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a b s t r a c t

Photocatalytic synthesis of hydrogen peroxide has gradually become a promising method for in-situ pro-

duction of hydrogen peroxide, which relies on sustainable solar energy. However, the commonly used

photocatalyst, i.e., carbon nitride (CN), still suffers from the drawbacks of narrow light absorption range

and fast charge recombination. Here, we report a facile method to introduce nitrogen defects into carbon

nitride together with sodium ion. By adjusting the ratio of sodium dicyandiamide, the band gap of carbon

nitride can be controlled, while the carrier separation and transfer ability of carbon nitride is improved.

The modified CN with sodium doping and nitrogen defect (SD-CN) demonstrates outstanding H2O2 pro-

duction performance (H2O2 yield rate of 297.2 μmol L−1 h−1) under visible light irradiation, which is

approximately 9.8 times higher than that of pristine CN. This work deepens the understanding of the

coordinated effect of structural defect and element doping of carbon nitride on the photocatalytic H2O2

production performance, and provides new insight into the design of photocatalytic system for efficient

production of H2O2.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2) is one of the most useful chemicals

in the pharmaceutical, chemical and food industries as well as in

environmental management [1–4]. It is widely used in chemical

processing, textile and pulp bleaching, waste material treatment

and reaction catalysis. In addition, H2O2 is a potential candidate

for carbonaceous fuels for power generation [5–9]. Conventional

large-scale production of H2O2 relies on the energy-intensive an-

thraquinone method [10], which possesses potential flammability

and explosion risk. The in-situ production of H2O2 is one of the

important future development directions of sustainable synthesis

of H2O2, which can significantly reduce H2O2 transportation cost

and minimize safety concern [11–14]. The synthesis of hydrogen

peroxide through photocatalytic process is gaining popularity due

to the utilization of sunshine without the need for extra energy

[15].

Over the past ten years, carbon nitride (CN) has been thor-

oughly studied as a metal-free polymer semiconductor material

for many kinds of photocatalytic processes [16–18]. In 2014, Hi-

rai et al. first demonstrated carbon nitride’s enormous potential
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for photocatalytic H2O2 generation [19]. Their finding shows that

the reaction forms a stable endoperoxide intermediate with 90%

H2O2 selectivity. However, due to the restriction of rapid charge

recombination, the photocatalytic activity of pristine carbon ni-

tride for H2O2 generation is still unsatisfactory [20–23]. Because

of this, scientists have proposed different strategies to address the

issues of carbon nitride, such as creating heterojunction, adding

structural flaw, and constructing nanostructured carbon nitride

[24–26].

Among them, the method of introducing defects is the most

common means of modification [27–30]. For instance, adding ni-

trogen vacancies to the carbon nitride network can speed up

charge separation and improve the light trapping, resulting in

the greatly promoted H2O2 production rate [31]. However, this

modified carbon nitride is poorly stabilized and quickly deacti-

vated after a few hours under visible light irradiation [32,33]. The

light trapping and carrier separation of carbon nitride can be en-

hanced by alkali metal doping [34]. Pan et al. prepared porous or-

dered carbon nitride using KHCO3 as a template [35], and suc-

cessfully introduced K atoms and cyano into the carbon nitride

skeleton structure. The K-doping adjusted the electronic struc-

ture of carbon nitride and improved the photocatalytic activity of

H2O2 production. Although these modification strategies have been

https://doi.org/10.1016/j.cclet.2024.109886
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Fig. 1. (a) Schematic illustration of the preparation process of the SD-CN catalyst. SEM images of (b) CN, (c) 5SD-CN, (d) 10SD-CN, (e) 20SD-CN. (f) XRD patterns, (g) FT-IR

spectra, and (h) XPS survey spectra of CN, 5SD-CN, 10SD-CN and 20SD-CN.

proved to improve the catalytic performance of carbon nitride, the

overall performance of carbon nitride is still limited. The structural

engineering of carbon nitride by combining two or more of these

strategies could be a key to the performance breakthrough.

Herein, we report a modified carbon nitride by fusion poly-

merization of sodium dicyandiamide and dicyandiamide to achieve

multiscale structural engineering with simultaneous introduction

of nitrogen defects and alkali metal doping (Fig. 1a). By ad-

justing the ratio of sodium dicyandiamide during the synthe-

sis process, the light trapping property, carrier separation perfor-

mance, and charge transfer capability of the modified carbon ni-

tride can be effectively controlled. The modified carbon nitride ex-

hibits significantly increased photocatalytic H2O2 production activ-

ity, which is 9.8 higher than that of the pristine CN. This work

will inspire the design of modified carbon nitride photocatalyst

through precise modulation of structural defect and exotic el-

ement doping, and enhance the understanding on the correla-

tion between catalyst structure and photocatalytic activity in H2O2

production.

The method used to examine the morphology of CN was scan-

ning electron microscopy (SEM) imaging. The SEM image (Fig. 1b)

shows that the CN has thick layers with agglomerated bulky struc-

ture. After modification, the SD-CN catalysts show folds and frac-

tured morphology (Figs. 1c-e). This is because, during the heat

treatment process, the sodium dicyandiamide eutectic salt breaks

the carbon nitride structure, resulting a porous and fractured struc-

ture [31]. The results in Fig. S1 (Supporting information) show that

the specific surface areas of CN and 10SD-CN are 4.29 m2/g and

3.40 m2/g, respectively, indicating that the high photocatalytic ac-

tivity of the catalyst is not decisively related to its specific surface

area.

As shown in Fig. 1f, the X-ray diffraction (XRD) patterns of

CN displays two distinct diffraction peaks at 12.9° (100) and 27.1°
(002), which are assigned to the in-plane structural packing of

tri-s-triazine (heptazine) units and interlayer stacking of g-C3N4

sheets, respectively [36]. The (100) peak intensity decreases after

the doping with sodium dicyandiamide, suggesting that Na atom

can disrupt the ordered structure of the tri-s-triazine units and in-

fluence the reactivity of the dicyandiamide intermediates during

the polymerization process. The intensity of the (002) peak is also

reduced under high sodium dicyandiamide doping, suggesting a

substantial disturbance of the lamellar structure of carbon nitride

[37].

As shown in the FT-IR spectra (Fig. 1g), the stretching mode

of the aromatic C–N heterocycle shows several peaks in both CN

and SD-CN, which are situated between 1200 cm-1 and 1900 cm−1

[38]. Additionally, a new peak in SD-CN is found at 2180 cm−1,

which is associated with the -C≡N asymmetric stretching vibra-

tion. This implies that the cyano functional group is introduced

into the CN structure during the doping and polymerization pro-

cess with sodium dicyandiamide [35]. It is also noticed that the

intensity of cyano group peak increases with the increasing sodium

dicyandiamide content.

X-ray photoelectron spectroscopy (XPS) was then carried out to

analyze the surface chemistry of the catalyst. The XPS survey spec-

tra show (Fig. 1h) that the content of Na in the modified CN in-

creases with the increasing doping of sodium dicyandiamide. As

shown in Table S1 (Supporting information), the C/N atomic ra-

tio of SD-CN gradually increased from 0.94 to 1.02 compared to

that of pristine CN, which indicates the introduction of N vacan-

cies. To further elucidate the type of N structures in SD-CN, the

high resolution N 1s spectra were obtained (Fig. S2 in Support-

ing information). The peak at 398.6 eV is assigned to the sp2 hy-

bridized N atom in the aromatic ring plane (C–N=C, N2C), while

the 399.8 eV peak is due to the tertiary nitrogen atom in N-3C

(N3C). The -NHx group is responsible for the peak at 401.0 eV, and

π-π ∗ structure is found at 404.3 eV [39]. The contents of differ-

ent N and C species are summarized in Table S2 and S3 (Support-

ing information). It shows that the content of N3C decreases with

the increase of sodium dicyandiamide doping, which indicates a

gradual increase of N3C vacancies. In contrast, there are three dis-

tinct peaks in the C 1s XPS spectra of 10SD-CN and 20SD-CN (Fig.

S3 in Supporting information), which are located at 284.8 eV (C–C

and C=C), 286.6 eV (C–NHx/C≡N), and 288.1 eV (N–C=N), respec-
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Fig. 2. (a) UV−vis−NIR spectra of CN, 5SD-CN, 10SD-CN, and 20SD-CN. (b) The energy gaps of CN, 5SD-CN, 10SD-CN, and 20SD-CN estimated by the Tauc plots. (c) The

electronic band structure, (d) PL spectra, (e) EIS Nyquist plots and (f) transient photocurrent responses of CN, 5SD-CN, 10SD-CN, and 20SD-CN.

tively [40]. From the C 1s spectra, it is noticed that the peak at

286.6 eV (C–NHx/C≡N) gradually increases as the sodium dicyan-

diamide content is increased, which is consistent with the infrared

spectroscopy results.

The TPD experiment was carried out to study the oxygen ad-

sorption capacity of 10SD-CN. As shown in Fig. S4 (Supporting

information), the oxygen adsorption on 10SD-CN is higher than

that of the CN in the adsorption region (<350 °C), which indi-

cates that 10SD-CN has a higher binding strength to O2 than CN.

The enhanced oxygen adsorption capacity of 10SD-CN can be as-

cribed to the cyano group [41]. The zeta potential analysis was

used to analyze the surface charge status of the catalysts. As shown

in Fig. S5 (Supporting information), CN reaches the point of zero

charge (PZC) at pH 3.9. In contrast, the 10SD-CN sample is neg-

atively charged in the pH range from 2 to 9. Therefore, under

the photocatalytic reaction condition (pH 7), the 10SD-CN surface

is more negatively charged, which makes it easier to react with

H+, and the negative charge also facilitates the adsorption of O2,

which can promote the subsequent photocatalytic H2O2 generation

[42].

The electron spin resonance (ESR) spectroscopy can detect the

unpaired electrons on the carbon atom of aromatic ring in carbon

nitride. As shown in Fig. S6 (Supporting information), 10SD-CN ex-

hibits a stronger signal than CN under dark condition, indicating

that more unpaired electrons are present on the carbon atoms of

10SD-CN due to the nitrogen vacancies [43]. Upon visible light ir-

radiation, 10SD-CN displays a stronger signal compared with that

in dark, indicating a greater number of unpaired electrons which

can promote photocatalytic reaction [44].

To investigate the effect of sodium dicyandiamide on the light

absorption performance and energy band structure, UV–vis near

infrared (UV−vis−NIR) spectroscopy was carried out for the pre-

pared catalysts. As shown in Fig. 2a, all samples exhibit consider-

able light absorption. It is shown that a progressive red shift of

the absorption edge can be observed after modification and dop-

ing, and SD-CN exhibits stronger absorption of visible light than CN

[45]. Based on the above UV–vis diffuse reflectance spectra (DRS)

results, the corresponding energy band gap (Eg) was calculated by

the transformed Kubelka-Munk functional equation [46]. As shown

in Fig. 2b, the band gap of CN, 5SD-CN, 10SD-CN, and 20SD-CN are

2.83, 2.78, 2.75, and 2.70 eV, respectively. The reduced band gaps

indicates that the introduction of Na intercalation and N vacancies

can reduce the band gap and improve the light trapping ability of

carbon nitride [47].

To further explore the band position of the catalysts, XPS va-

lence band (XPS-VB) was determined. The VB potentials of CN,

5SD-CN, 10SD-CN, and 20SD-CN samples were located at 2.29,

2.43, 2.42, and 2.18 eV, respectively (Fig. S7 (Supporting informa-

tion)). In order to eliminate the measurement error of the contact

potential difference (vs. NHE, pH 7) between the sample and the

spectrometer, the actual VB position was calculated using Eq. 1,

where Φ(3.88 eV) represents the function of electrical energy of

XPS analyzer [48]. So, the actual VB positions calculated for CN,

5SD-CN, 10SD-CN, and 20SD-CN were 1.73V, 1.87V, 1.86V, and

1.56V, respectively. Mott-Schottky analysis (Fig. S8 in Supporting

information) further reveals that the VB locations of CN, 5SD-CN,

10SD-CN, and 20SD-CN are 1.78V, 1.94V, 1.83V, and 1.53V (vs.

RHE), respectively, which are similar to the VB positions deter-

mined by XPS results. The estimated band structures of CN and

SCN5 are presented in Fig. 2c.

EVB (vs. NHE) = Φ + EVB
(
determined by XPS

)
− 4.44 (1)

The introduction of alkali metal and defects will affect the

separation and complexation rates of photoexcited electrons and

holes, and tune the energy band structure of CN, leading to en-

hanced charge carrier migration efficiency. The photoluminescence

(PL) emission spectra were also obtained to investigate the re-

combination efficiency of photogenerated electron-hole pairs. Gen-

erally, lower PL intensity indicates higher charge separation rate.

Based on the results (Fig. 2d), CN shows high intensity PL signals

because of its inherent charge recombination. In contrast, the PL

peak of SD-CNs is greatly decayed, indicating that the introduc-

tion of Na+ and -C≡N can effectively inhibit the rate of electron-

hole pairs recombination [49]. It has been reported that due to

the weaker electronegativity of the carbon atom than that of the

nitrogen atom, the -C≡N group is electronegative and can accept

the electrons generated by photoexcitation, which facilitates the

electron-hole pair separation and conversion [50]. Therefore, the

introduction of -C≡N groups in CN will result in relatively longer

lifetime of charge carriers.

Electrochemical impedance spectroscopy (EIS) is another use-

ful method to evaluate the charge carrier separation and trans-

fer properties. The EIS measurement results in Fig. 2e demonstrate

that the interfacial electron transfer resistance decreases first un-
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Fig. 3. (a) H2O2 production performance of CN, 5SD-CN, 10SD-CN, and 20SD-CN. Test condition: water (45mL), IPA (5mL), catalyst (10mg), visible light irradiation (λ ≥
420nm). (b) The comparison of H2O2 production performance of 10SD-CN with other reported photocatalysts. Details of the catalyst comparison can be found in Table

S7 (Supporting information). (c) Cycling test of photocatalytic H2O2 generation with 10SD-CN. (d) Apparent quantum yield (AQY) of 10SD-CN under different wavelength

conditions.

der low doping/modification level (5SD-CN and 10SD-CN) and will

increase under high doping/modification level (20SD-CN). This is

caused by the combined effects of Na doping and structural de-

fects, which are typically thought of as charge-binding sites [51].

However, too many defects will influence the capacity of the cat-

alyst to transfer electrons on its surface. To learn more about

the samples’ charge separation and transfer kinetics, photocurrent

measurements were carried out. As shown in Fig. 2f, the photo-

electric current test shows that CN displays a weak photocurrent

density of 0.67 μA/cm2, while 10SD-CN shows the highest pho-

tocurrent density (7.09 μA/cm2) among the catalysts. This further

suggests that 10SD-CN exhibits higher charge-carrier migration ef-

ficiency and lower electron-hole pair complexation rate compared

with those of CN, 5SD-CN, and 20SD-CN [52].

The photocatalytic hydrogen peroxide production efficiencies of

CN and SD-CNs were then studied under visible light irradiation (λ
≥ 420nm) condition. Fig. 3a shows that CN has a low H2O2 yield

of 30.4 μmol L−1 h−1, while the H2O2 yield of 5SD-CN increases

to 180.5 μmol L−1 h−1. The best photocatalytic performance is ob-

tained with 10SD-CN (297.2 μmol L−1 h−1), which is approximately

9.8 times that of CN. This H2O2 yield rate of 10SD-CN is very com-

petitive among the CN-based H2O2 evolution catalysts (Table S7 in

Supporting information and Fig. 3b), which can be attributed to the

synergy of sodium doping and nitrogen defects. It is noticed that

when the quantity of sodium dicyandiamide is too high, the pho-

tocatalytic hydrogen peroxide production yield decreases to 160.8

μmol L−1 h−1 (20SD-CN). This is because there is less electron

transfer capacity at the catalyst interface as a result of excessive

defects [53]. Moreover, several common electron donors including

MeOH, EtOH, IPA were used as the sacrificial agent to study the

effect of electron donor on the photocatalytic H2O2 evolution per-

formance. The results in Fig. S9 (Supporting information) indicate

that 10SD-CN with 10% IPA in the reaction solution exhibits higher

H2O2 yield rate than the other electron donors. The formation (kf)

and decomposition (kd) kinetics of H2O2 were calculated to further

understand the activity of SD-CN catalysts. As shown in Fig. S10

and Table S4 (Supporting information), 10SD-CN shows the high-

est H2O2 formation rate of 5.897μmol L-1 min−1, and low H2O2

decomposition rate of 0.0059 min−1 compared with other tested

catalysts, further confirming its outstanding H2O2 generation per-

formance.

A useful photocatalyst needs to have high stability during the

reaction process. As demonstrated in Fig. 3c, after 8 cycles (8 h)

test, the 10SD-CN catalyst retains 90% activity in H2O2 generation.

To study the stability of the sample after the reaction, the used

10SD-CN was characterized by SEM, XRD, FTIR, and XPS analysis.

As shown in Fig. S11 and Table S5 (Supporting information), the

fresh and used 10SD-CN show very similar structures and prop-

erties based on the characterization results, confirming the good

stability of the polymer catalyst during the reaction. The above re-

sults indicate that the prepared 10SD-CN photocatalyst has excel-

lent physicochemical stability and recyclability. The AQY of 10SD-

CN was further calculated, and the AQY under monochromatic

light irradiation at 420, 475, 550 and 600nm were 1.29%, 0.41%,

0.19%, and 0.05%, respectively (Fig. 3d and Table S6 in Supporting

information).

To reveal the behind mechanism of the enhanced photocat-

alytic performance and to better understand the process of photo-

catalytic H2O2 generation, some condition-controlled experiments

were carried out. Fig. 4a illustrates the H2O2 production rate is

severely suppressed to 123.4 μmol L−1 h−1 for 10SD-CN when Ar

was continuously injected. Conversely, injecting oxygen increases

the yield rate to 684.6 μmol L−1 h−1, which is much higher than

that of CN (81.2 μmol L−1 h−1), suggesting that dissolved oxygen is

the essential raw material for the synthesis of hydrogen peroxide

[54]. Therefore, rather than water oxidation reaction (WOR) [55],

it is suggested that oxygen reduction reaction (ORR) is the pri-

mary pathway for the formation of H2O2. A series of studies have

demonstrated that the ORR pathway can be categorized into two-

step single electron reaction (Eqs. 2 and 3 and a direct one-step

two-electron reaction Eq. 4) [56,57]:

O2 + e− → •O2
− (2)

O2
− + 2H+ + e− → H2O2 (3)

O2 + 2e− + 2H+ → H2O2 (4)

To determine the ORR pathway, p-benzoquinone (p-BQ) was

added as an •O2
− inhibitor, and the experimental results showed

that H2O2 production was greatly inhibited, suggesting that •O2
−

plays an important role in participating the H2O2 production

(Fig. 4b) [58]. To study if the presence of p-BQ influences the

iodometry test result, we tested two H2O2 sample solutions (one
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Fig. 4. Photocatalytic H2O2 production under different (a) atmosphere and (b) solution conditions with 10SD-CN. Condition: water (45mL), isopropanol (5mL), catalyst

(10mg), visible light irradiation (λ ≥ 420nm). (c) ESR spectra of DMPO-•O2
− and DMPO-•OH with 10SD-CN under visible light irradiation. (d) LSV curves of 10SD-CN

measured on RDE at different rotating speeds. Condition: 0.1mol/L Na2SO4 solution (pH 6.6), scan rate of 5mV/s. (e) Koutecky-Levich plots obtained from the RDE results.

with p-BQ). According to Fig. S12 (Supporting information), the

iodometry test yielded the same H2O2 concentrations in the so-

lutions with and without p-BQ, indicating that the influence of p-

BQ was negligible. In addition, we employed AgNO3 and EDTA-2Na

as the scavengers of electron (e−) and hole (h+), respectively, in
the control experiment [59]. The H2O2 production rate dropped

sharply when AgNO3 was introduced to the photocatalytic reaction

system (Fig. 4b), demonstrating the critical role of photogenerated

electrons in ORR. In contrast, it is shown that the yield of H2O2

increases when EDTA-2Na is added, which is because the capture

of holes can facilitate the transfer of electrons during the photo-

catalytic process.

The electron spin resonance (ESR) spectra were obtained to

study the intermediates (•O2
− and •OH) generated during the pho-

tocatalytic process. As shown in Fig. 4c, no •OH signal is observed

under light irradiation, confirming that •OH is not generated in the

photocatalytic reaction and the water oxidation reaction does not

produce H2O2. However, a strong signal of •O2
− is observed un-

der light irradiation, which indicates that •O2
− is the main rad-

ical involving the photocatalytic reaction [60]. As previously dis-

cussed, the electron transfer number in the ORR process is critical

for H2O2 production; therefore, a rotating disk electrode (RDE) was

used to characterize the average electron transfer number (n) [61].

Fig. 4d and Fig. S13 (Supporting information) show the LSV curves

of catalysts at different rotating speeds. According to Koutecky-

Levich calculation, the values of n for CN, 5SD-CN, 10SD-CN, and

20SD-CN were calculated as 1.40, 1.54, 1.77, and 1.87, respectively

(Fig. 4e). These results suggest that one-electron and two-electron

oxygen reduction occurs simultaneously during the reaction [62].

The increase of the n value suggests that the catalyst prefers the

two-electron transfer pathway in H2O2-generated reaction. This

is because the nitrogen vacancy sites in the modified carbon ni-

tride are more selective for the two-electron transfer pathway [63].

Based on the above analysis, a reaction pathway for H2O2 produc-

tion with 10SD-CN is proposed. First, O2 is adsorbed onto the C

sites around the N3C vacancies. Then, after absorbing light energy,

the catalyst produces electron-hole pairs. Due to the synergistic in-

teraction between alkali metal doping and defects, the catalyst ex-

hibits a high charge separation ability and can effectively reduce

O2 to •O2
−. Eventually, •O2

− gains another electron and reacts with

H+ in solution to form H2O2.

In conclusion, we successfully synthesize modified carbon ni-

trides with abundant active sites by thermal polymerization us-

ing sodium dicyandiamide as a modifier. The modified carbon ni-

trides are applied for photocatalytic synthesis of H2O2. The intro-

duction of sodium element improves the light absorption ability,

while the nitrogen defects provide more active sites and promote

the charge separation during the photocatalytic process. Due to

the synergistic effect of alkali metal doping and nitrogen defects,

the 10SD-CN catalyst achieves a hydrogen peroxide yield of 297.2

μmol L−1 h−1 under visible light irradiation. This work provides

new insights in constructing novel and efficient non-homogeneous

photocatalyst for solar energy driven synthesis of H2O2. Currently,

the primary obstacles of photocatalytic H2O2 production by C3N4-

based catalysts in actual water environments include weak anti-

interference, low stability, low visible light absorption, problematic

catalyst recovery, etc. Depending on the application scenario, stable

and highly efficient photocatalysts must be developed for the ap-

plications in real water environment. To enable the recovery of the

catalyst, it is necessary to develop more effective immobilization

methods and design more practical reaction devices.
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