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ABSTRACT: Band gap opening and engineering is one of the tremendous aims in 

developing novel materials for photocatalytic hydrogen generation. We report here a 

facile synthesis of graphene decorated with in-plane boron nitride domains by controlling 

both the doping sequence of heteroatoms and the oxygen content of graphene precursor, 
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showing significant differences in the doping pattern compared with B and/or N single- 

or co-doped graphene. We uncover that the formation of BN domains in graphene is 

critical for engineering the band gap and resulting in an improved activity for 

photocatalytic hydrogen generation in the absence of any photosensitizer. This work 

paves the way for the rational design and construction of graphene-based photocatalysts 

for efficient photocatalysis. 

INTRODUCTION 

      The nanostructured graphene materials have attracted considerable attentions for 

both fundamental studies and practical applications in the fields of photocatalysis, 

optoelectronics, lithium batteries, and microelectronics.1,2 Among them, the seeking of 

suitable graphene-based photocatalysts for the efficient harvesting and utilization of solar 

energy is a promising and urgent challenge, as it can alleviate the increasing concerns on 

fossil fuel depletion and environmental issues.2 To date, various semiconductor/graphene 

hybrid catalysts (e.g. TiO2/graphene, WO3/graphene) have been successfully synthesized 

and utilized in pollutant degradation, photoreduction of CO2 and especially, water 

splitting into hydrogen.3 In these cases, graphene was generally used as a decent support 

because of its superior electron mobility, high surface area, and good chemical 

stability.1,3 The interface between graphene and semiconductor played an important role 

in activity enhancement of these catalysts, mainly due to the improved separation 

efficiency of photoexcited electrons and holes for the electron delocalization effect 

between semiconductor and graphene.4-6 Nevertheless, ideal graphene is a 

two-dimensional (2D) carbon material with no obvious electronic band gap,4 making it 

unable to directly absorb the light energy, which restricts its further advances in 
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photocatalytic applications. Therefore, it is desirable to engineer the band gap of 

graphene with semiconductive property for the utilization of solar energy. 

Recently, diversified methods have been developed to enlarge the band gap and 

engineer the semiconductive properties of graphene,7 amongst which, heteroatom doping 

is considered as a facile and effective strategy.8,9 Until now, many heteroatoms (e.g., O, 

N, B, P, I and S) have been successfully doped into graphene,10,11 for example, doping N 

or P atoms was revealed to be effective in enhancing the activity of graphene for 

photocatalytic hydrogen evolution.12-14 Compared with single element doping strategy, 

co-doping graphene by two or more kinds of different elements is expected to be more 

efficient in photocatalytic enhancement of graphene, since it can create a unique 

electronic structure with a synergistic coupling effect between these heteroatoms.7 B and 

N are often the ideal choices for doping of graphene, due to their relative lower (2.04 for 

B) and higher electronegativity (3.04 for N) than carbon (2.55 for C), respectively.15 It 

has also been confirmed that co-doping graphene with B and N atoms was effective for 

modifying the electronic properties of graphene and even creating new active sites. 16,17 

More importantly, recent experimental and theoretical studies on two-dimensional (2D) 

atomic layered materials have revealed that embedding hexagonal boron nitride domains 

(h-BN) into graphene can produce unique planar heterostructures and tailorable electronic 

properties.18,19 For example, the doping of isoelectronic h-BN was able to directly open 

the π–π* band and tune the band gap of graphene.7,20-22 However, the conventional 

strategy for doping graphene with B, N atoms or h-BN structures always employed a 

chemical vapor deposition (CVD) process,17,18,23 which was costly and difficult for the 

large-scale preparation and application. Moreover, due to the lack of controllable doping 
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method, various doping structures (or patterns) involving B, N and graphene would be 

formed as follows: (1) B and N atoms were homogeneously doped into graphene to form 

separate B-C and N-C bonds;15 (2) atomic-level h-BN domains which only consisted of 

the B-N bonding modes were in situ generated and embedded into the hexagonal plane of 

graphene matrix with formation of BN-graphene boundaries;7,24 (3) a mixture of h-BN 

bulk and graphene as well as a layer-by-layer composite could also be formed because 

B-N and C-C bonds tended to segregate from each other.17 To date, it has remained a 

challenging task to control the doping patterns formed by B and N atoms and especially 

to obtain atomic-level h-BN domains generated in graphene via facile and controllable 

doping strategy. Furthermore, the application of the h-BN domains decorated graphene in 

photocatalytic hydrogen generation has rarely been reported in the literature, not to 

mention the possible structure-property relationship for this h-BN doped graphene 

catalyst. 

       By regulating the order of heteroatom doping (a stepwise doping strategy) and 

the oxygen content of graphene precursor, we report herein a precise synthesis of the 

graphene decorated with in-plane h-BN domains (donated as BN-G), B and N 

single-doped graphene (denoted as B-G and N-G, respectively), and B, N co-doped 

graphene (denoted as B,N-G). The formation of in-plane h-BN domains in graphene was 

carefully characterized by X-ray photoelectron spectroscopy (XPS) and IR spectra. In 

comparison to the conventional CVD method, our chemical doping strategy for the 

preparation of BN-G is much more facile and promising for the large-scale application. 

When applied in photocatalytic hydrogen generation, the BN-G photocatalyst exhibited a 

significant increase (ca. 10-fold) in the hydrogen production rate compared with other B 
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and/or N doped graphene photocatalysts. Density functional theory (DFT) calculations 

validate that our stepwise doping strategy was effective in controlling the doping patterns 

of heteroatoms in graphene for finely engineering their band structures and related 

photocatalytic properties. 

 

EXPERIMENTAL SECTION 

Preparation of B-G, N-G, B,N-G and BN-G.  Graphene oxide (GO) and graphene (G) 

were synthesized according to the previously reported method by our group.25 Boric acid 

(A.R.) and ethanol (A.R.) were purchased from Beijing Chemical Works. Boron nitride 

bulk (99%) was purchased from J&K Chemicals. H2 (99.999%) and ammonia (99%) 

were purchased from Beijing Haikeyuanchang Gas Co., Ltd. The synthetic processes of 

N-GO, B-G, N-G, B,N-G and BN-G were summarized in Figure S1 (Supporting 

Information). N-GO was synthesized by calcining graphene oxide at 500 oC for 4 h under 

10 mL min-1 NH3 flow. B-G was obtained as follows: Graphene was incipient wetness 

impregnated with boron acid dissolved in ethanol. The amount of boron acid respect to 

graphene was decided by fixing the B/C ratio to be 15/100. The mixture was dried under 

the infrared lamp and then dried in drum wind drying oven at 60 oC for 6h to remove 

ethanol. Then the solid was calcined at 900 oC for 6 h under 40 mL min-1 H2 flow. N-G 

was obtained as follows: Graphene oxide was calcined at 500 oC for 4 h under 40 mL 

min-1 H2 flow, then was calcined at 900 oC for 6 h under 10 mL min-1 NH3 flow. B,N-G 

was obtained as follows: N-GO was incipient wetness impregnated with boron acid 

dissolved in ethanol. The amount of boron acid respect to graphene was decided by fixing 
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the B/C ratio to be 15/100. The mixture was dried under the infrared lamp and then dried 

in drum wind drying oven at 60 oC for 6 h to remove ethanol. Then the solid was calcined 

at 900 oC for 6 h under 40 mL min-1 H2 flow. BN-G was obtained as follows：Graphene 

was incipient wetness impregnated with boron acid dissolved in ethanol. The amount of 

boron acid respect to graphene was decided by fixing the B/C ratio to be 15/100. The 

mixture was dried under the infrared lamp and then dried in drum wind drying oven at 60 

oC for 6 h to remove ethanol. Then the obtained solid was calcined at 900 oC for 6 h 

under a mixture flow of 40 mL/min H2 and 10 mL min-1 NH3.  

Materials characterization.  UV-Vis absorbance spectra were recorded on a Cary 5000 

spectrometer. Fourier transform infrared spectroscopy (FT-IR) measurement was 

performed on a Spectrum Spotlight 200 FT-IR microscopy from PE. Raman 

measurements were performed under ambient conditions using a 532 nm (2.33 eV) laser 

in the back-scattering configuration on a Jobin-Yvon HR800 spectrometer. Transmission 

electron microscope (TEM) images were obtained with a JEOL JEM-2010 microscope 

operated at an accelerating voltage of 120 kV. Scanning transmission electron 

microscopy (STEM) characterizations were conducted by using FEI Talos F200X 

equipped with Super-X EDX, operating at 200kV. X-ray photoelectron spectroscopy 

(XPS) analysis was taken on an Axis-Ultra instrument from Kratos Analytical Ltd. using 

monochromatic Al Kα radiation (225 W, 15 mA, 15 kV). Electron spin resonance (ESR) 

spectra were collected on a Bruker 500. The periodic on/off photocurrent response for 

photocatalysts was obtained under UV-vis irradiation by loading catalysts (~1 mg 

catalysts dispersed in methanol) on ITO glass (1*1 cm2). 

Photocatalytic performance test.  3 mg doped graphene catalyst was added into a 130 
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mL quartz reactor containing 50 ml 10% TEOA solution and 3 wt% Pt. The Pt precursor 

was H2PtCl6·6H2O. The slurry was stirred vigorously and sonicated to achieve a 

homogeneous dispersion. Then, the reactor was covered by a quartz lid, sealed and 

purged for 30 min with argon and irradiated under a 300 W xenon light source (Newport 

66485-300XF-R1) for 1 hour as the photodeposition period. During this period, we took 

GC measurements every 15 mins by a gas tight syringe until the gas evolution rate was 

stable, which indicated that the photodeposition was complete. After the photodepostion, 

the reactor was purged for the second time for 30 min with argon and irradiated under the 

same 300 W light source. GC measurements were taken every hour to record the 

generated H2 amount. The long-term stability of the BN-G has also been assessed for 24 

h with each cycle for 4 h. Before starting each cycle, the quartz reactor was purged with 

argon for 30 min. The apparent quantum efficiency (QE) was tested under irradiation of a 

300 W Xenon light source equipped with 380 nm, 420 nm, 500 nm, and 600 nm band 

pass filters, respectively. The band pass filter has a bandwidth of ± 5 nm. QE was 

calculated according to the following equation: 

QE[%] =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100

=
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 × 2

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100 

 

 

Computational methods.  Plane-wave density functional theory (DFT) calculations of 

the electronic properties of G, N-G, B-G, B,N-G, and BN-G were carried out using 

CASTEP module in Material Studio. The generalized calculation details were the same as 

those reported in our previous paper.26 In briefly, the generalized gradient approximation 

(GGA) with Perdew-Burke-Ernzerhof (PBE) functional was employed for the DFT 
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exchange correlation energy, and 340 eV of cutoff was assigned to the plane-wave basis 

set. The self-consistent field (SCF) tolerance was 1×10−6 eV. The Brillouin zone was 

sampled by 1×1×2 k-points. The core electrons were replaced with ultrasoft 

pseudo-potentials. 

RESULTS AND DISCUSSION 

        The synthetic processes for representative heteroatom-doped graphene (BN-G 

and B,N-G) are illustrated in Figure 1. Ammonia (NH3) and boron acid (H3BO3) were 

selected as the precursors of N and B atoms during the syntheses of these graphene 

catalysts, respectively. The doping of heteroatoms was considered to easily undergo a 

substitution reaction between the dopant (i.e. B or N) and the C atoms in graphene 

precursor due to their similar atomic diameters.17 However, it should be noted that the 

oxygen content in precursor is critical for affecting the doping level of N atoms, as 

oxygen groups in GO were responsible for reactions with NH3, leading to the formation 

of C-N bond. Pre-reducing GO by thermal annealing in H2 (to remove oxygen groups) 

exhibits reduced reactivity with NH3 and thereby a lower N-doping level in the resulted 

sample.27 Therefore, N-GO with a high oxygen content was synthesized by a one-step 

calcination in NH3 at 500 oC, while N-G was obtained by firstly subjecting GO in flowing 

H2 at 500 oC to lower its oxygen content and then calcining in NH3 at 900 oC. As shown 

in Figure 1, B,N-G was obtained by using N-GO as the precursor to form a mixture with 

H3BO3, followed with a calcination in H2. G with relatively lower oxygen content was 

obtained from the reduction of GO under H2 atmosphere and employed as the precursor 

for B-G and BN-G (Figure 1). The doping of B in graphene (B-G) was accomplished by 

calcining the mixture of H3BO3 and graphene in flowing H2 at 900 oC. We reasoned that 
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the leaving of oxygen groups in graphene at high temperature provides defects (active 

sites) that favor the B doping.28 Notably, BN-G can be achieved by the identical method 

to that of B-G except mixing a certain amount of NH3 in the H2 flow during the 

calcination process. Here, the doping processes were conducted under H2 atmosphere in 

order to further remove the oxygen groups in graphene, whereby the influence of B and N 

doping on the band gap engineering of graphene can be assessed except the effect of 

oxygen species. It should be noted that the doping configurations of B and N atoms and 

h-BN domains in graphene are believed to be substitutional doping, that is, carbon atoms 

in the sp2 network of graphene are substituted by corresponding B, N or h-BN after 

doping.7,17  

        The formation of h-BN domains in graphene could be explained by two 

reasons: one is that the separate doping of N and B atoms into graphene could be 

inhibited due to the relative lower oxygen content in the precursor;27 the other could be 

that the bond energy of B-N is higher than that of C-N, so N has a stronger tendency to 

bond with B than to bond with C.7,29 G (with 1.5% oxygen) contained defects which were 

formed from the leaving of oxygen groups during GO reduction. These defects provide 

the active sites for B-doping.28 On the other hand, the decrease of the oxygen content in 

G can inhibit the reaction with NH3 and the subsequent C-N bond formation. Also, due to 

the binding energy of B-N is higher than that of C-N, N has a stronger tendency to bond 

with B than to bond with C, making the formation of BN domains straightforward. It is 

worth noting that the doping order of B and N is very important for the formation of BN 

in graphene. In our case, it is speculated that a uniformly dispersed boron species on the 

surface of G could trigger the B-doping prior to the N-doping under H2/NH3 atmosphere, 
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which would favor the formation of BN domains because it is easier for NH3 to bond 

with doped B to form BN instead of the separate N-doping. However, if we change the 

doping step to first treating with NH3 for N-doping and then impregnating N-GO with 

boron acid, B,N-G will be formed because H3BO3 is solid and tends to react with 

dominant C atoms. In addition, the concentration of doped BN was controlled, as bulk 

BN will be formed if the BN concentration is higher than a certain value,7 which could 

lead to the segregation of BN from graphene matrix.  

 
Figure 1. Schematic diagram of the synthetic processes for the B, N co-doped grapheme 

(B,N-G) and graphene decorated with h-BN domains (BN-G). 

        The surface structure and morphology of pristine and heteroatom-doped 

graphene samples were characterized by transmission electron microscopy (TEM) 

(Figure 2A, 2B, Figure S2). All the heteroatom-doped graphene materials exhibited 

nearly intact sheet-like structures, which were very similar to pristine graphene (Figure 

S2A), demonstrating that the doping of B and/or N atoms would not destroy the graphene 

nanostructures. It was also observed that both B,N-G and BN-G samples only contained 
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wrinkled graphene sheets with a thickness of 1-2 layers without formation of any 

out-of-plane layered structures or bulk composites (Figure 2A, 2B), furthermore, high 

angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) 

image of BN-G was further recorded to analyze the atomic-level structure (Figure 2C-F 

and Figure. S3). There was no obvious bulk BN formation, and the EDX mapping image 

of N indicated that N atoms were dispersed uniformly in graphene in very small regions 

of a few square nanometers. The B element signal was so weak that we could not obtain a 

clear mapping image of B, possibly due to the limitation of the EDX detector. All the 

above data suggest the homogeneous doping of heteroatoms in these graphene samples. 

The differences in the doping patterns formed by B and N atoms between B,N-G and 

BN-G could not be directly observed in TEM images. The detailed structure of h-BN 

domains in graphene will be further discussed below. 
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Figure 2. Typical TEM images of (A) B,N-G, (B) BN-G. The HAADF-STEM image (C) 

and corresponding EDX mapping images for (D) C and N elements, (E) C elements and 

(F) N elements of BN-G.   

        To further reveal the surface elemental composition and the nature of doping 

pattern of B and N atoms in the heteroatom-doped graphene, we conducted X-ray 

photoelectron spectroscopy (XPS) measurements. The elemental compositions for the 
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pristine and doped graphene samples were summarized in Table S1. The pristine 

graphene only contained 98.5 at% C and 1.5 at% O in the surface in the absence of B and 

N elements. After doping with heteroatoms, 2.2 at% B, 3.4 at% N and 4.0 at% N were 

detected in B-G, N-G, and N-GO, respectively. Moreover, both B and N atoms can be 

detected in B,N-G and BN-G, suggesting the successful co-doping of these two elements 

in graphene, which will be further discussed. The BN-G contained very similar atomic 

percentages of B (4.8 at%) and N (4.3 at%) atoms, approaching that of an optimized 

BN-doped graphene containing 6% BN domains.20 Although we try to keep the B/C and 

N/C ratios the same, some deviation was introduced due to the uncontrollable factors 

during the impregnation and calcination process. The difference in the doping patterns 

between B,N-G and BN-G was revealed by the high resolution XPS spectra of B 1s and 

N 1s. As shown in Figure 3A, BN-G exhibits the similar main peak of B 1s to BN 

powder, which may suggest the successful formation of h-BN domains in graphene. 

Besides, a slight tail of B 1s peak in higher binding energies could be attributed to the 

formation of B-C bonds at the boundary of h-BN domains and graphene.20,29 The N 1s 

XPS spectrum of BN-G gives the same trend to that of B 1s spectrum, also indicating the 

presence of h-BN domains in BN-G (Figure 3B). The B 1s and N 1s peaks of B,N-G 

were significantly different from the BN power and BN-G but quite similar to the 

single-doped B-G, N-G and N-GO, which implied that the B and N atoms were 

separately doped into graphene without formation of h-BN domains. Further evidences 

were collected from IR spectra of BN powder and B and/or N doped graphene samples 

(Figure 3C). For BN-G, in addition to the C-C bond vibrations at around 1220 and 1550 

cm-1, strong B-N bond vibrations at around 800 and 1380 cm-1 can also be observed in its 
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IR spectrum, which is similar to that of BN powder. However, no obvious B-N vibration 

peaks were detected in B-G, N-G, N-GO and B,N-G samples. In line with the XPS 

results, the IR data again suggested that the h-BN domains were generated in graphene 

for BN-G, while B and N atoms were separately doped for B,N-G. Combining with the 

observation of simple graphene structures without any BN layers or bulks from TEM 

images, the characteristic features of B-N bonding modes from XPS and IR spectra, as 

well as the similar atomic percentages of B and N atoms in BN-G, we are able to 

conclude that our controlled doping strategy has succeeded in achieving atomic-level 

in-plane decoration of h-BN domains in graphene. According to previous studies, this in 

situ formed h-BN domains would have great effects on the structural and electronic 

properties of graphene compared with the B and/or N single- or co-doping into graphene. 
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Figure 3. High resolution B 1s (A) and N 1s (B) XPS spectra, IR spectra (C) and Raman 

spectra (D) of BN powder, pristine and heteroatom-doped graphene materials. 

        We further employed the Raman spectra of the doped graphene samples to 

explore the differences in carbon nanostructures after doping with B and N. As shown in 

Figure 3D, two main signals namely D band located at around 1350 cm-1 and G band 

around 1600 cm-1 were clearly observed for all samples, corresponding to the distorted 
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and graphitic carbon structures, respectively. The intensity ratio of D band to G band 

(ID/IG) can reflect the degree of structural disorder in graphene (Table S2).30 The ID/IG of 

G (1.20) is much higher than that of GO (0.87), mainly due to the increased amount of 

defects during GO reduction. The ID/IG of N-G (1.16) is close to G (1.20) and also higher 

than GO (0.87), possibly due to that formation of defects is predominant during the 

calcination over N-doping. In contrast, the ID/IG of N-GO (0.91) is lower than G and N-G, 

because N-doping process at a mild temperature (500 oC) can meanwhile repair some 

defects of GO. After B-doping, both B-G and B,N-G showed slight increases in ID/IG 

compared with their precursors, i.e. G and N-GO, respectively. This is because that the 

electron deficiency of B atoms would lead to n-type substitutional doping and create 

more defects in graphene. It is noteworthy that BN-G displays the highest ID/IG value 

(1.53) among these samples, indicating a much less proportion of graphitic carbon 

structures in graphene framework of BN-G. This is reasonable because the doping of 

h-BN domains (insulator) would substitute the sp2 carbon structures without providing 

delocalized π electrons for maintaining the π-π conjugated network of graphene.31 The 

distortions in graphene could be favorable for modifying the band gap and creating new 

active sites. Figure 4A shows the UV-Vis spectra of our graphene-based samples, it is 

found that all the samples have the UV-Vis absorption capabilities. In our experiment, 

graphene was obtained from reduction of GO. Although it is mixed-layered graphene at 

the micro level, but at the macro level it is black fluffy solid with a strong UV-Vis 

absorption over the whole wavelength range. Thereby, the present data strongly 

demonstrate that the graphene decorated with h-BN domains can be anticipated as a 

promising candidate for efficiently harvesting and utilizing the solar energy. 
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Figure 4. (A) UV-Vis spectra of heteroatom-doped graphene photocatalysts. (B) 

Hydrogen production activity of GO, B-G, N-G, B,N-G and BN-G in photocatalytic 

hydrogen evolution (Inset is the schematic of hydrogen evolution from water on the 

surface of BN-G). (C) Stability of BN-G in photocatalytic hydrogen evolution. (D) 

Apparent quantum yield of BN-G in 380 nm, 420 nm, 500 nm and 600 nm. 

        The unique structural and electronic properties resulted from the atomic-level 

decoration of h-BN domains inspired us to investigate the potential application of BN-G 

in photocatalytic hydrogen generation and the related structure-property relationship. 

Here, we tested the hydrogen evolution rate of the as-obtained GO, B-G, N-G, B,N-G, 
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and BN-G in aqueous solution containing 10% triethanolamine (TEOA) as sacrificial 

agent under UV-Vis light irradiation (Figure 4B). Before each test, 3 wt% platinum was 

photodeposited on these graphene materials as the co-catalyst to promote the separation 

of photoelectrons for hydrogen evolution. As shown in Figure 4B, the pristine GO 

showed no detectable activity, possibly due to its relatively low oxygen content (ca. 18 

wt%) and thus insufficient band gap (< 1.0 eV).32,33 After doping with heteroatoms, the 

B-G, N-G and B,N-G all exhibited certain activities for hydrogen evolution with a rate of 

0.045-0.055 μmol h-1. The very similar H2 evolution rates between these catalysts may 

suggest that the doping modes of heteroatoms are similar to each other, supporting our 

above conclusion that B and N were separately doped in these catalysts with 

homogeneous heteroatom distributions. Remarkably, BN-G showed a 10-fold increase in 

H2 evolution rate (ca. 0.57 μmol h-1) compared with single- and co-doped graphene 

catalysts (N-G, B-G, and B,N-G). This result demonstrates that the h-BN doping strategy 

is highly efficient for enhancing the H2 evolution activity. In addition, the long-term 

stability of BN-G in the photocatalytic process was assessed by cycling the catalyst for 24 

h under UV-Vis light irradiation. As shown in Figure 4C, the H2 production rate can be 

well maintained around 0.57 μmol h-1 during the stability test, suggesting that BN-G was 

very stable in photocatalytic process and could be highly promising for practical 

applications. The apparent quantum yields (QY) of the BN-G for hydrogen evolution at 

different light wavelengths were also calculated, as shown in Figure 4D. A QY of 0.3 % 

was obtained for BN-G under monochromatic irradiation at 380 nm. BN-G also showed 

obvious visible-light-induced hydrogen evolution activity. During the photocatalytic 

process, both the photoexcited holes and electrons from the conductive and valance bands 
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of BN-G were detected by electron spin resonance (ESR) spectra (Figure 5A, B), 

respectively, as follows:  

hν + BN-G → BN-G (eCB
 + hVB

+)            (1) 

eCB
 + O2 → O2

•             (2) 

hVB
+ + OH → •OH                                    (3) 

This provided a solid indication that the photogenerated charge carriers in BN-G gave 

strong redox ability during the photocatalytic H2 evolution process. Furthermore, 

according to I-T curves (Figure 5C), the improved charge separation efficiency of BN-C 

leads to an increased photocurrent density compared with B,N-C and G without obvious 

band gap. The above results conclusively demonstrate that BN-C shows improved 

separation efficiency of photogenerated charges, which are key factors that contribute to 

the exceptional photocatalytic hydrogen generation activity. 
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Figure 5. ESR spectra recorded on BN-G for detection of (A) O2
•- radicals in methanol 

dispersion, and (B) •OH radicals in aqueous dispersion by using 

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) under UV-Vis light, (C) the periodic on/off 

photocurrent response for BN-G, B,N-G, G and without any catalysts deposited on ITO 

glass under UV-vis irradiation.   

The above results have confirmed that in-plane decoration of h-BN domains into 

graphene can greatly affect the surface structure and catalytic activity of graphene-based 

catalyst. To further study the electronic property of BN-G (e.g. band gap) and the 

structure-property relationship, Density functional theory (DFT) calculations were 

conducted to examine the band structure, the densities of states (DOS), as well as the 

partial densities of states (PDOS) for heteroatom-doped graphene systems. The atomic 
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structure models of BN-G and other graphene catalysts are shown in Figure 6A and 

Figure S4. The band structure of BN-G shown in Figure 6B indicates that the top of the 

valence band and the bottom of the conduction band are mainly composed of p-orbitals 

and are co-contributed by C, B, and N atoms. All of the B and N atoms have covalence 

interactions with C atoms, which contribute to the corresponding bandgap. The band 

structure and DOS around the Fermi level of BN-G were calculated to give a band gap of 

ca. 2.8 eV (Figure 6B-C). Compared with BN-G, the band gaps of GO, B-G, N-G and 

B,N-G were quite narrow (0-1.4 eV) while the band gap of h-BN bulk was too large (ca. 

4.8 eV) (Figure 6D, Figure S5). The very similar band gap opening of B-G, N-G, and 

B,N-G arises from the similar doping pattern and concentrations of dopant (B: 2.2 - 5.3%, 

N: 2.4 - 4.3%).34 The doping pattern in B,N-G can be regarded as a random mixture of 

the doped B atoms in B-G and N atoms in N-G. In contrast, the doping pattern in BN-G is 

completely different from B,N-G, involving the embedment of h-BN domains into 

graphene by substituting sp2 carbon network. As we know, BN is an insulator while 

graphene is a semi-metal. After embedding in G, BN-G turns to be a semiconductor with 

a larger band gap, possibly due to the significant shrink in the π-π conjugated network of 

graphene.31 The unique doping pattern in BN-G is anticipated as the main reason for the 

band gap opening. It is well known, either too large or too small band gap would be 

unable to efficiently utilize the light energy. Because of the suitable band gap of BN-G by 

introduction of h-BN domains, the light absorption ability and electric conductivity can 

be improved and the valence electrons can be easily excited and transferred to H2O 

molecules for H2 evolution. Thereby, our controlled doping strategy for achieving various 

doping modes involving B and N atoms could effectively modify the structure and band 
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gap of graphene, which are responsible for varied photocatalytic activities in hydrogen 

generation. Furthermore, through calculating the location of the Fermi level relative to 

valance band maximum (VBM) (Figure S6, S7), the energy level of conductive band 

minimum (CBM) and VBM relative to the vacuum level of graphene-based catalysts was 

obtained and listed in Table S3. As shown in Figure S8, the CBM of BN-G gives more 

negative potential compared with B-N, N-G and B,N-G, further indicating its stronger 

ability to produce photogenerated electrons for the H2 evolution from H2O. This 

understanding on the structure-property relationship may pave the way for the rational 

design of active photocatalysts on the molecular level. 
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Figure 6. Atomic structure model (A); band structure (B); total and partial electronic 

density of states (TDOS and PDOS) (C) for BN-G. The Fermi level is set at 0 eV. (D) 

Calculated band gaps of G, B-G, N-G, B,N-G, BN-G and h-BN. 

CONCLUSION 

In summary, this work uncovers that not only the doping of B and N atoms but also the 

doping patterns formed by these heteroatoms can affect the structural and electronic 

properties of graphene and its photocatalytic activity in H2 evolution. The in situ 

formation of atomic-level h-BN domains in graphene is found to be critical for 

engineering the band structure to create an optimal band gap that can efficiently utilize 

solar energy, further enhancing its photocatalytic performance. This h-BN doping 
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strategy would inspire more studies in seeking for novel doping patterns (or structures) 

and tuning their semiconductor properties for replacing graphene in constructing high 

active photocatalysts for energy-related applications. 
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