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Abstract 19 

Photocatalytic production of H2O2 from water and oxygen utilizing polymetric carbon 20 

nitride (PCN) is a promising alternative to the energy-consuming anthraquinone method. 21 

However, insufficient oxidation potential and limited light-absorption have restricted its 22 

further improvement. Herein, PCN with sufficient oxidation potential and improved 23 

visible-light usage (up to 550 nm) was prepared by co-polymerization of 24 

2,5,8-triamino-tri-s-triazine (melem) and barbituric acid (BA). With the loading of 25 

Na2CoP2O7 as a water-oxidation co-catalyst, this novel PCN system showed a 26 

record-high apparent quantum efficiency (420 nm) of 8.0% and a solar-to-chemical 27 

conversion efficiency of 0.30% for H2O2 production. This improvement is attributed to the 28 

introduced O 2p states by C=O groups remained in the PCN matrix, leading to a positive 29 

valence band maximum of 1.85 eV (vs. SHE). The co-polymerization of BA and melem 30 

combined with Na2CoP2O7 loading also suppressed the charge recombination, resulting 31 

in a rapid stepwise one-electron to one-electron reaction for efficient H2O2 production. 32 
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1. Introduction 1 

H2O2 is recognized as an industrially important green oxidant [1-4] and a promising 2 

future solar fuel (60wt% H2O2, 3.0 MJL
-1

, higher energy density than that of compressed 3 

H2 gas, 35 MPa, 2.8 MJL
-1

) [5]. H2O2 is commonly generated by the reaction of 4 

anthraquinone with O2. The as-obtained anthrahydroquinone was reduced to re-generate 5 

anthraquinone with H2 on Pd-based catalysts [6]. As an alternative to this complicated 6 

energy-consuming process, direct synthesis of H2O2 with H2 and O2 has been achieved 7 

by utilizing Pd-based catalysts has been proposed [7,8]. By using this strategy, H2O2 is 8 

quantitatively generated, but the mixture of H2/O2 is naturally explosive. Processes for 9 

photocatalytic production of H2O2 on semiconductor materials have emerged as 10 

promising safe, environment-friendly, and energy-saving processes [9-19]. One of the 11 

most promising processes for photocatalytic H2O2 production is via water and O2 (eq. 1) 12 

with an ideal atom efficiency up to 100% [15-18]. Both reduction of O2 (eq. 2) via two 13 

electron transfer pathways and efficient water oxidation (eq. 3) are required for the 14 

photocatalyst to achieve this process.  15 

2H2O+O2→2H2O2                           (1) 16 

O2+2H
+
+2e

-
→H2O2 (0.695 V vs. NHE)                   (2) 17 

2H2O+4h
+
→O2+4H

+
 (1.23 V vs. NHE)                    (3) 18 

  H
+
+O2+e

-
→•OOH (-0.046 V vs. NHE)                     (4) 19 

O2+e
-
→•O2

-
 (-0.284 V vs. NHE)                   (5) 20 

Metal oxides and polymeric carbon nitrides (PCNs) based semiconductors have 21 

been widely studied for achieving photocatalytic H2O2 production since the band 22 

structures of metal oxides and PCNs are capable of catalyzing both of the reactions 23 

shown in eq. 2 and eq. 3. However, the selectivity of metal oxides for photocatalytic H2O2 24 

production is quite low because 1-electron reduction of O2 (superoxide (hydrogen 25 

peroxide radical formation (•OOH), eq. 4; •O2
-
) radical formation, eq 5) usually dominates, 26 

thus suppressing 2-electron reduction [20-25]. PCNs, which has been recognized as a 27 

promising metal-free photocatalyst under visible-light irradiation [26-27], can promote 28 

selective photoreduction of O2 and produces H2O2 via the formation of 1-4 endoperoxide 29 

on 2,5,8-triamino-tri-s-triazine (melem) units by a rapid stepwise reaction via 1-e
-
 pathway 30 

[16-18]. However, most of the PCN-based materials produce a large amount of H2O2 only 31 
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with the existence of electron donors [11-14, 19] since it seems that the holes captured in 1 

the valence band maximum (VBM) of PCN (around 1.4~1.6 V vs. standard hydrogen 2 

electrode, SHE) seems not positive enough to overcome the large potential for water 3 

oxidation (c.a. > 0.8 V). To overcome this obstacle, Shiraishi and co-workers proved that 4 

the co-polymerization of light adsorption units with C=O could significantly shift the band 5 

position of PCN to the positive side, leading to an enhanced photocatalytic activity for 6 

oxygen evolution reaction (OER) [15-17]. However, the reason of the band shift was not 7 

clarified at the electronic energy level, and the large bandgap width of PCN (~2.7 eV), 8 

even with co-polymerization of BDI [15, 17] or PDI [16], limits the ratio of the visible light 9 

that can be used, resulting in limited solar to chemical conversion (SCC) efficiency (~ 10 

0.2%) [18].  11 

Co-polymerization of barbituric acid (BA), which also contains a large amount of C=O 12 

groups, has been used for narrowing the bandgap of PCN, a process that was firstly 13 

reported by Zhang et al. [27-30]. The light adsorption range of PCN samples obtained by 14 

co-polymerization of nitrogen-rich precursors and BA was significantly expanded [27-30]. 15 

However, the conduction band minimum (CBM) and VBM shift to the opposite side, 16 

leading to suppressed photo-redox activity [27]. One possibility is that in the previously 17 

reported mechanisms, BA molecules are directly incorporated into the classical carbon 18 

nitride condensation scheme via an SN2 nucleophilic substitution reaction (Scheme 1A) 19 

[27]. In that scheme, the quaternary carbon atoms of BA molecules were nucleophilically 20 

attacked by the amino groups of dicyandiamide, and then the oxygen groups are 21 

removed from the PCN matrix [27]. To keep the C=O groups in the PCN matrix, the SN2 22 

nucleophilic substitution has to be suppressed during the co-polymerization. Typically, 23 

this nucleophilic addition would be suppressed if the molecular weights of nucleophilic 24 

regents are increased, i. e., the steric hindrance effect could be improved (Scheme 1B). 25 

As a result, the deamination selectivity could be enhanced. Thus, C=O groups could 26 

remain during the thermal polymerization if precursors with large molecular weights are 27 

used. Melem (Scheme 1C), as an intermediate product during the thermal polymerization 28 

of PCN with a large molecule weight [32], could serve as an ideal co-polymerization 29 
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precursor for co-polymerization with BA. The molecular weight of melem (218.1) is more 1 

than 2-times larger than that of dicyandiamide (84.1), leading to a large steric effect that 2 

can suppress the SN2 nucleophilic substitution. Therefore, co-polymerization of melem 3 

and BA (Scheme 1C) enabled the introduction of C=O groups into the PCN matrix, 4 

leading to an improved photocatalytic water oxidation activity with promoted light usage 5 

of the PCN-based photocatalyst.  6 

Here is Scheme 1. 7 

Herein, we engineered the band positions of polymetric carbon nitride prepared by 8 

using barbituric acid and melem as precursors (denoted as PCNBA). The C=O groups 9 

were maintained in the as-prepared PCN matrix, and the band positions of the 10 

as-prepared PCNBA shifted positively with a sufficient oxidation potential (up to 1.85 V vs. 11 

SHE) for water oxidation. The narrowed bandgap width ranging from 2.77 eV to 2.18 eV 12 

also significantly expanded the adsorption range of solar light. Furthermore, the reason of 13 

the band shift caused by the co-polymerization of barbituric acid was clarified at the 14 

electronic level by combining the results of XPS measurements and density functional 15 

theory (DFT) simulations. With the optimized co-polymerization and loading of 16 

Na2CoP2O7 as an OER co-catalyst [33], the PCNBAs showed a high apparent quantum 17 

yield (ΦAQY) of 8.0% and SCC efficiency of 0.30% for photocatalytic H2O2 production 18 

with only H2O and O2. Moreover, the co-relationships between the charge separation and 19 

the photocatalytic activities for H2O2 production were clarified for the first time. This work 20 

provides a primary guideline and a practical approach for designing materials with an 21 

appropriate band structure to achieve optimized performance for photocatalytic H2O2 22 

production.   23 

 24 

2. Experimental details 25 

2.1 Preparation of photocatalyst 26 

Unless otherwise stated, the purities of all reagents for preparation of photocatalysts 27 

preparation and for photoelectrochemical measurements were above analytical grade. 28 

Melem was prepared by calcination of melamine at 420 °C in N2 for 4 h. [32] The 29 

polymetric carbon nitride with barbituric acid co-polymerization (PCNBA) was prepared 30 

as follows: 3 g melem with a certain amount of barbituric acid (SIGMA-ALDRICH, Co., 31 
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Ltd.) was ball-milled in the presence of ethanol for 2 h (400 rpm). Then the mixture was 1 

drying in a vacuum oven at 60 °C for 4 h. The as-obtained white powder was calcinated in 2 

a furnace at 560 °C in air for 4h with an increasing temperature rate of 2 °C. The bulk 3 

material was obtained when the furnace was cooled down to room temperature. The 4 

adding amounts of barbituric acid (BA) added were 0.01 g, 0.05 g, 0.1 g, 0.2 g and 0.5 g. 5 

These samples were named PCNBA0.01, PCNBA0.05, PCNBA0.1, PCNBA0.2 and 6 

PCNBA0.5, respectively. 7 

Na2CoP2O7 was prepared by following previous reports. Na2CO3 (1. 06 g, Wako 8 

Pure Chemical Industries, Ltd.), CoNO3·6H2O (2.91 g, Wako Pure Chemical Industries, 9 

Ltd.) and (NH4)2HPO4 (2.64 g, Wako Pure Chemical Industries, Ltd.) were ball-milled with 10 

acetone for 1 h. Then the purple mixture was dried in a vacuum oven for 8 h at 25 °C. The 11 

purple powder was calcined at 600 °C for 16 h. After cooling down to the room 12 

temperature, blue bulk material was obtained [34]. 13 

The loading of Na2CoP2O7 onto the PCNBA was conducted using a simple ball 14 

milling method. Specifically, the 0.2 g of PCNBA samples with a certain amount of 15 

Na2CoP2O7 (0.002 g, 0.005 g, 0.01 g and 0.02 g) was ball-milled for 15 min. The 16 

as-prepared samples were named PCNBAxCo1%, PCNBAxCo2.5%, PCNBAxCo5% and 17 

PCNBAxCo10%, respectively. 18 

 19 

2.2 Measurements of photocatalytic activities 20 

Each catalyst (50 mg) was added to pure water (30 mL) within a borosilicate glass 21 

bottle (φ 45 mm; capacity, 50 mL), and the bottle was sealed with a rubber septum cap. 22 

The catalyst was dispersed well by ultrasonication for 15 min, and O2 was bubbled 23 

through the solution for 30 min. The bottle was immersed in a temperature-controlled air 24 

bath at 298 ± 0.5 K with wind flowing and was photo-irradiated at λ > 420 nm using a 500 25 

W Xe lamp (PXE-500, USHIO Inc.) with magnetic stirring. Water oxidation with AgNO3 as 26 

a sacrificial electron acceptor was performed with a catalyst (100 mg) in a buffered La2O3 27 

(30 mg) solution (30 mL, pH 8−9) with AgNO3 (10 mM) under an Ar atmosphere (1 atm). 28 

The amount of H2O2 was determined by a colorimetric method using PACKTEST (WAK- 29 

H2O2, KYORITSU CHEMICAL-CHECK Lab., Corp.) equipped with a digital PACKTEST 30 
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spectrometer (ED723, GL Sciences Inc.). 1 

 2 

2.3 Action spectrum analysis.  3 

Photocatalytic reactions were carried out in pure water (30 mL) with catalysts (50 mg) 4 

with or without the addition of et-OH as an electron donor reagent. After ultrasonication 5 

and O2 bubbling, the bottle was photoirradiated photoirradiated by a Xeon lamp for 6 h 6 

with magnetic stirring. The incident light was monochromated by band-pass glass filters 7 

(Asahi Techno Glass Co.), where the full-width at half-maximum of the lights was 11−16 8 

nm. The numbers of photons that entered into the reaction vessel was determined with a 9 

3684 optical power meter (HIOKI E.E. CORPORATION).  10 

 11 

2.4 Determination of SCC efficiency.  12 

Solar to chemical conversion (SCC) efficiency was determined by photoreactions 13 

with a PEC-L01 solar simulator (Peccell Technologies, Inc.). Photoreactions were 14 

performed in pure water (100 mL) with catalysts (each 500 mg) under O2 (1 atm) in a 15 

borosilicate glass bottle, with λ > 420 nm cutoff filter was used to avoid subsequent 16 

decomposition of the formed H2O2 by absorbing UV light [18]. The irradiance of the solar 17 

simulator was adjusted to the AM1.5 global spectrum.[15] The SCC efficiency was 18 

calculated by the following equation: 19 

       
            

           
     . 20 

 21 

In the equation,       
is the free energy for H2O2 generation (117 kJ mol

−1
).      

 22 

is the amount of H2O2 generated, and     is the irradiation time (s). The overall irradiation 23 

intensity (   ) of the AM1.5 global spectrum (300−2500 nm) is 1000 W m
−2

, and the 24 

irradiation area (   ) is 0.628 × 10
−4

 m
2
 [15].  25 

Detailed information on Instruments, Radiative oxygen species measurements, 26 

Photoelectrochemical characterizations and Calculation details is shown in the 27 

Supporting information. 28 

 29 

3. Results and discussion 30 

3.1 Characterization of PCNBA  31 
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Successful synthesis of PCNBA from melem with copolymerization of barbituric acid 1 

was confirmed by XRD, TEM, SAED, EDS-mapping, and FT-IR absorption and XPS 2 

spectral analyses (Figure 1). XRD measurements were first used to investigate the 3 

crystallinity changes after co-polymerization of PCN when the amount of BA added was 4 

increased from 0.01 g to 0.5 g (Figure 1A). The two characterization diffraction peaks at 5 

13.1° and 27.4° did not show any obvious shift, indicating that the interplanar spacing did 6 

not change [27, 31]. Additionally, the peaks at 13.0° assigned to the c-axis remained 7 

almost constant, whereas the intensity of the interlayer (002) peak at 27.4° clearly 8 

decreased. These results might be due to the disturbance of the graphitic structure by 9 

inserting BA motifs in the layered structure. Selected area electronic diffraction patterns 10 

of PCNBA (inserted in Fig. 1B) also revealed that the crystalline structure of PCN did not 11 

change after the addition of the motifs. Therefore, the crystalline structure of the PCN 12 

matrix after BA co-polymerization almost remained constant compared with the pristine 13 

ones [35].  14 

Here is Figure 1. 15 

To investigate the elemental distribution differences between pristine PCN and 16 

PCNBA, scanning TEM-energy-dispersive X-ray spectroscopy (STEM-EDS) mappings 17 

were conducted. PCNBA0.2 was selected as a representative example of all PCNBA 18 

samples due to its optimum motif addition concentration. As shown in Figure S1-2 and 19 

Figure 1B, the morphologies of pristine PCN and PCNBA0.2 are quite similar, whereas 20 

the oxygen content of PCNBA0.2 is slightly increased (Figures 1C). It was also found that 21 

after copolymerization with BA, the oxygen homogenously distributed in the PCN matrix. 22 

To further investigate the functional groups of PCNBA0.2 after co-polymerization, Fourier 23 

transform infrared (FT-IR) spectroscopy was performed. The FTIR spectra (Figure 1D) 24 

exhibited all of the characteristic stretch modes of aromatic CN heterocycles and the 25 

breathing mode of heptazine units at 1200-1700 cm
-1

 and 700-900 cm
−1

, respectively [31, 26 

35]. Additionally, the broad peaks between 2900 cm
-1

 and 3500 cm
-1

 could be assigned to 27 

hydroxyl (-OH) stretching (the adsorption water) and N-H stretching (PCNBA skeleton), 28 

indicating that the NH and/or NH2 groups exist in the PCN matrix [31, 35]. Although 29 

PCNBA0.2 showed fundamental groups similar to those of the pristine PCN, the oxygen 30 
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groups could hardly be identified by FTIR since due to overlap of heptazine breathing 1 

(1200-1700 cm
-1

) and carbonyl stretching (1700 cm
-1

) [35, 36].  2 

To further investigate the chemical composition and chemical states in as-prepared 3 

samples, XPS measurements were conducted. The survey spectra of pristine PCN 4 

revealed that only C and N elements exist (Figure S3), with a very small amount of O 5 

element that was due to the H2O adsorption (Figure S5A, 532.5 eV). In the case of 6 

PCNBA, the O 1s peak gradually increased with the increasing addition of BA motifs, and 7 

a newly deconvoluted peak at 531.8 eV could be assigned to the existence of C=O 8 

groups in the PCN matrix (Figure S3 and S5B-5D) [35]. In the case of the C 1s 9 

high-resolution XPS spectra (Figure S4), the peak at 287.9 eV was assigned to N-C-N 10 

coordination, and the other deconvoluted peak at 284.6 eV was due to sp
2
 C-C bonds 11 

resulting from the carbon-adsorption contamination [31, 35, 37]. When BA was used in 12 

the co-polymerization, there was a newly deconvoluted peak at 288.7 eV that was 13 

assigned to the C=O coordination, which supports the results of O 1s spectra. In the 14 

high-resolution XPS spectrum of N 1s (Figure 1E), the three deconvoluted peaks 15 

observed at 401.1 eV, 400.1 eV and 398.8 eV were assigned to amino groups C-N-H, 16 

tertiary nitrogen groups, and sp
2
 C-N-C bonds, respectively [35, 37]. Furthermore, the 17 

greater number of the BA units used in the co-polymerization was, the higher was the 18 

intensity of the peak at 400.1 eV. This result can be attributed to the co-polymerization 19 

nature of melem and BA (Figure 1F). When BA units were inserted into the melon 20 

molecules, the number of tertiary nitrogen groups of PCN-BA would increase accordingly. 21 

Further evidence is that the intensities of deconvoluted peaks at 284.6 eV (C-C) and 22 

533.1 eV (O=C) gradually increased when the concentration of motifs (BA units) 23 

increased, indicating the existence of BA in the PCN matrix. Therefore, these results 24 

collectively indicated the well-preserved structure of PCN as well as the successful 25 

construction of BA units with the existence of C=O-based covalent networks through this 26 

copolymerization synthesis.  27 

Here is Figure 2. 28 

The morphologies of bare PCN and PCNBA were investigated by TEM and BET 29 

measurements. As shown in Figure S1 and Figure 1B, both pristine PCN and PCNBA0.2 30 
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showed a bulky morphology. As shown in Figure S6A, the surface area of PCNBA0.2 (2 1 

m
2
g

-1
) was only slightly smaller than that of pristine PCN (3 m

2
g

-1
), which was also 2 

supported that the bulk morphology of the PCNBA0.2. The pore size and pore volume of 3 

the PCNBA0.2 decreased slightly when BA units were introduced to the PCN matrix. 4 

Since the holes formed in bulk PCN material are attributed to the secondary particle piled 5 

pores, the slight decrease of PCNBA0.2 may be attributed the smaller particle size of 6 

PCNBA0.2 compared with that of pristine PCN. As shown in Figure S7, PCNBA prepared 7 

with BA and melem showed a macroscopic deep orange color, rather than the pale yellow 8 

of pristine PCN, providing the success in the improved visible-light absorption [31, 35]. To 9 

determine the precise band positions of PCNBAs, UV-vis, Mott-Schottky measurements 10 

and valence band XPS were conducted to investigate the bandgap width, CBM and VBM, 11 

respectively. As shown in Figure 2A, the light adsorption (<450 nm) of PCNBAs 12 

significantly increased, possibly due to the changes in electronic states [13]. With 13 

increased addition of BA motifs, the adsorption of long-wave visible light gradually 14 

increased, resulting in the narrowing of bandgap width from 2.77 eV to 2.18 eV. 15 

Mott-Schottky plots revealed that the CBM of PCNBA samples gradually became more 16 

positive from -1.33 eV for pristine PCN to -0.33 eV for PCNBA0.5 (Figure S8). VB-XPS 17 

results also showed that the VBM of PCNBA gradually became positive from 1.45 eV to 18 

1.85 eV (Figure 2B). By summarizing these results for band positions, we can draw band 19 

position diagrams of pristine PCN and PCNBA samples, as shown in Figure 2C. 20 

Generally, an ideal photocatalyst for H2O2 production from dissolved O2 and water usually 21 

has two crucial properties: one is reducing O2 to effectively produce H2O2 (eq. 2) and the 22 

other is sufficient oxidization potential for overcoming the large overpotential of water 23 

oxidation (eq. 3). Since the melem units in the PCN matrix can form 1,4-endoperoxides 24 

for efficient H2O2 production, the bottleneck of improving photocatalytic H2O2 production 25 

by PCN from water and O2 is to overcome the insufficient oxidation potential 26 

(VBMPCN=1.45 eV vs. a standard hydrogen electrode, SHE) for water oxidation. 27 

Compared with other samples, PCNBA0.1, PCNBA0.2 and PCNBA 0.5 eV all had 28 

positive VBMs at 1.85 eV (vs. SHE), indicating that water oxidation might occur on these 29 
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catalysts, thus leading to an effective H2O2 production from O2 and water.  1 

Here is Figure 3. 2 

To further improve the overall H2O2 production by PCNBA from water and O2, loading 3 

a co-catalyst for water oxidation is an effective strategy since the VBM of PCNBA is still 4 

more negative than those of traditional photocatalysts for water oxidation such as TiO2 5 

[38], Ta2O5 [39], WO3 [40, 41], BiVO4 [42]. Therefore, Na2CoP2O7, one of the most 6 

efficient co-catalysts for water oxidation, was prepared for enhancing the water oxidation 7 

[33]. X-ray diffraction (XRD) patterns of the synthesized Na2CoP2O7 matched excellently 8 

with those in previous reports without impurities [33, 34, 44]. After loading Na2CoP2O7 on 9 

PCNBA0.2 by a facile ball milling method, the characterization peak of PCN at diffraction 10 

angles of 13.1° and 27.4° still existed, indicating that the crystalline structure was well 11 

maintained. Additionally, the peak intensities of Na2CoP2O7 diffractions gradually 12 

increased with an increase in the loading amount, indicating that Na2CoP2O7 also 13 

maintained the same structure after the ball milling. To investigate the distribution 14 

properties of Na2CoP2O7, high-angle annular dark field (HAADF) STEM combined with 15 

energy-dispersive X-ray spectroscopy (STEM-EDS) mappings were conducted. As 16 

shown in Figure 3C, some bright particles were dispersed well on the large bulk material, 17 

and the average particle size was ~20 nm. EDS mapping showed that the elemental 18 

components of the large bulk material contain high concentrations of carbon, nitrogen 19 

and oxygen, which is consistent with the mapping image of PCNBA0.2. As shown in 20 

Figure 3G-I, the elemental compositions of bright particles in Figure 3C are Na, P and Co, 21 

indicating that these particles are Na2CoP2O7. Therefore, the proposed ball milling 22 

strategy could effectively disperse Na2CoP2O7 onto PCNBA samples. The surface area of 23 

PCNBA0.2Co5% (2 m
2
g

-1
) is almost as same as that of pristine PCNBA0.2 (2 m

2
g

-1
), 24 

indicating that loading of the co-catalyst did not significantly change the morphology of 25 

PCNBA0.2 (Figure S6A, Figure 3C). Additionally, pore size and pore volume were further 26 

decreased after the co-catalyst loading, indicating that the loaded Na2CoP2O7 particle 27 

has filled pores piled by secondary particles (Figure S6B). The BET analysis further 28 

supported the TEM and STEM-EDS mapping results, demonstrating the successful 29 

loading of co-catalyst. UV-vis was conducted to determine the effect of Na2CoP2O7 30 
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loading on the light absorption properties of PCNBA since Na2CoP2O7 could naturally 1 

absorb orange light (Figure 3J, blue line.). The UV-vis spectrum of PCNBA loaded with 2 

Na2CoP2O7 (mass ratio of 5%) is almost as same as that of PCNBA0.2 except for a small 3 

absorption band that appeared between 550 nm and 650 nm. This small adsorption band 4 

may be due to the light absorption introduced by Na2CoP2O7. Tauc-plots (Figure S9), 5 

Mott-Schottky plots (Figure S10) and VB-XPS measurements (Figure S11) also 6 

confirmed that the band positions did not change after Na2CoP2O7 loading. Therefore, 7 

uniformly dispersed Na2CoP2O7 particles on PCNBA0.2 could serve as a co-catalyst to 8 

further improve the photocatalytic water oxidation, leading to an improved H2O2 9 

production.  10 

 11 

3.2. Photocatalytic activities of PCNBA and PCNBACo for H2O2 production  12 

Here is Figure 4. 13 

Since the inefficient water oxidation of PCN (VBM ranging from 1.4 eV-1.6 eV vs. 14 

SHE), most of photocatalytic production of H2O2 based on PCN system were investigated 15 

by utilizing electron donors. The band position of PCNBA samples is positively shifted 16 

(Figure 3K), i.e., the photocatalytic water oxidation ability should be improved. Therefore, 17 

the condition of photocatalytic H2O2 production must be investigated with and without the 18 

addition of electron donors (ethanol). First, the optimized BA unit concentration was 19 

investigated, as shown in Figure 4A. The activity of pure PCN for H2O2 production is quite 20 

low, whereas the PCN samples with BA motifs all exhibited markedly increased activities. 21 

Among the various PCN samples modified with BA, the activity of PCNBA0.2 was the 22 

highest which is the 9.6-fold compared with that of PCN counterpart. It should be noted 23 

that PCNBA0.5 produced less than half the amount H2O2 compared with PCNBA0.2, 24 

which may be attributed to the positive shift of CBM (-0.33 V vs. SHE). Since O2 reduction 25 

to generate H2O2 is a multi-electron transfer reaction, the overpotentials of multi-electron 26 

transfer reactions are non-negligible. For instance, hydrogen evolution reactions usually 27 

need >0.4 V without loading Ni or Pt as HER cocatalysts. The relatively positive CBM of 28 

PCNBA0.5 may not provide sufficient potentials for efficient O2 reduction via two-electron 29 

pathways.  30 
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The optimal pH conditions were investigated by measuring photocatalytic H2O2 1 

production by utilizing PCNBA0.2 (Figure S12). When ethanol was introduced into the 2 

system, the amount of H2O2 remained almost constant when the pH value was increased 3 

from 1 to 9 and then decreased drastically. This result indicates that the lowest [H
+
] is 10

-9
 4 

mol/L for the O2 reduction to H2O2 production. When no sacrificial agent was added into 5 

the system, the amount of H2O2 rapidly increased before the pH value reaches 7 and 6 

then gradually decreased, indicating that a low concentration of OH
-
 also restricts the 7 

generation of O2 from water [11, 44]. Therefore, the optimal pH condition for H2O2 8 

production from O2 and water is 7-9. The optimal solution was also investigated, as 9 

shown in Figure S13. A photocatalyst in phosphate buffer solution (PBS) showed the 10 

highest activity for H2O2 production with or without the existence of ethanol. This is 11 

thought to be because phosphate ions can serve as a stabilizer for H2O2 under light 12 

irradiation [11]. The pH value of the phosphate buffer ranges from 5.5 to 8.5, which is also 13 

consistent with the optimal pH condition for H2O2 production. Figure 4B shows the 14 

time-dependent change of the amounts of H2O2 produced. The generation rates of H2O2 15 

on PCNBA0.2 and PCNBA0.2Co5% kept almost constant even after long-term reaction, 16 

indicating that the catalyst could continuously produces H2O2 with good stability. Figure 17 

4C shows the action spectrum on PCNBA0.2 and PCNBA0.2Co5% determined by light 18 

irradiation for H2O2 production. Compared with the absorption spectra of the catalyst, the 19 

ΦAQYs agree well, which shows that the production of H2O2 is attributed to the bandgap 20 

excitation of PCNBA0.2. ΦAQYs at 420 nm of PCNBA0.2 and PCNBA0.2Co5% were 21 

determined to be 4.0% and 8.0%, respectively, much which are higher than that (6.1%) of 22 

g-C3N4/PDI/rGO0.05 [15], one of the most efficient PCN-based photocatalysts for 23 

nonsacrificial H2O2 production. Additionally, the action adsorption edge extend form 450 24 

nm for g-C3N4/PDI/rGO0.05 to 550 nm for PCNBA0.2 and PCNBA0.2Co5%, indicating 25 

that the band engineering with BA units significantly promoted the photon usage. The 26 

ΦAQY of PCNBA0.2Co5% was almost two-times larger than that of PCNBA0.2, and no 27 

H2O2 was produced by the excitation between 550 nm and 650 nm, indicating that the 28 

excitation introduced by Na2CoP2O7 does not produce H2O2, i. e. Na2CoP2O7 plays a role 29 
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as a co-catalyst during photocatalytic H2O2 production. The SCC efficiency for H2O2 1 

production on PCNBA0.2Co5% was measured by AM1.5G solar simulator (1 sun 2 

irradiation) to be 0.30% (see Experimental Section) and was almost constant even after 3 

the photoirradiation for 2 h. As shown in Figure S14, the adsorption band at 600-900 cm
-1

 4 

and 1200-1700 cm
-1

 scarcely changed after the 5 run, indicating the functional groups of 5 

PCNBA0.2 kept almost constant after the reaction. The XRD of the samples obtained 6 

after 5 circles showed similar diffraction patterns as the raw sample, indicating that the 7 

crystallinity of PCNBA0.2 and Na2CoP2O7 rarely changed during the photocatalytic H2O2 8 

production. The intensities of the diffractions contributed by Na2CoP2O7 showed a slight 9 

decrease. This slight decrease may be due to the loaded co-catalyst slightly detached 10 

during the long-time stirring during the H2O2 production. After 5 cycles of measurements, 11 

the efficiency was still maintained at 90% (Figure S15), indicating the good stability of the 12 

catalyst. The SCC efficiency of PCNBA0.2Co5% is comparable to the highest levels 13 

obtained by PCN-based photocatalysts (Figure 4D), suggesting that band engineering 14 

combined with co-catalyst loading has great potential for the development of highly 15 

efficient photocatalysts with improved activity for nonsacrifical H2O2 production. This 16 

strategy would also inspire other artificial photosynthesis, such as overall water splitting, 17 

N2 fixation, etc. [15-18, 45].  18 

 19 

3.3 Mechanism of photocatalytic H2O2 production 20 

Here is Figure 5. 21 

As shown in the photoluminescence (PL) spectra (Figure 5A), there was a redshift 22 

toward a longer wavelength with an increase in the modified content of BA together with a 23 

notable decrease in intensity, being consistent with previous reports [31, 35]. Additionally, 24 

loading of Na2CoP2O7 did not change the emission wavelength, whereas PL intensity 25 

significantly decreased with increase in the loading amount of Na2CoP2O7, indicating that 26 

the co-catalyst also improves the charge separation of PCNBA samples (Figure 5B). 27 

Photocurrent (Iph) measurements of the samples showed a significant increase in Iph of 28 

PCNBA0.2 compared to that of pristine PCN (Figure 5C), indicating enhanced efficiency 29 

of the charge separation. With loading of Na2CoP2O7, Iph was further enhanced, indicating 30 
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that the co-catalyst loading also significantly suppressed recombination, leading to an 1 

improved charge transference. Moreover, the diameter of semicircle (PCNBA0.2Co5%) 2 

was the smallest in Nyquist plots measurements by the A. C. electrochemical impedance 3 

spectra (EIS) (Figure 5D), indicating that PCNBA0.2Co5% showed the best charge 4 

transfer. Therefore, co-polymerization of BA units and loading of a co-catalyst 5 

significantly suppressed charge recombination and promoted charge transfer of the 6 

PCNBA, leading to an enhanced photocatalytic H2O2 production. 7 

Here is Figure 6. 8 

The possible photo-redox reactions in the PCNBA0.2 system are summarized in 9 

Figure 6A. An ORR reaction via the one-electron transfer pathway is a competitive 10 

reaction for H2O2 generation at the reduction side. Water oxidation via the 4-electron 11 

pathway to generate O2 and water oxidation via the 2-electron pathway to generate H2O2 12 

are competitive reactions at the oxidation side as follows: 13 

O2 + 2e
-
 + 2H

+
 → H2O2 +0.28 V vs. RHE (pH=7)              (6) 14 

2H2O - 2e
-
 → H2O2 + 2H

+
 +1.35 V vs. RHE (pH=7)            (7) 15 

The CBM and VBM of PCNBA0.2 are -0.58 V and 1.85 V, respectively, indicating that 16 

both eq. 6 and eq. 7 are thermodynamically possible [46]. Ag
+
 was added into the system 17 

as an electron acceptor to improve charge separation, resulting in acceleration of the 18 

photocatalytic oxidation reactions. As shown in Figure S16 and Figure S17, O2 was 19 

steadily generated when Ag
+
 was added, whereas H2O2 was hardly detected in the 20 

photocatalytic system of either PCNBA0.2 or PCNBA0.2Co5%. These results proved that 21 

H2O2 production does not originate from the photocatalytic water oxidation reactions. It 22 

should be noted that the activities of PCN samples for photocatalytic oxygen evolution 23 

reactions (OERs) were significantly increased after the band engineering and were 24 

further increased by the loading of Na2CoP2O7. These results revealed that the more 25 

positive VBM of PCNBA promotes the OER activity and that Na2CoP2O7 behaves as a 26 

co-catalyst for water oxidation. The accelerated OER may further increase the overall 27 

reaction rate for photocatalytic H2O2 production from water and oxygen.  28 

Since H2O2 can be generated via a one-step, two-electron transfer reaction or via a 29 

stepwise one-electron transfer reaction (Figure 6A), rotating disk electrode (RDE) 30 
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analysis were conducted to investigate the properties of the electron transfer to O2 on 1 

PCN samples. The number of electrons (n) transferred to O2 were estimated by the 2 

results obtained from the slope value of Koutecky–Levich plots (Figure 6B and S18). The 3 

estimated “n” value was 1.4 for pristine PCN, indicating that one-electron reduction 4 

dominates in the photocatalytic O2 reduction. In the case of PCNBA0.2Co5%, the 5 

estimated “n” value was close to 2, indicating that O2 molecules were reduced via an 6 

apparent two-electron transfer reaction. To get the insight of the intermediate products 7 

during photocatalytic H2O2 production, sacrificial reagents for quenching of active species 8 

quenching were added into the system. As shown in Figure 6C, with the addition of a ·O2
-
 9 

scavenger, p-benzoquinone (BQ. 1 mM), the H2O2 production significantly decreased in 10 

all PCN photocatalytic systems, indicating that ·O2
- 

is a crucial intermediate during 11 

photocatalytic H2O2 production. This result supports the previous theory that the H2O2 12 

production catalyzed by a PCN-based photocatalyst is a rapid step-wise one-electron to 13 

one-electron reaction [12-19], which was first proposed by Prof. Shiraishi and co-workers. 14 

The magnitude of decrease in H2O2 production with the addition of BQ followed the 15 

sequence of PCN, PCNBA0.2 and PCNBA0.2Co5%, indicating less lifetime of ·O2
-
 in 16 

PCNBA0.2 systems [47], i. e., the generated ·O2
-
 may rapidly be further reduced to form 17 

1,4-endoperoxide. In the case of pristine PCN, the generated ·O2
-
 may hardly be reduced 18 

to form 1,4-endoperoxide, resulting in the accumulation of ·O2
-
.  19 

ESR analysis also confirmed the results of scavenger quenching experiments 20 

(Figure 6D). When methanol was used as a solvent and electron donor, 6 21 

characterization peaks of DMPO-·O2
-
 were observed in the spectrum of PCN, indicating 22 

that the superoxide radical is an intermediate product during photocatalytic H2O2 23 

production [37]. The peak intensity of DMPO-·O2
-
 in the PCNBA0.2 system slightly 24 

decreased, and the intensity significantly decreased in the PCNBA0.2Co5% system. The 25 

rapid reduction of ·O2
-
 in the photocatalytic system of PCNBA0.2Co5% could be 26 

attributed to the promoted charge separation. The improved charge separation results in 27 

a high density of photoelectrons trapped in the CB, which could accelerate further 28 

reduction of ·O2
-
 to form 1,4-endoperoxide (Scheme 2) [16], rather than to remain as ·O2

-
 29 
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in the case of pristine PCN. Therefore, the apparent electron transfer number was 1 

calculated to be 2 in the PCNBA0.2Co5% system, which significantly promoted the H2O2 2 

production. 3 

Here is Scheme 2. 4 

Alkali metal incorporated with a PCN framework has been reported to significantly 5 

promote the production of H2O2 with the existence of electron donors [11, 12, 14]. As 6 

shown in Figure 6E, PCN samples incorporated with alkali metal ions (PCNK10 and 7 

PCNNa10) showed almost triple activity improvement compared with the activity of 8 

PCNBA0.2Co5% with the addition of ethanol as an electron donor. On the other hand, 9 

PCNK10 and PCNNa10 showed no improvement of H2O2 production without the addition 10 

of sacrificial reagents. The inferior performance of PCNK10 and PCNNa10 may be due to 11 

the constant VBM of PCNs incorporated alkali metals ions [12, 49]. The shallow VBM of 12 

PCNK10 could not overcome the large potential of water oxidation (>0.8 V). This result 13 

revealed the crucial role of band-engineering for improving photocatalytic H2O2 14 

production using water and oxygen (Scheme 2). 15 

Here. Figure 7. 16 

To elucidate the insight of the band engineering introduced by the BA motif, density 17 

function theory calculations combined with analysis of the density of states was 18 

conducted by inserting one or two BA units (i. e., Melem_4BA1 and Melem_4BA2) into 19 

the melon molecules. A model composed of 4 melem units was also constructed to 20 

present melon molecules (Melem_4). Detailed optimization and frequency calculation 21 

results are shown in Figure S19-21 Tables S1-3. The calculation results showed that the 22 

value of Eg was 7.73 eV. It was larger than the value obtained from the DRS discussed 23 

above (2.77 eV), which was due to the limited model size and the known limitation of DFT 24 

[49, 50]. In this case, this work discussed the changing tendency of calculated Eg and the 25 

band positions based on the experimental results, which could validate the band 26 

engineering induced by BA motifs. As shown in Figure 7A, Eg of Melem_4BA2 narrowed 27 

after modification with BA motifs compared with Eg of Melem_4. The calculated CBM and 28 

VBM of Melem_4BA1 and Melem_4BA2 also showed an obvious positive shift compared 29 

with those of Melem_4. The calculated potential of the bandgap width and the shift in 30 



17 

 

band positions showed the same tendency as that in experimental results, indicating that 1 

the BA motifs inserted in the melon matrix result in induction of a positive shift of VBMs.  2 

 3 

To further investigate the electronic properties of the PCNBA samples, the total DOS 4 

and partial DOS of Melem_4, Melem_4BA1 and Melem_4BA2 were obtained, as shown 5 

in Figures 7B-F [51]. For Melem_4, representing pristine PCNs, the partial DOS showed 6 

that its valence band (VB) and conduction band (CB) consist of N 2p and C 2p states, 7 

respectively. For Melem_4BA1 and Melem_4BA2, their CBs also consist of N 2p and C 8 

2p states, whereas O 2p state did not appear in composition states of the CBM. However, 9 

the VB of Melem_4BA2 is mainly composed of N 2p, C 2p and O 2p states. Since the 10 

electronic potential of O 2p is much more positive than that of N 2p and C 2p, as shown in 11 

Figure 7C and 7F, N 2p, C 2p and O 2p states of Melem_4BA1 and Melem_4BA2 formed 12 

more positive VBM compared with the VBMs consisting with only N 2p and C 2p states 13 

(Melem_4). The partial DOS of molecular fragments also indicates that the inserted BA 14 

fragments result in the positive shift of band positions (Figure 7B and 7E). Therefore, we 15 

could draw a conclusion that the band engineering induced by BA motifs is due to the O 16 

2p states introduced by BA units. The co-polymerization of nitrogen-rich precursors and 17 

oxygen-rich motifs has been theoretically proved for the first time to result in a more 18 

positive band position, thus providing a new approach for designing efficient 19 

photocatalytic systems for nonsacrificial H2O2 production.  20 

 21 

4. Conclusion 22 

In summary, the band positions of polymetric carbon nitride can be rationally 23 

designed by using melem and barbituric acid as precursors for efficient photocatalytic 24 

H2O2 production. The C=O groups incorporated in the PCN matrix formed a positive 25 

valence band with sufficient potential (1.85 eV vs. SHE) for overcoming the large 26 

overpotential of water oxidation (c.a.>0.8 V). The light absorption edge also expanded 27 

from 450 to 550 nm, indicating the promoted light harvesting. With the further loading of 28 

Na2CoP2O7 as an OER co-catalyst, the PCNBAs showed a record-high apparent 29 

quantum yield of 8.0% and a SCC of 0.30% for photocatalytic H2O2 production with only 30 



18 

 

H2O and O2. The co-polymerization of BA and melem, as well as the loading of 1 

Na2CoP2O7 significantly improved the charge separation. Analysis by DFT calculation 2 

combined with DOS showed that the positive shift of the band position is due to the O 2p 3 

states introduced by the co-polymerization of BA units. Co-polymerization of oxygen-rich 4 

motifs has been proven for the first time to be an effective approach for developing 5 

catalytic systems for enhanced H2O2 production in the aspect of electronic energy level. 6 

Therefore, this work provides not only a primary guideline for designing an appropriate 7 

band structure but also a practical approach to achieve the optimized performance for 8 

photocatalytic H2O2 production with a PCN-based material.  9 
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Captions: 

Scheme 1. Thermal polymerization of different nitrogen rich precursors with barbituric 

acid. Precursors with (A) small molecular weights and (B) large molecular weights. (C) 

Polymerization process with barbituric acid and melem as precursors. 

 

Scheme 2. Possible reaction route of oxygen evolution reactions using (A) pristine PCN 

or (B) PCNBA0.2Co5% as photocatalysts.  

 

Figure 1. Characterization of PCN and PCNBA samples. (A) XRD patterns of pristine 

PCN and PCNBA samples. (B) TEM image of a PCNBA0.2 sample. The length of scare 

bar is 1 μm Inserted figure is the SAED pattern of PCNBA0.2. (C) EDX measurements of 

PCNBA samples. (D) FT-IR spectra of PCN and PCNBA0.2. (E) High-resolution XPS 

spectra (N1s) with different motif concentrations of PCNs. (F) Possible structure of 

PCNBA prepared by co-polymerization of melem and barbituric acid. 

 

Figure 2. Band positions of PCN and PCNBAO samples. (A) UV-vis spectra of PCN and 

PCNBAO samples: absorbance spectra on the left and Tauc-plots on the right. (B) 

Valence band XPS of PCN and PCNBA samples. (C) Band diagrams of PCN and 

as-prepared PCNBA samples. 

 

Figure 3. Characterization of co-catalyst-loaded PCNBA. (A) XRD patterns of Na2CoP2O7. 

(B) XRD patterns of PCNBA loaded with Na2CoP2O7 (PCNBAO0.2Co5%). (C) HAADF of 

PCNBA0.2Co5%. STEM EDS mapping images of (D) Carbon, (E) Nitrogen, (F) Oxygen,   

(G) Sodium, (H) Phosphorus and (I) Cobalt. (J) UV-vis absorbance spectra of pure 

Na2CoP2O7 and PCNBAO0.2Co5%. (K) Band diagrams of Na2CoP2O7 and 

PCNBAO0.2Co5%. 

 

Figure 4. (A) Results for photocatalytic H2O2 production on PCNBAs. Reaction conditions: 

water (30 mL), catalyst (50 mg), O2 (1 atm), λ > 420 nm (Xe lamp, light intensity at 

400−500 nm: 30.3 W m
−2

), time (1 h) [15]. (B) Time-dependent change in the amounts of 

H2O2. (C) Absorption spectrum of PCNBA0.2 and action spectra for H2O2 formation on the 

respective catalysts. (D) Time-dependent change in the amounts of H2O2 formed and the 

SCC efficiencies determined under simulated AM1.5G sunlight irradiation. 

 

Figure 5. Photochemical properties of PCNBAs and PCNBA0.2Co5%. 

Photoluminescence spectra of (A) PCN and PCNBA samples and (B) PCNBA0.2Co5% 

under 365 nm excitation. (C) Photocurrents of electrodes prepared by PCN, PCNBA0.2 

and PCNBA0.5 (line a: pristine PCN; line b: PCNBA0.2; line c: PCNBA0.2Co0.5%). (D) 

EIS of electrodes prepared by PCN, PCNBA0.2 and PCNBA0.5 illuminated under visible 

light irradiation. 

 

Figure 6. Mechanism of PCNBA0.2 with co-catalyst loading. (A) Possible photo-redox 

reactions during photocatalytic H2O2 production with PCNBA0.2. (B) H2O2 production with 

or without 1 mM BQ in the systems of PCN, PCNBA0.2 and PCNBA0.2Co5%. (C) ESR 
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spectra of PCN, PCNBA0.2 and PCNBA0.2Co5% in methanol solution using 

5,5-diemthyl-1-pyrroline N-oxide as a radical trapper. (D) Koutecky−Levich plots of data 

obtained by RDE measurements in a buffered pH 7 solution with O2 at −0.6 V (vs 

Ag/AgCl). (E) Comparison of the activities of PCNBAs and alkali metal-incorporated PCNs 

for H2O2 production.  

 

Figure 7. Computer simulation of density of states (DOS) with different 

co-polymerizations of BA motifs. (A) Calculated HOMO and LUMO of Melem_4 model 

(representing PCN), Melem_4BA1 (representing PCNBA with a low motif concentration) 

and Melem_4BA2 (representing PCNBA with a high motif concentration). Partial DOS and 

total DOS of the simulated Melem_4 (D), Melem_4BA1 (B, E) and Melem_4BA2 (C, F). 

The detailed identification of fragments is shown in Supporting Information. 
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*Graphical Abstract



Highlights:  

1. Polymetric carbon nitrides were prepared by calcinating melem and barbituric acid. 

2. As-prepared carbon nitride introduced the C=O in the polymetric matrix. 

3. The introduced O 2p states lead to an improved water oxidation ability. 

4. The adsorption edge of as-prepared catalyst expanded to 550 nm. 

5. The solar to chemical conversion efficiency reached 0.3% for H2O2 production. 

 

*Highlights (for review)




