytic H2O2 generation, including TiO2, BiVO4, CuWO4 and ZnO,

etc. [9–12]. Among them, g-C3N4, as a metal-free polymer semicon-

ductor, has been gradually becoming a research hotspot due to its

advantages including feasible synthesis procedure, stable physico-

chemical properties, strong visible light responsibility, high selec-

tivity for H2O2 generation, and nontoxicity [13–18]. g-C3N4 was

firstly employed as photocatalyst for H2O2 generation from dioxy-

gen reduction in pure water by Shiraishi [19]. Its mechanism was

revealed as follows: Firstly, 1,4-endoxide is formed via adsorbing

dioxygen into the triazine structure. Then H2O2 is generated with

a high selectivity after accepting the photo-generated electrons and

photons in water. However, the efficiency for H2O2 generation al-

ways suffers from the fast combination of photo-generated elec-

tron and hole pairs. For this issue, various methods were em-

ployed to improve the separation efficiency of charge carriers,

such as loading noble metal NPs [20], interface modification [21],
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heterojunction [22,23]. Among all the attempts, interface modifica-

tion draws an increasing attention due to its feasible synthesis pro-

cedure and satisfactory efficiency. For instance, carbon material, as

excellent electron transfer mediation, facilitates the separation of

charge carriers. Liu et al. reported [24] that ultrathin g-C3N4 mod-

ified by carbon nanodots exhibited 3.05 times higher activity for

H2 revolution in comparison with unmodified g-C3N4 nanosheets.

Similarly, Che et al. [25] reported that carbon ring modified g-C3N4

exhibited 10 times of photocarrier diffusion length and lifetime by

relative to pristine g-C3N4. Zhao et al. [26] reported that g-C3N4

combined with carbon nanotubes through amidation reaction ex-

hibited efficient catalytic performance for photocatalytic H2O2 pro-

duction (32.6 μmol/h), even in the presence of formic acid under

visible light. Meanwhile, interface modification with trapping re-

gent for photo-formed e−-h+ pairs, also effectively suppressed the

recombination of charge carriers. Yusuke et al. [27] reported that

g-C3N4 doped with biphenyl diimide demonstrated the yield of

millimolar levels of H2O2 due to the electron-deficient properties

of biphenyl diimide. In contrast, boron nitride, as an electron-rich

reagent, also improved H2O2 yield with solar-to-chemical conver-

sion efficiency of 0.27% [28]. Meanwhile, more negative charges

formed on the surface of g-C3N4 after modification by potassium

hydroxide, which effectively inhibited the recombination of photo-

generated electrons and holes, thereby enhancing the yield of H2O2

[29].

Although the methods mentioned above all improved the sep-

aration efficiency of charge carriers, their migration orientation of

carriers are actually different. In terms of the formation process of

H2O2 production over g-C3N4, the number of photogenerated elec-

trons in the triazine structure are directly relative to the migra-

tion orientation of carriers, which ultimately determines the H2O2

yield. If the electrons are migrated outside of the triazine structure,

1,4-endooxide could not be formed. Thence, it is necessary to clar-

ify the relationship between H2O2 yield and migration orientation,

which is of great guidance for the development of g-C3N4 based

photocatalyst with satisfactory performance H2O2 generation.

For this emotion, the present work systematically investigated

the effect of the migration orientation of charge carriers on the

performance of H2O2 production. The surface of g-C3N4 was modi-

fied by electron-rich and electron-deficient material, respectively.

The physical-chemical properties, band energy structure, separa-

tion efficiency of charge carriers, performance for H2O2 production

over the surface modified g-C3N4 were systematically investigated.

It was found that migration orientation of photo-generated elec-

tron plays a vital role in the performance for H2O2 generation. The

research results are of great importance for the design and syn-

thesis of g-C3N4 based photocatalyst with high activity for H2O2

generation.

Surface modification of UCN by BN and carbon dust were car-

ried out through hydrothermal and calcination method, respec-

tively, as illustrated in Fig. S1 (Supporting information). The per-

formance for H2O2 generation over the modified ultrathin g-C3N4

was evaluated, as shown in Figs. S1a and b (Supporting informa-

tion). The activity for H2O2 generation over the UCN/BN and UCN/C

was quite different. The performance of H2O2 production was sig-

nificantly improved with the increase of BN dosage from 5% to

40%. Only 5.0 μmol/L H2O2 could be produced over UCN after

3 h irradiation. In comparison, the H2O2 yield over UCN/BN-40%

reached 17.0 μmol/L, nearly 4 times higher than that over UCN.

However, the activity declined when the BN content increases to

be 80%, which may suffer from the inhibited utilization efficiency

of light. In contrast, carbon dust modification decreased its ac-

tivity, i.e. 27.1% activity for H2O2 generation lost over UCN/C-2%.

Meanwhile, UCNBN modification in a small amount also improved

H2O2 production, while carbon dust loading in a very large amount

still decreased H2O2 production (Fig. S2 in Supporting informa-

tion). The improved H2O2 production performance over UCN/BN-

40% was further verified through investigating production and de-

composition rate over the two catalysts, as shown in Fig. S3 (Sup-

porting information). The number of electron transfers (n) is a vi-

tal parameter to investigate the selectivity for O2 reduction. As

shown in Fig. 1c, n value over the two catalyst were different.

The value over UCN/BN-40% was 1.7, being similar to that over

UCN. The two value were close to 2.0, indicating a high selectiv-

ity of two-electron reduction for H2O2 generation [30]. In contrast,

the n value reached as high as 2.7 over UCN/C-2%, demonstrat-

ing none-two electron reduction was dominant. The cycle experi-

ments for H2O2 generation were shown in Fig. 1d. After successive

utilization for 5 times, only 14% of activity decrease was demon-

strated, displaying an excellent stability for UCN/BN-40%. The ex-

cellent reusability may originate from the strong interaction be-

tween BN and UCN in the form of covalent bond. Meanwhile, it

was identified the triazine structure was well maintained through

X-ray diffraction (XRD), Fourier transform infrared spectroscopy

(FT-IR) and X-ray photoelectron spectroscopy (XPS) characteriza-

tion as shown in Fig. S4 (Supporting information) after the cata-

lyst was reused for 5 times. The decreased activity was ascribed to

weight loss of material. Above all, it indicated that the UCN/BN-

40% photocatalyst had efficient H2O2 production with high stabil-

ity.

In order to clarify the intrinsic mechanism for the enhanced

H2O2 generation over UCN/BN, the physicochemical properties and

band structure of UCN/BN were systematically analyzed.

The catalyst’ morphology and chemistry state were firstly ana-

lyzed. As illustrated by scanning electron microscope (SEM) obser-

vation (Figs. 2a and b), BN randomly dispersed on the surface of

UCN. Since both BN and ultrathin g-C3N4 possessed 2D morphol-

ogy, 2D/2D structure of UCN/BN was feasibly formed. Meanwhile,

the amount of BN stacked on the surface of UCN was gradually

richer with the increase of BN amount, as illustrated in Fig. 2c,

d and Figs. S5a-c (Supporting information). Meanwhile, XPS was

adopted to analyze the chemistry state. As shown in survey XPS

spectra (Fig. 2e), C, N and O elements were detected over UCN. In

comparison, N 1s appeared over UCN/BN-40% as shown in Fig. 2f,

indicating the successful loading of BN on the surface of UCN. The

loading was further identified by N 1s spectra. The spectra located

at 398.6, 399.4 and 401.1 eV were ascribed to sp2-bonded nitrogen

in C=N–C, the N-(C)3 group backbone and the terminal C–N–H, re-

spectively. After BN modification, two peaks appeared at 398.2 and

399.2 eV, being ascribed to N-B bond and C–N–B bond, respec-

tively, indicating that BN was loaded on the surface in the form of

C–N–B covalent bond. Noteworthily, a lower binding energy shift

occurred for UCN/BN-40% compared with UCN, indicating a strong

interaction between the interface between BN and UCN. From the

C 1s spectrum and B 1s spectrum, it was confirmed that the struc-

ture of UCN was not destroyed after BN loading (Figs. S6a and b

in Supporting information). Meanwhile, carbon dust modification

did not change the structure of UCN either (Fig. S7 in Supporting

information).

Secondly, the structural properties of UCN/BN were analyzed

through XRD, FT-IR and Brunauer Emmett Teller (BET) method. As

shown in Fig. S8a (Supporting information), two peaks at 27.5° and
13.1° in XRD patters belonged to the characteristic diffraction of

(002) and (100) crystal plane of g-C3N4. After BN modification, two

peaks located at 25.1° and 41.4° appeared, corresponding to (002)

and (100) crystal plane of BN. With the increase of BN usage, the

intensity of characteristic peak of BN correspondingly decreased

due to the reduced mass diffraction of UCN. Meanwhile, three

peaks at 810, 1000–1800, 3000–3500 cm−1 were observed in FT-

IR spectrum (Fig. S8b in Supporting information), which were as-

cribed to radial respiratory vibration of the triazine ring, telescopic

vibration of C=N or C–N bond, and stretching vibration of N–H
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Fig. 1. Photocatalytic performance for H2O2 generation over UCN/BN and UCN/C. (a) The effect of BN dosage on the yield of H2O2. (b) The effect of C dosage on the yield of

H2O2. (c) Electron transfer number for UCN/BN-40% and UCN/C-2%. (d) Reusability of UCN/BN-40%.

Fig. 2. The morphology and XPS analysis of UCN/BN. SEM image of (a) UCN, (b) BN, (c) UCN/BN-5% and (d) UCN/BN-40%. (e) Survey XPS spectra. (f) N 1s XPS spectra.

bond, respectively. After BN surface modification, the three charac-

teristic peaks were almost unchanged. The specific surface of the

catalyst was finally characterized by N2 adsorption-desorption, as

shown in Fig. S8c (Supporting information). All photocatalysts had

H3-type hysteresis loop of N2 adsorption/desorption isotherms, in-

dicating that the lamellar structure was well maintained. The spe-

cific surface area decreased with the BN amount increased, which

was not favorable for H2O2 generation due to the decreased mass

transfer efficiency.

Finally, the band potential of UCN/BN (Fig. S8d in Supporting

information) was obtained through combining the UV diffuse re-

flectance characteristics (Fig. S9 in Supporting information) and

Mott-Schottky curve (Fig. S10 in Supporting information). The con-

duction band (CB) position was almost unchanged, while the va-

lence band (VB) potential of UCN/BN shifted negatively with the

amount of BN increased, from 1.962 V vs. NHE to 1.563. Theoreti-

cally, the lower VB potential of UCN/BN means the poor ability for

O2 reduction due to the reduced oxidation capacity. Therefore, the

band structure change was also not ascribed to the enhanced per-

formance.

Besides, the physicochemical and band structure of UCN were

also well remained after loading 2% of carbon dust, as illustrated in

Figs. S11 and S12 (Supporting information). Thereby, the structural

change after surface modification was not the essential reason for

the different performance for H2O2 production.

It was well known that the photocatalytic activity is highly

depended on the separation efficiency of charge carrier [31–34].

Therefore, we reasonably speculated that the opposite performance

for H2O2 generation originated from the different separation effi-

ciency of charge carriers. Thus, the separation efficiency of charge
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Fig. 3. Separation efficiency of charge carrier and performance for H2O2 production over UCN/BN-40%, UCN/C-2% and UCN/Cl. (a) Steady-state photoluminescence spectra.

(b) Photocurrent density. (c) Nyquist plots of electrochemical impedance spectroscopy. (d) H2O2 evolution over UCN/Cl.

carrier over the modified UCN was investigated through steady-

state photoluminescence spectroscopy and photo-current curve

measurement. As shown in Fig. 3a, the fluorescence intensity of

both UCN/BN-40% and UCN/C-2% were significantly lower than that

of UCN. Meanwhile, photocurrent intensity over both UCN/BN-40%

and UCN/C-2% were remarkably enhanced in comparison with UCN

(Fig. 3b). In addition, electrochemical impedance spectroscopy (EIS)

Nyquist plots was also analyzed for electrochemical impedance. In

Fig. 3c, UCN/BN-40% and UCN/C-2% all demonstrated a smaller EIS

Nyquist diagram than UCN under irradiation (Fig. S13 and Table

S1 in Supporting information). Hence, it could be concluded that

the separation efficiency of charge carrier was all significantly im-

proved for both UCN/BN-40% and UCN/C-2%, indicating that the

separation efficiency of charge carrier was also not ascribed to the

opposite performance for H2O2 generation.

Although both BN and carbon dust could promote the separa-

tion of charge carriers, their migration orientation were actually

opposite. Photogenerated holes can be attracted by BN because it

has electron-rich properties, which makes the holes migrate to the

UCN surface [35–38] while leaving the electrons remain inside the

triazine structure. It was confirmed that BN attracted holes so that

more electrons remained on the UCN. In contrast, it was the holes

instead of the electrons, were retained inside the triazine structure,

due to the excellent electrical conductivity of the carbon dust. Ac-

cording to the generation mechanism of H2O2 over g-C3N4, only if

more photogenerated electrons were remained inside the triazine

structure, more 1,4-endoxides could be formed, thereby produc-

ing more hydrogen peroxide. Therefore, it is reasonably speculated

that the improved performance for H2O2 generation over UCN/BN

should be ascribed to the changed migration orientation of charge

carriers.

In order to verify the speculation, UCN modified with Cl ele-

ment was further synthesized since Cl possess the same electron-

rich properties as BN [39]. As expected, UCN/Cl demonstrated both

enhanced separation efficiency of charge carrier and improved per-

formance for H2O2 generation, as shown in Fig. 3. Moreover, the

performance for H2O2 generation enhanced with the increase of

Cl usage. Among all the UCN/Cl catalysts, UCN/Cl-7% demonstrated

the optimum activity (Figs. S14a and b in Supporting informa-

tion), with H2O2 evolution almost two-fold than that of UCN after

3 h photocatalytic reaction. Similarly, UCN/Cl-7% demonstrated un-

changed physicochemical properties and band structure in compar-

ison with UCN, as shown in Figs. S15-S17 (Supporting information).

Therefore, remaining the electrons inside the triazine structure of

UCN through attracting hole by electron-rich materials could play

a vital role in improving the photocatalytic performance for H2O2

generation.

To unambiguously confirm the role of migration orientation

of charge carriers, radical trapping experiments were finally con-

ducted, as shown in Fig. 4a. As we all known that EDTA-2Na al-

ways acts as an excellent hole-trapping agent [40]. After adding

1 mmol of EDTA-2Na into the reaction system, the performance

for H2O2 generation over both UCN/BN-40% and UCN/C-2% were

significantly improved. Under the same experimental condition,

the yield of H2O2 increased remarkably from 18.0 mmol/L to

60.0 mmol/L over UCN/BN-40% after 3 h reaction, increased 3.4-

fold. Meanwhile, the yield of H2O2 also enhanced significantly

from 5.0 mmol/L to 17.0 mmol/L over UCN/C-2%, exhibiting a sim-

ilar growth multiple as UCN/BN-40%. In contrast, adding dipheny-

lamine [41], as an electron-trapping agent, demonstrated an op-

posite tendency, as shown in Fig. 4b. After adding diphenylamine

into reaction system, the yield of H2O2 over UCN decreased sig-

nificantly from 5.0 mmol/L to 2.5 mmol/L. Similarly, the H2O2

yield over UCN/BN-40% decreased significantly from 17.0 mmol/L

to 5.0 mmol/L, demonstrating a similar activity loss with UCN. The

radical trapping experiments results above confirmed the vital role

of migration orientation of charge carriers on the performance for

H2O2 generation.

Based on all the discusses above, the influence mechanism of

charge carrier’s migration orientation on the performance for H2O2

generation was tentatively proposed, as shown in Figs. 4c and d.

BN adhered on the surface of UCN can effectively attract photo-

formed holes due to its electron-rich properties, leading to the en-

hanced charge separation efficiency, meanwhile remaining more

electrons inside of the triazine structure. As a result, the pho-

tocatalytic activity for H2O2 generation is significantly enhanced

since more 1,4-endooxide was formed. In contrast, the photocat-

alytic activity remarkably decreases over carbon dust modified

UCN since photo-generated electrons are attracted outside of the

triazine structure. Despite of the improved separation efficiency of

charge carriers, electrons finally take part in the formation of •O2
−

radials or H2O Eqs. 1 and 2 instead of H2O2 through none-two

electron reduction pathway [42,43].

O2 + e− → •O2
− (1)

O2 + 4e− + 4H+ → 2H2O (2)

In summary, ultrathin g-C3N4 modified by BN and carbon

dust, respectively, demonstrated distinctly opposite performance

for H2O2 generation. Through systematically comparing their sep-

aration efficiency of charge carriers, physical-chemical properties

and band structure, meanwhile conducting verification and radi-

cal trapping experiments, the reason for the opposite performance

was reasonably concluded to be ascribed to the migration orien-

tation of charge carriers. The remarkably improved performance

for H2O2 generation was proved to be the fact that more electrons

were remained inside of triazine structure via attracting the photo-

generated hole by BN.
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Fig. 4. Schematic diagram for the effect of migration orientation on the H2O2 generation over modified UCN. (a) The effect of hole trapping agents on H2O2 generation.

(b) The effect of electron trapping agents on H2O2 generation. (c) Schematic diagram of the possible photocatalytic process of UCN modified by BN under visible light. (d)

Schematic diagram of the possible photocatalytic process of UCN modified by Carbon dust under visible light.
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