
rsc.li/materials-a

Journal of
 Materials Chemistry A
Materials for energy and sustainability

rsc.li/materials-a

ISSN 2050-7488

COMMUNICATION
Zhenhai Wen et al. 
An electrochemically neutralized energy-assisted low-cost 
acid-alkaline electrolyzer for energy-saving electrolysis 
hydrogen generation

Volume 6
Number 12
28 March 2018
Pages 4883-5230

Journal of
 Materials Chemistry A
Materials for energy and sustainability

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  X. Yang, R.

Takada, X. Li, K. Narimatsu, K. Miyake, Y. Uchida and N. Nishiyama, J. Mater. Chem. A, 2025, DOI:

10.1039/D4TA06226D.

http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4ta06226d
https://rsc.66557.net/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D4TA06226D&domain=pdf&date_stamp=2025-02-28


  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 

20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

 

Undemanding synthesis of N, P co-doped carbon nanosheets for 
hydrogen evolution reaction: Combining experimental 
quantitative analysis and DFT calculation corroboration 

Xinran Yanga, Ryuji Takadaa, Xinyu Lia,Kotaro Narimatsua, Koji Miyakea,b*, Yoshiaki Uchidaa and 
Norikazu Nishiyamaa,b 

Developing a cost-effective catalyst for hydrogen evolution reaction (HER) is of foremost importance for new energy layout 

and has broad development prospects. Metal-free heteroatom-doped carbon materials have emerged as a focal point of 

research due to their low price, superior electrical conductivity, and exceptional corrosion resistance. However, among all 

the studies, there is a paucity of detailed examinations into the distinct mechanisms of HER activity enhancement of different 

forms of heteroatomic species on HER activity. To maximize the potential of metal-free heteroatom-doped carbon materials 

for HER, the respective doping effect on the catalytic activity should be elucidated. Herein, we developed a one-step pyrolysis 

to synthesize N and P co-doped carbon nanosheets. Chain-structured amino acids are cross-linked with phytic acid to form 

a huge nanocarbon network that lies flat in two dimensions. The prepared catalyst exhibits an active surface area of 93.5 

mF cm-2 and the thickness of the nanoplates was less than 10 nm. The ultra-large active surface area provides the basis for 

efficient HER. By changing the feeding ratios of precursors, the proportions of different fractions of N species and P species 

showed certain trends. By constructing different double-doping models, the changes in the electron cloud density at the 

double-doped sites within the local π bonds were related to the changing trends of hydrogen adsorption free energy. 

Experimental and theoretical analyses indicate that under the electronic perturbation of graphitic N and C3PO, the 

surrounding carbon atoms undergo charge polarization, and their ΔGH* is optimized after electron rearrangement, which 

promotes the HER process. 

Introduction 

Hydrogen stands as a promising energy carrier for supplanting 
fossil fuels in the future.1–5. It is differentiated into gray, blue, 
and green hydrogen, depending on its production methods. Of 
these varieties, green hydrogen, produced via water 
electrolysis, is acknowledged as the most effective method for 
reaching carbon neutrality in the future. Nonetheless, this 
process encounters a considerable challenge due to the high 
energy barrier associated with the hydrogen evolution reaction 
(HER), which significantly hinders progress. Therefore, the 
development of efficient and cost-effective HER catalysts is 
urgently needed6–9. At present, the leading HER catalysts are 
categorized into noble metal and transition metal-based 
catalysts10–13. Noble metal catalysts are known for their minimal 
overpotential yet are limited by their rarity and high cost, 
rendering them impractical for an economy-driven approach14–

16. In contrast, transition metal based catalysts are economic-
friendly, but their application for HER is hinders by their low 

conductivity and tendency to aggregate at elevated 
temperatures, which compromises their suitability for HER 
tasks17,18. In the realm of hydrogen evolution reaction (HER) 
catalysts, carbon-based materials have emerged as a focal point 
of research due to their distinctive advantages. These materials 
are expected for their adjustable pore structures, which amplify 
the exposure of catalytic active sites and expedite the transfer 
of reactant species19–24. Additionally, their superior electrical 
conductivity facilitates rapid electron transfer, while their 
exceptional corrosion resistance ensures durability in both 
acidic and alkaline electrolytic environments over prolonged 
periods. However, a notable challenge with carbon materials is 
their suboptimal hydrogen adsorption free energy(ΔGH*), which 
can impede the efficient adsorption of hydrogen atomsat the 
active sites25–29. Recent advancements suggest that doping 
carbon materials with heteroatoms can significantly alter the 
electron cloud density around carbon atoms, thereby 
potentially optimizing the ΔGH* towards more favorable 
conditions30–35. Pioneering work by Qu et al36. has shown that 
co-doping carbon materials with heteroatoms not only 
multiplies the active sites on their surface but also promotes a 
"cooperative coupling" effect. This synergistic interaction 
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markedly boosts the electrochemical activity of the carbon-
based catalysts. Similarly, Sergio et al37 utilized P-rich biomass 
precursor systems to develop P-doped carbon-based catalysts 
for HER. Their research proposes that the P-C bonds, formed at 
high carbonization temperatures, could serve as the primary 
active species facilitating HER. Furthering this line of inquiry, Li 
et al.38  crafted N-doped vertical graphene (N-VG) arrays 
through plasma-enhanced chemical vapor deposition, showing 
exceptional HER performance. Through a combination of 
experimental observations and theoretical calculations, they 
identified that all three forms of N doping (graphitic, pyridinium, 
and pyrrole) contribute positively to the catalyst's HER activity. 
This series of studies demonstrates the potential of carbon-
based materials to serve as highly efficient and durable HER 
catalysts.  
Despite the potential of carbon materials as robust contenders 
for HER catalysts, the literature predominantly features 
transition metal-based catalysts, with non-metallic alternatives 
being vastly underrepresented. Moreover, among the studies 
on heteroatom-doped non-metallic catalysts, there is a paucity 
of detailed examinations into the distinct enhancement 
mechanisms of various heteroatom species on HER activity, as 
well as the collaborative effects of dual-heteroatom co-doping. 
N doping serves as a case, graphitic N, pyridinic N, and pyrrolic 
N doped in carbon exhibit varied influences on the electron 
cloud density around neighboring carbon atoms. Such 
differences necessitate an insight into their density of states, 
orbital energy level and electron cloud densities to elucidate 
their doping effect. Apart from that, in the research of P atom 
doping graphene, most scholars constructed the graphitic P (C3-
P) doping model. However, although the P atoms in graphitic P 
have high chemical activity, they have high formation energy 
and are easily oxidized in air. This implies that the preparation 
conditions of the C3P structure are harsh and unfavorable for 
long-term preservation39. On the contrast, C3PO has a lower 
binding energy, and is more stable compared to C3P, indicating 
that C3PO is more likely to exist in P-doped graphene. Since the 
P atom in C3PO and C3P have completely different chemical 

states, the effect produced by their doping is different. This 
means that we must include a discussion of C3PO. 
Herein, we developed N,P co-doped carbon based catalysts by 
facile one-step pyrolysis process (Scheme 1). Phytic acid, an 
environmentally friendly and inexpensive biomass raw material 
with strong chelating ability, was chosen as a P and C source. 
Glycine was used as a N source because it is economically 
friendly, easy to dissolve in water, and could crosslink with 
phytic acid to form a stable N, P co-doped carbon network. The 
synergistic effects of doping with different heteroatoms were 
thoroughly investigated by combining experimental results with 
density functional theory (DFT) calculations. To better 
understand the effect of N and P species on HER, the catalysts 
were thus carbonized at different temperatures to modulate 
the chemical state of N and P in the resultant carbon materials. 
This approach identified the optimal active components within 
the catalyst system. Combining X-ray photoelectron 
spectroscopy (XPS) results and DFT calculations, we found that 
the C3PO structure and graphitic N are the key active species in 
this catalyst. In particular, C3PO has the most suitable hydrogen 
adsorption free energy (∆GH*=0.13) when it is interstitially 
doped with graphitic N. 

Experimental 

Materials: Glycine, and 50 % phytic acid were purchased from 

Wako Pure Chemical Industries Ltd. (Osaka, Japan). Pt/C catalyst 

(20 wt.%), isopropanol and Nafion (5 wt.%) were purchased 

from Sigma-Aldrich (Saint Louis, USA). N2 gas (purity 99.99 %) 

was purchased from IWATANI FINE GAS Co., Ltd. All reagents 

were used as received without purification. 

 

Synthesis of CNP: Typically, 0.2 g of glycine and 0.16 g of 50 % 

phytic acid were dissolved in 1 mL of deionized water. The 

mixture was then dried at 90 °C for 2 h to form the C/N/P solid 

precursor. Other samples with different amounts of N and P 

were also synthesized using the same procedure. The other 
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detailed proportions of raw materials are listed in Table S1. The 

as-made precursor was placed in a tube furnace and heated to 

900 °C with a ramp of 5 °C /min and kept for 3 h under N2 flow 

(60 ml/min). The product was denoted as “CNP0.4”, where 0.4 

represents the added ratio of phytic acid to glycine. We also 

prepared CNP0.4 at different carbonation temperatures to 

investigate the structural and changes in heteroatom-doped 

carbon layers during carbonization processes.  

 

Characterizations: The morphology was conducted by 

transmission electron microscopy (TEM, Hitachi H800). The 

atomic force microscope (AFM) was used to check the thickness 

of the nanosheets. The mass ratio of carbon and P was 

investigated using energy-dispersive X-ray spectroscopy (EDX). 

The N content was measured using elemental analyzers (CHN, 

Perkin Elmer 2400IICHNS/O). Powder X-ray diffraction (XRD, 

RINT2200 with Cu Kα radiation) was used to determine the 

structure of the carbon layers. The element doping and valence 

states were evaluated using XPS (JEOL JPS-9000MX) with Mg Kα 

as the energy source. Raman spectra of the samples were 

recorded using a confocal Raman microscope (LabRAM HR-800, 

Horiba, Ltd., Kyoto, Japan). 

 

Electrochemical measurements: To evaluate the hydrogen 

evolution reaction (HER) activity of the samples, we employed 

an ALS 2325 bi-potentiostat equipped with a standard three-

electrode system. Hg/Hg2Cl2 served as the reference electrode 

for the 0.5 M H2SO4 electrolyte, while a graphite rod functioned 

as the counter electrode. To prepare the working electrode, the 

following procedure was followed: 8 mg of catalyst powder was 

dispersed in a solution containing 1 ml of isopropanol, 5 wt% 

Nafion, and deionized water (Visopropanol: VNafion: VDeionized water = 

1:1:8). The mixture was ultrasonicated to obtain homogeneous 

catalyst ink. Subsequently, a suspension (4 μg) of the catalyst 

ink was evenly coated onto a carbon cloth (with an area of 

0.1256 cm2) of a rotating ring-disk electrode, forming a thin and 

uniform carbon layer. The working electrode was thoroughly 

dried under ambient conditions for 30 min to complete its 

preparation. The measurement potentials were referenced to 

the reversible hydrogen electrode (RHE) a  s determined by the 

following equation: 

𝐸𝑅𝐻𝐸 = 𝐸𝐻𝑔/𝐻𝑔2𝐶𝑙2 +0.244 (0.5 M H2SO4) 

 

To assess the HER activity of the samples, linear sweep 

voltammetry (LSV) was conducted at a sweep rate of 5 mV s−1 

and a rotation speed of 1600 rpm under a N2 flow at 80 mL/min. 

The electrochemical impedance spectroscopy (EIS) 

measurements were recorded in the frequency range from 

200,000 to 10 Hz.  

 

 

DFT calculation: The Density functional theory (DFT) 

calculations were performed using Gaussian 16W. The B3LYP 

hybrid density functional in combination with the 6-31g(d,p) 

and the dispersion correction (keywords: em = gd3bj) were used. 

The basis set was used in the calculations because it has been 

shown to be a reliable approach for this type of organic 

chemical reaction.  

Results & discussion 

The XRD patterns of the N, P co-doped carbon materials 

synthesized at different temperatures are shown in Fig. 1. All 

samples exhibit an XRD pattern with a broad (002) diffraction 

peak centered at around 2θ = 23◦ (Amorphous carbon peak) and 

a (101) diffraction broad peak appears centered at around 2θ = 

43◦, which relates to the formation of graphitic domains in the 

carbon structure. The enhancement of the signals at two peaks 

is attributed to the increased graphitization of the carbon 

material, which leads to a more orderly arrangement of carbon 

atoms. Additionally, we observed that with the increase in 

temperature, both diffraction peaks shift towards higher angles, 

indicating a contraction in the carbon lattice volume. We 

believe this may be influenced by two factors. Firstly, as the 

heat treatment temperature increases, the degree of 

graphitization of the carbon material increases, leading to 

changes in the binding structure and a decrease in the interlayer 

spacing of the carbon lattice. Secondly, with the rise in 

temperature, the total doping amount of N and P atoms 

decreases, resulting in a reduction in the volume of the carbon 

lattice. Furthermore, when the carbonized temperature is over 

800 °C, small but sharp diffraction peaks were detected at 

around 2θ = 25◦, which is related to the sp2 hybridized carbon, 

suggesting an increasing number of C=C bonds40. To obtain 

more penetrating insight into the variation of the interlayer 

spacing within carbon materials, we have executed a 

quantitative analysis of the lattice constant for samples 

prepared under disparate carbonization temperatures. 

According to Table S2, as the temperature ascends, the 

interlayer spacing of carbon materials manifests a descending 

Fig. 1 The XRD patterns of the various samples. 
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tendency, thereby corroborating that the graphitization degree 

of the catalyst escalates synchronously with the increasing 

temperature. It is noteworthy that there is a marginal difference 

in the interlayer spacing between sample T=900 °C and T=1000 

°C, which might be imputed to the insertion of oxygen atoms 

under high temperature ambience.  

Table 1 lists the changes in N content in the products under 

different temperatures and raw material mixing ratios 

According to the CHN analysis results, the N content in the 

products decreases with an increase in temperature. This could 

be due to the competitive reaction between the formation of 

C=C bonds and C-N bonds. Pyrolysis at high temperatures 

induces structural changes in carbon materials, where an 

increase in temperature leads to the transformation of 

defective carbon structures into sp2 hybridized carbon atoms, 

forming regular hexagonal ring graphite structures. Therefore, 

at high temperatures, the formation of C=C bonds is favored, 

and the inner N atoms gradually eliminate leading to a decrease 

in the overall N content of the material. Additionally, in 

conjunction with the XRD patterns, when the heat treatment 

temperature is between 600-900 °C, the interlayer spacing of 

the carbon lattice becomes narrower with increasing 

temperature. Notably, when the amount of phytic acid added 

increases, the doping level of N elements in the product actually 

increases.  

 

Table 1 The CHN results of the various samples (mass ratio). 

Temperature C[%] N[%] N/C 

T=600℃ 45.07 16.85 0.37 

T=700℃ 45.26 17.14 0.38 

T=800℃ 52.19 6.75 0.13 

T=900℃ 59.6 3.33 0.56 

T=1000℃ 68.33 2.26 0.033 

Ratio C[%] N[%] N/C 

CNP0.2 66.53 2.73 0.041 

CNP0.4 59.6 3.33 0.056 

CNP0.6 55.46 3.4 0.063 

 

Fig. 2 displays the morphology of CNP0.4. According to Fig. 2 (a), 

the homogeneous carbon nanosheets were successfully 

synthesized. The SEM images were obtained and Fig 2(b) shows 

a side view of the carbon block, which reveals that the sample 

consists of stacked layers of nano-meter-sized sheets in the 

undispersed state. From the top view of the carbon block (Fig 

Fig 2. (a) The TEM image of sample CNP0.4. (b)  The SEM image of sample CNP0.4 from the side view. (c) The SEM image of sample 

CNP0.4 from the top view. (d) AFM image of CNP0.4 at micro meter scale and (e) The corresponding 3D height distribution. (f) AFM 

image of CNP0.4 at nano meter scale and (g) the corresponding 3D height distribution. (h) The height of line i,ii and iii in AFM 

images. 
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2(c)), channels with diameters ranging from 1 µm to 5 µm were 

observed. Additionally, some surface cracks were found, 

indicating the presence of tensile stress within the carbon 

layers.  

The numerous channels formed on the surface of the carbon 

block are due to the decomposition of phytic acid at high 

temperatures. The phosphoric acid will generate, which has a 

certain activating effect on the carbon materials. To verify this, 

the sample with different added phytic acid amount and various 

heating temperatures were tested using SEM. According to Fig 

S1, it was observed that as the added amount of phytic acid  

increased, the number and size of the surface pores on the 

carbon block also increased. Moreover, no pores were present 

on the sample surface at 700 °C. As the temperature increased, 

no significant changes in the surface pores were observed. 

Combined with the result of CHN, the increasing amount of 

added phytic acid will enhance the activation effect of 

phosphoric acid and make the carbon atom content decrease. 

The ultra-thin carbon layer ensures adequate exposure of active 

sites, allowing rapid transfer of electrons and species, 

enhancing the HER activity of the catalyst.  

 

Table 2 Height distributions of CNP0.4 at the scale of nanometer. 

The AFM images (Fig. 2(d,f)) and corresponding 3D graphics (Fig. 

2(e,g)) were checked to investigate the thickness of the carbon 

layer. The heights of nanosheets were recorded in Fig. 2(h) and 

Table 2. We found that the thickness of all nanoplates in Fig. 

2(d,f) and Table 2 is no more than 2 nm, and the aspect ratios 

(area-to-thickness) are more than 4000:1, confirming the 

formation of nanosheet. To verify the uniformity of nanosheet 

thickness distribution in CNP0.4, we plotted the cumulative 

distribution frequency curve of thickness. In samples with a 

diameter of less than 800 nm, 90% of the nanosheets had a 

thickness below 2.4 nm, and 50% had a thickness below 1.9 nm. 

Additionally, we constructed box plots for the thickness of 

samples with diameters less than 800 nm and those within the 

range of 0.8-15 μm. As depicted in Fig. S4, the box plot for the 

thickness distribution of nanosheets with diameters less than 

800 nm is wide and flat, indicating a relatively concentrated 

thickness distribution. Conversely, the box plot for nanosheets 

with diameters between 0.8-1.5 μm is narrow and tall, 

suggesting a broader thickness distribution range. This 

phenomenon can be attributed to the higher surface energy of 

larger nanosheets, which are more likely to adsorb other 

nanosheets to reduce their surface energy.  

Fig. 3(a) shows the P 2p spectrum of CNP0.4, which could be 

separated into two subpeaks (132.5 eV for C3-PO and 133.5 eV 

for C-PO3 or C2PO2)41–44. It is worth noting that the peak at 132.5 

eV for C3PO reveals that P atoms were successfully doped into 

the carbon skeleton and replaced some carbon atoms. The peak 

at 133.5 eV for C-PO3 or C2PO2 represents the bonding of P 

atoms with edge carbon. To investigate the effect of different 

added phytic acid amount on the chemical state of doped P, we 

Area 
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Surface area 

(nm2) 
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Fig 3. (a) The P 2p spectrum of CNP0.4. (b) the N 1s spectrum of CNP0.4. (c) the C 1s spectrum of CNP0.4. (d) The P species 

percentage of CNP0.2, CNP0.4, CNP0.6 and CNP0.8. (e)The N species percentage of CNP0.2, CNP0.4, CNP0.6, CNP0.8 and (f) 

Raman spectra of various samples. 
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compared the changes in the C3PO content of the product at 

different raw materials ratios. As shown in the Fig 3 (d), the 

percentage of C3PO in the product increased when the amount 

of phytic acid increased. In contrast, the percentage of C2-PO2 

and C-PO3 decreases at high phytic acid concentrations, 

suggesting the promoted conversion of C-O-P, C2-PO2 and C-PO3 

bonds to C3PO bonds at high phosphate molecule 

concentrations. Furthermore, the percentage of different P 

species in the samples were also investigated. C2PO2 and C-PO3 

were the main P species presented when the heating 

temperature was 700 °C. The C3PO structure appeared at 800°C 

and its content increased with increasing temperature. When 

the heating temperature exceeds 1000 °C, C2PO2 and C-PO3 are 

converted to more highly valent oxides (Fig. S6). The N 1s 

spectrum can be decomposed into three types of N atoms, as 

shown in Fig. 3(b). Graphitic N (401.4 eV), pyrrolic N (400.1 eV), 

and pyridinic N (398.4 eV)45. This result confirmed that almost 

all N species were incorporated into the carbon skeletons. To 

investigate the effect of different added phytic   acid amount on 

the chemical state of doped N, we compared the change of N 

species content in the products at different raw materials ratios. 

As shown in the Fig. 3(e), the percentage of pyridinic N in the 

product increase when the addition of phytic acid increases, 

which may imply the activation of phytic acid led to the 

appearance of more edge sites in the carbon material, resulting 

in the transformation of graphitic N into pyridinic N. Moreover, 

the variations in the contents of N species during different 

carbonization temperature processes were documented to 

Fig 4. (a,b) The LSV curves of the various samples . (c,d) The corresponding tafel slopes. (e) The CV curves of CNP0.4 in 0.5M H
2
SO

4 

with the sweep rate changed from 10 mV s-1 to 50 mV s-1. (f) The ESCA of sample CNP0.2, CNP0.4, CNP0.6 and CNP0.8. (g) The ESCA 
of sample T=800 ℃, 900 ℃, 1000 ℃, PC and NC. (h) The normalized current density of sample T=800 ℃, 900 ℃, 1000 ℃, PC and 
NC. (f) The normalized current density of CNP0.2, CNP0.4, CNP0.6 and CNP0.8. 
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determine their high temperature stability. The relevant results 

are presented in Fig S7.  We found that the pyridinic N and 

pyrrolic N content decrease under high temperature while 

graphitic N content increase. This result reveals that pyridinic N 

and pyrrolic N display suboptimal stability under high 

temperatures. They are inclined to migrate towards the interior 

of the carbon layers and will convert into graphitic N. When the 

temperature reaches 900 °C, NOx species start to emerge. When 

the temperature reaches 1000 °C, the pyrrolic N is 

predominantly converted into NOx  species46. In conjunction 

with XRD results, the carbon materials exhibit a certain degree 

of oxidation at 1000 °C, accompanied by an increase in the 

lattice spacing. In addition, the P 2p spectra, N 1s spectra and 

Raman spectra of CNP0.4 after HER were investigated to verify 

the stability of various species. According to Fig. S8, the content 

of each species remained stable before and after the HER test, 

which could demonstrate the stability of C, N and C species in 

CNP0.4. 

 To investigate the carbon crystallinity of the catalyst using 

different phytic acid/glycine ratio, we have carried out Raman 

spectra for various samples. According to figure 3(f), all samples 

contain typical D and G bands at 1347 and 1589 cm–1 47. The ID/IG 

ratios of various samples were calculated to figure out the 

carbonized degree of the products. For the samples carbonized 

under 900 °C, their ID/IG ratios are all close to 1.06. This suggests 

similar graphitization levels of the samples carbonized under 

900 °C, excluding any influence of different graphitization levels 

in these samples. However, the catalyst carbonized at 1000 °C 

exhibit a higher ID/IG ratio than the samples carbonized at 900 °C, 

suggesting its higher graphitization degree. The activity of 

hydrogen evolution reaction (HER) was measured using a typical 

three electrode system consisting of a 0.5 M H2SO4 solution.  

The results were summarized in Fig. 4 and Table S5. To compare, 

20 wt% Pt/C electrode was also tested. In order to figure out the 

catalytic mechanism, we examined the fatal species that 

contribute to the performance of the catalyst. According to Fig. 

4(a) and Table S5, the P-doped carbon as well as the N-doped 

carbon did not exhibit HER catalytic activity, implying that the 

HER activity of the catalyst derives from the synergistic 

promotion of N, P atoms. To be continued, we investigate the 

HER activity of the samples heated at different temperatures. 

As shown in Fig. 4(b), the performance of the catalyst increases 

first and then decreases with the increasing carbonization 

temperature. When the carbonization temperature is 900 °C, 

the catalyst exhibits the best activity， with an overpotential 

(η) of 306 mV to drive a current density of 10 mA cm-2, which is 

much closer to the activity of commercial Pt/C catalyst than 

other catalysts. 

The increase in catalyst performance up to 900 °C could be 

attributed to the increasing graphitization degree of the carbon 

materials and the increasing percentage of C3PO. When the 

temperature is higher than 900 °C, the HER performance 

decreases despite the higher graphitization degree at the 

elevated temperature. This is probably due to the aggregation 

of carbon nanosheets under high temperature. In addition, we 

noticed that samples with carbonation temperatures below 

800 °C are not catalytically active. Combined with XPS, we found 

that C3PO is generated at 800 °C, which suggests C3PO may be 

the key species providing HER activity. To verify the changing 

trend of HER performance of samples at different carbonization 

temperatures, we carbonized samples with other glycine/phytic 

acid ratios at different temperatures, and the HER results are 

recorded in Fig. S9. By comparison, we found that regardless of 

the ratio of the starting materials, the correlation between the 

HER performance and the carbonization temperature is similar. 

In addition, we investigated the effect of the added amount of 

phytic acid on catalyst performance. We found that the 

performance of the catalyst increased and then decreased with 

the increasing amount of phytic acid. Combined with CHN 

results, we found that the total concentration of both N and P 

atoms increased with the increase of phytic acid incorporation. 

Although samples CNP0.6 and CNP0.8 have greater N, P content, 

their HER activities are still lower than that of sample CNP0.4. 

This result implies that the total N, P elemental content is not a 

decisive factor for HER activity. Combined with XPS, we suggest 

that the determining factor is the percentage of different N and 

P species. According to Fig. 4(a) and Table S5, the P-doped 

carbon, as well as the N-doped carbon did not exhibit HER 

catalytic activity, implying that the HER activity of the catalyst 

derives from the synergistic promotion of N, P atoms. This result 

implies that the total N, P elemental content is not a decisive 

factor for HER activity. Combined with XPS, we suggest that the 

determining factor is the percentage of different N species 

(graphitic N, pyridinic N and pyrrolic N) and different P species 

(C-O-P, C2PO2, C3PO and C-POx). According to Fig. 3(a), we found 

that as the phytic acid concentration increased, the percentage 

of graphitic N, pyridinic N, C3PO and C2PO2 showed a 

monotonically increasing or monotonically decreasing trend 

while the performance of the catalysts is not monotonically 

increasing or decreasing. We believe that there are at least two 

active species. Since samples CNP0.4, CNP0.6 and CNP0.8 had 

similar percentages of nitrogen oxide, we excluded the 

possibility of nitrogen oxide. The content of pyrrolic N and 

C2PO2 is highest in CNP0.2, but they do not exhibit good HER 

activity, which means that pyrrolic N and C2PO2 do not have a 

good synergistic effect. In addition, in samples CNP0.4, CNP0.6, 

and CNP0.8, the content of pyrrolic N and C3PO increased 

monotonically. However, the HER activity of these three 

samples monotonically decreases, so we believe that these two 

structures do not exhibit a good catalytic synergy effect, either. 

In addition, we found no C-O-P bond in samples CNP0.4, CNP0.6 

and CNP0.8, which implies that C-O-P is also not a key active 

component. In summary, we believe that there are two 

possibilities for an optimal synergistic system: (1) graphite N 

and C3PO (2) Pyridinic N and C2PO2. 

To better understand the catalytic mechanism, we investigated 

the Tafel slopes of various samples. Based on Fig. 4(c), the Tafel 

slope of CNP0.4 is 121 mV/dec, approaching the theoretical 

value of the Heyrovsky step, indicating the HER process follows 

the Volmer-Heyrovsky mechanism. The changing trend of Tafel 

slope of the as-made catalysts is consistent with the changing 

trend of HER activity (Fig. 4(c,d)), which again proves our 

conclusions. It is noteworthy that although sample CNP0.6 and 

sample CNP0.8 have similar overpotentials, sample CNP0.6 
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exhibits a lower tafel slope, which implies that CNP0.6 has 

superior catalytic activity compared with CNP0.8.  

To investigate the intrinsic activities of the catalysts, the 

electrochemically active surface area (ECSA) of each catalyst 

was inferred from their double-layer capacitance (Cdl), 

determinable through the cyclic voltammetry (CV). According to 

Fig. 4(e,f), the Cdl value of CNP0.4 is 93.5 mF cm−2, much better 

than other catalysts, suggesting the largest exposed active area. 

The large active surface area provides a terrific basis for 

promoting HER. The excellent HER performance of this sample    

can be clearly proved by comparison with other reported 

carbon materials (Table S6). However, when the heat treatment 

temperature is 1000 °C, the active surface area is reduced, 

which might be caused by the agglomeration under high 

temperatures or the decreases in the content of the active 

species within the catalyst. To be continued, P-doped carbon 

materials have a larger active surface area than N-doped carbon 

materials, which are 16.5 mF cm−2 and 5 mF cm−2 respectively 

(Fig. 4(g)). The error bars of ESCA over 3 separately prepared 

samples were also tested to reflect the variability in the 

measurements. According to Fig S11, the revised ESCA of CNP 

0.2, CNP0.4, CNP0.6, CNP0.8, T=1000°C, PC and NC are 34.4 mF 

cm−2, 95.3 mF cm−2, 35.5 mF cm−2, 33.2 mF cm−2, 33.5 mF cm
− 2, 13.1 mF cm− 2 and 4.2 mF cm− 2 , respectively. Upon 

comparison with other literatures, we found that the catalysts 

prepared by this economical and convenient synthesis method 

exhibited outstanding active surface area compared to other 

carbon materials with special structure (CNT, nanosheet and 

Plasma-etched graphene), which was 3 times larger than the 

best sample in Table S7.  

To eliminate the influence of the exposed active surface area of 

the catalyst on the sample performance, we confirmed the 

intrinsic activity by normalize the current density to ECSA. The 

trend in intrinsic activity for the samples CNP0.2, CNP0.4, 

CNP0.6, and CNP0.8 correlates with the trend in their exhibited 

HER performance (Fig. 4(h,i)). This validates the rationality of 

the previous conclusions. Combined with Raman spectroscopy, 

these samples exhibit similar levels of graphitization, suggesting 

that the crystallinity of the carbon material is not the primary 

cause of this difference. Furthermore, CNP0.4 demonstrates 

higher intrinsic activity than sample T=800 °C, which can be 

attributed to the higher degree of graphitization in CNP0.4, 

facilitating rapid electron transfer. Notably, although the overall 

activity of sample T=1000 °C is lower than that of CNP0.4, its 

intrinsic activity exceeds that of CNP0.4. Combining XPS and 

Raman spectra, we propose two possible reasons for this 

phenomenon: (1) Sample T=1000 °C has a higher degree of 

graphitization, implying it contains more ordered conjugated 

structures. According to Fig S12, the conductivity of the catalyst 

increases when it has a higher graphitization degree. This result 

indicates that the sp² conjugated structures can promote rapid 

charge transfer, thereby increasing the intrinsic activity of the 

catalyst. (2) Compared to T=900 °C, sample T=1000 °C contains 

more graphitic N structures, suggesting that C3PO and graphitic 

N may be one of the key factors influencing the intrinsic activity 

of the catalyst.  

To investigate the N, P co-doped effect on active sites, we 

studied the Turnover frequency (TOF) of CNP0.4. As a 

comparison, the TOF of PC and NC were also calculated and the 

results were recorded in Fig S13. We found that N and P co-

doping can effectively change the ∆GH* of the active sites. 

According to, Fig S13, the N, P co-doped samples exhibited far 

more catalytic activity than PC and NC. When the overpotential 

is 250 mV, its TOF was 9 times higher than that of PC and 64 

times higher than NC. In comparison, PC has a larger active 

surface area and better intrinsic activity than NC. This implies 

Fig 5. 8 optimized models for the heteroatoms doped graphene. 

gN pN C3PO C2PO2

C3PO-gN-ortho C3PO-gN-meta C3PO-gN-para C2PO2-gN-meta
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that the P atoms adjust the electronic structure of the carbon 

material more efficiently. 

The stability of CNP0.4 was evaluated by repeated cyclic 

voltammograms (CV) sweeps. The CV potential was set from 

−0.1 V to −0.4 V vs. RHE, with a scanning rate of 50 mV/s. 

According to Fig. S14, a similar LSV curve was obtained after 

2000 cycles, suggesting the excellent stability of CNP0.4. 

The DFT model was used to explore the role of each component 

of the N, P co-doped carbon material in the modulation of the 

graphene electron cloud as well as to analyze the role of 

different potential sites that may be present on the surface of 

doped graphene in the HER. The spatial structure as well as the 

electronic structure of doped graphene was investigated using 

a clustering model. The examined graphene surface was 

constructed with 23 benzene rings including 64 carbon and 20 

hydrogen atoms. The 84 atoms of graphene ensure that the 

dimensions of the model are adequate to avoid excessive edge 

effects that can cause the results to deviate significantly from 

the actual values. The terminal H atoms were fixed to avoid 

interactions like those that may occur in a periodic that may 

occur in a periodic model of plane-wave coding and focus on the 

chemical interaction and electron transfer at the active site 

ensemble. All atoms are set to allow relaxation in order to 

optimize the structure.  

Combining the results of XPS and LSV, we believe that the 

enhancement effect of N, P co-doped graphene should be due 

to the synergistic effect of C3PO & graphitic N or C2PO2 & 

pyridinic N. Therefore, we focus on these two co-doping models. 

In order to better deconstruct the contribution of each 

component to the overall catalytic active species we also 

constructed four single atom doping models, GN (Graphitic N 

doped graphene), PN (Pyridinic N doped graphene), C3PO-G and 

C2PO2-G, respectively.  For the possible doping sites and 

geometry of heteroatom-doped graphene, we calculated the 

formation energies of the C3PO structure at the edges of 

graphene and the C3PO structure inside graphene to confirm 

the main doping site of P (Fig. 6(e)). By comparison, we found 

that two energies are very close to each other, which means 

that both structures can exist stably. Since we used in-situ 

doping method and the prepared samples are 2D structures, we 

think it is more general to explore the C3PO structure inside 

graphene, so we set the C3PO structure inside graphene48. The 

C2PO2 structure has a large spatial structure, which makes it 

difficult to exist stably inside the carbon lattice, so we focused 

on the C2PO2 structure at the edges of graphene. It should be 

noted that the P-N bond was not detected in XPS, thus the C3PO-

gN-ortho structure may not exist in the catalyst. However, we 

have included this configuration for the purpose of discussing 

the synergistic effect of the N and P atoms. Fig. 5 shows the eight 

Fig 6. (a)Optimized models for graphitic N doped graphene. (b) Optimized models for pyridinic N doped 

graphene. (c) Optimized models for C3PO doped graphene. (d) Optimized models for C2PO2 doped graphene. 

(e) The formation energy of the various structures. * represents the generation energy of the structure in the 

presence of C3PO. 
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models which were mainly discussed in this paper. Fig. 6(a) and 

(b) display the optimized configuration of doped graphitic N and 

pyridinic N. The C-N bond length between graphitic N and 

surrounding carbon atoms is 1.41 Å, very close to the sp2 C=C 

bond length (1.42 Å) in graphene. Furthermore, the C-N bond 

angle is 120.1°, almost identical to the sp2 C=C bond angle 

(120.7°) in pure graphene, indicating that graphitic N doping has 

minimally altered the spatial configuration of the original 

graphene. The bond length between pyridinic N and lower 

chemical activity. Fig. 6(c) illustrates the optimized 

configuration of C3PO-doped graphene. The P atom exhibits sp3 

hybridization with a bond angle of 100.8°. The three C-P bonds 

are all 1.76 Å in length, forming an overall triangular pyramid 

structure. Due to the significant difference in radius between P 

and C atoms, the doped graphene undergoes noticeable 

deformation. The C-P bond length is 23.9 % longer than the sp2 

C=C double bond in pure graphene, causing the carbon network 

to protrude 1.28 Å in the Z direction. This implies a significant 

expansion of the interlayer spacing of carbon layers. This result 

is beneficial for preventing carbon layer stacking in 3D space, 

reducing graphene agglomeration, and offering possibilities for 

preparing 2D carbon materials. The optimized configuration of 

the C2PO2 structure is shown in Fig. 6(d). The average bond 

length between P atoms and surrounding carbon atoms is 1.79 

Å, with a bond angle of 98°. Unlike the C3PO structure, the 

tensile stress of P atoms on graphene forms an angle with the Z 

direction, resulting in the graphene plane protruding only 0.4 Å 

along the Z-axis.  

It has been proved that the Gibbs free-energy (∆GH*) for the 

surface adsorption of H atoms is a crucial indicator of the acidic 

HER activity49–50. Therefore, we calculated the ∆GH* (Fig 7) for 

the possible active sites in 9 models. According to Sabatier's 

principle, the interaction force between the HER active site and 

the H atom should not be too weak or too strong. 

Therefore, when the ∆GH* value of the catalyst is close to 0, the 

catalyst is considered to have superior catalytic activity. 

According to Fig 7, the ∆GH* of pure graphene is 1.37 eV (Fig 

7(a)). In the N atom singly doped system, the ∆GH* of the C 

carbon atom adjacent to the pyridine N is 1.67 eV (Fig 7(c)), 

which is more positive than that of the ∆GH* of pure graphene, 

exhibiting inertness to HER. The neighboring C atom of graphitic 

N has a ∆GH* of 0.71 eV (Fig 7(b)), showing high catalytic activity 

for HER than pure graphene. This result proves that pyridine N 

and graphitic N have different modulation effects on the 

electronic structure of graphene. For the P single-doped system, 

the two neighboring C of C3PO exhibit different ∆GH*. The ∆GH* 

of site 1 is 0.29 eV and that of site 2 is -0.21 eV. It can be seen 

that the electronic structure of site 2 is greatly adjusted, strong 

interaction with hydrogen atoms, to exhibit a good HER catalytic 

activity (Fig 7(d)). The electronic structure of graphene has a 

greater effect on the ∆GH* of sites 1 and 2. The difference of 

∆GH* of 1 and 2 site implies that the charge transfer from P sites 

to site 1and 2 is different. In contrast, although the C2PO2 

structure (Fig 7(e)) also promotes HER activity, the neighboring 

carbons have a more positive ∆GH*(0.79) compared to C3PO. In 

addition, we have investigated the ∆GH* of the possible active 

sites when C3PO is co-doped with graphitic N (neighboring, 

meta and para). When the graphitic N is in the meta position of 

the P atom, the ∆GH* of the 1-site is 0.37 eV (Fig 7(f)), which 

shows an enhancement of 0.58 eV compared with that of the 

Fig 7. 

 (f) g) 

h) 

 

Page 10 of 14Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
2 

20
25

. D
ow

nl
oa

de
d 

on
 2

02
5-

03
-1

0 
 1

2:
38

:4
6.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4TA06226D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta06226d


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11  

Please do not adjust margins 

Please do not adjust margins 

∆GH* before doping with N atoms. These results indicate that 

the addition of graphitic N in the neighboring position of the P 

atom has a synergetic effect on the HER of 2-site. When the 

graphitic N is   located in the interstitial position of the P atom, 

the ∆GH* of the 1-site is 0.13 eV (Fig 7(g)), which is 0.16 eV lower 

than that before graphitic N doping, much closer to 0 than other 

active sites. This result indicates that when graphitic N is located 

in the interstitial site of the C3PO structure, they have a good 

synergistic effect, resulting in an optimal HER catalytic activity 

of the intermediate C. For Fig (h), the ∆GH* of the 1-site is 0.9 eV, 

which is 0.61 eV higher than that before doping, which implies 

that the para-doped graphitic N is able to weaken the 

interaction of the 1-site with H atoms. Above, we get an 

interesting conclusion that when graphitic N is present in the 

neighborhood of a C atom around C3PO, the interaction of the 

C atom with H will be enhanced. In contrast, when graphitic N 

is present in its meta site, the interaction of C with the H atoms 

will be weakened. Furthermore, the synergistic doping effect of 

C2PO2 with pyridine N has also been considered. The carbon 

atom located between C2PO2 and the pyridinic N has a ∆GH* 0.79 

eV (Fig 7(i)). The addition of pyridine N makes the interaction 

between the hydrogen atom and the surrounding carbon atoms 

weaker than in the C2PO2 doped system.  

The analysis of electronic structure is crucial for understanding 

the mechanism of co-doping system The enhancement 

mechanism of N, P co-doped graphene was first analyzed using 

electrostatic potential (ESP) energy spectra. The atomic charges 

and electrostatic potential map of the optimized pristine 

graphene model are presented in Fig. S15. It is observed that 

the atomic charges in graphene alternate between positive and 

negative values, with the outermost carbon atoms displaying a 

slight negative charge due to hydrogen passivation. In graphene, 

the p orbitals of each carbon atom overlap with the p orbitals of 

the three adjacent carbon atoms, forming a large π-bond 

conjugated structure. Therefore, the ESP distribution on the 

surface of pristine graphene is remarkably uniform, indicating 

that all delocalized electrons in the π system are inert. Due to 

the higher electronegativity of N (3.06) compared to carbon 

(2.5), the introduction of N creates an electron-withdrawing 

inductive effect, causing polarization of the C-N bond and 

shifting the electron density towards the N atom. According to 

the results in Fig S16, the atomic charge of graphitic N is -0.8, 

while the atomic charges of the adjacent carbon atoms are 

0.362, 0.367, and 0.392, respectively. In contrast, the atomic 

charge of pyridinic N is -0.382, with the atomic charges of its 

two neighboring carbon atoms being 0.129 and 0.109, 

respectively, confirming the presence of the electron-

withdrawing inductive effect. Compared to pyridinic N, graphite 

N exhibits a greater difference in electronegativity with the 

surrounding carbon atoms, resulting in a stronger polarity of the 

C-N bond and increased chemical activity. In addition to the 

electron-withdrawing inductive effect, graphitic N also exhibits 

electron-donating conjugation effects. This is because the lone 

pair of electrons on the graphitic N is parallel to the p-orbitals 

of the surrounding carbon atoms and can be delocalized into 

the adjacent π-bonds, leading to an increase in the electron 

density of graphene. Notably, the electrostatic potential around 

the N is positive in the ESP (Electrostatic Potential) map of 

graphitic N, indicating a decrease in electron density around the 

N atom. Thus, in the graphene model doped with graphitic N, 

the electron-donating conjugation effect of the graphitic N 

prevails over the electron-withdrawing inductive effect. This 

results in an enhancement of electron density on the 

neighboring and para-position carbon atoms, which 

subsequently favors hydrogen adsorption. Pyridinic N, being sp2 

hybridized, has its lone pair of electrons perpendicular to the π-

bonds and thus does not participate in conjugation but resides 

in the sp2 hybridized orbital. Consequently, pyridinic N only 

exhibits an electron-withdrawing inductive effect, leading to a 

decrease in the electron density of the graphene plane. This is 

reflected in the ESP diagram of the pyridinic N, where the 

electrostatic potential above the pyridinic N is negative, which 

hinders hydrogen adsorption on the adjacent carbon atoms. 

The electronegativity of the oxygen atom in the C3PO structure 

(3.5) is significantly greater than that of the P atom (2.19), 

resulting in a high polarity of the P=O bond with an electron-

withdrawing inductive effect. As observed in Fig S16 the atomic 

charge of the central P atom is 1.183, while the atomic charges 

of the surrounding carbon atoms are -0.45, -0.391, and -0.45, 

respectively. Combined with the ESP the influence of the oxygen 

atom causes the atomic charge of the P atom to become more 

positive. Additionally, the difference in electronegativity 

between P and C becomes more pronounced, which enhances 

the polarity of the P-C bonds. Consequently, the electron 

density shifts towards the neighboring carbon atoms. Combined 

with the calculations of ∆GH, we find that the interaction 

strength between carbon atoms and H atoms does not depend 

on the magnitude of the charge of its central atom, but on the 

electron cloud density of the orbitals around the C atom. To 

summarize, the conjugation effect and the induced effect need 

to be considered together. When dopant atoms exhibit the 

overall effect of electron-donation, their neighboring and 

opposite sites are favorable for hydrogen adsorption, while 

their interstitial sites are relatively unfavorable for hydrogen 

adsorption. When the overall effect of dopant atoms is an 

electron-withdrawing effect, the neighboring and opposite sites 

are unfavorable for hydrogen adsorption, while the interstitial 

sites are relatively suitable for hydrogen adsorption. In the C3PO 

structure, the electron-withdrawing effect of the O atom is 

dominant, and the interstitial carbon shows better HER activity. 

For the co-doped system, when graphitic N is located in the 

neighboring position, the electron cloud density of its 

neighboring P atoms increases, and the electron cloud density 

on the interstitial C atom (site 2) decreases compared to that 

before N atom doping, and thus and provides a fast electron 

channel for the HER. The opposite is true when the graphitic N 

is in the para position. In this case, the C atom is located in the 

interstitial position of graphitic N, and has a lower interaction 

with the hydrogen atom. The P atom is located in the para-

position of graphitic N, and the charge of the atom will become 
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more negative. So, the C-P polarity is weakened, and the 

electron density that was originally shifted towards the 

neighboring C position is weakened, which is not conducive to 

the adsorption of H atoms. It is worth noting that, because the 

graphitic N is an electron-donating group and P = O is an 

electron-withdrawing group, the electrons would transfer from 

graphitic N to P atom of P=O via neighboring C. The presence of 

electron push power from graphitic N and electron pull power 

from C3PO leads to regional polarization, which accelerates the 

transfer of electrons and favors the adsorption towards H atoms. 

When the graphite is located in an intermediate site, its 

neighboring C atom electron cloud density increases, enhancing 

its interaction with H atoms.  

Highest Occupied Molecular Orbital (HOMO) and Lowest 

Unoccupied Molecular Orbital (LUMO) together constitute the 

frontier orbitals of a molecule. The electrons in these orbitals 

play a crucial role in chemical reactions. The value of E(LUMO) 

minus E(HOMO) represents the HOMO-LUMO orbital energy 

gap, which is an important indicator of the stability, chemical 

reactivity, conductivity, and electrophilic/nucleophilic 

capabilities of reactive molecules. Therefore, we analyzed the 

HOMO and LUMO orbital structures of various doped graphene 

types. 

Fig 8. The HOMO and LUMO orbitals of the various models. 
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According to the Fig 8., the LUMO and HOMO values of pure 

graphene are -3.05 eV and -4.6 eV respectively, with a HOMO-

LUMO energy gap of 1.545 eV. Heteroatom doping significantly 

altered the LUMO and HOMO values of pure graphene. Among 

the four models containing only one type of dopant, only 

graphitic N injected electrons into the HOMO orbital of pure 

graphene, increasing its energy value by 15 %. The E(HOMO) 

values for pyridinic N, C3PO, and C2PO2 are -4.76, -4.78 and -4.73, 

respectively, reducing the HOMO orbital energy by 3 %, 4 %, and 

2 %. This result demonstrates that graphitic N has an electron-

donating conjugation effect, enhancing the electron cloud 

density of graphene and making it more nucleophilic. The other 

three structures are electron-withdrawing groups, reducing the 

overall electron cloud density of graphene. The differences in 

E(LUMO)-E(HOMO) are recorded in the figure. The energy gaps 

for NG, PN, C3PO, and C2PO2 structures are 1.416, 1.55, 1.635, 

and 1.71, respectively. Compared to pure graphene, these gaps 

decreased by 8 %, and increased by 0.3 %, 5 %, and 10 %, 

respectively. This observation indicates that graphitic N doping 

is beneficial for reducing the energy gap of graphene, resulting 

in faster electron transfer on the graphene surface and 

improved conductivity. For NG and C3PO co-doped graphene, 

graphitic N can inject electrons into the HOMO orbital, while the 

P=O group can effectively lower the E(LUMO) of graphene. The 

synergistic effect of these two leads to a further reduction in 

graphene's energy gap, accelerating electron transfer on the 

graphene surface and facilitating adsorption reactions. 

According to the figure, we found that the energy gaps of ortho-, 

meta-, and para-position co-doped graphene are 1.31, 1.33, and 

1.19, respectively, which are 18 %, 14 %, and 23 % smaller than 

that of pure graphene. 

Conclusions 

In summary, the chain-like amino acid structure intersected and 

liaised with the six-membered ring of phytic acid to produce a 

carbon network. An ultrathin nanocarbon layer was prepared 

by one-step pyrolysis, which ensured the full exposure of the 

active sites. The effect of phytic acid addition on the content of 

different N, P species in the product was investigated by 

adjusting the ratio of input materials. Combining experiments 

and calculations, the interaction strength between C atoms and 

H atoms is mainly affected by the electron density distribution 

on the surface of graphene. Specifically, the induced effect and 

conjugation effect of the dopant atoms should be both 

considered. The ortho and para sites of the electron-donating 

groups have milder ∆GH* compared to the meta site. In contrast, 

the meta sites of the electron-absorbing atoms have more 

appropriate ∆GH* than ortho site and para site. As a result, when 

the graphitic N co-doped at the meta site of C3PO, they have a 

synergistic effect and optimal hydrogen adsorption free energy 

(∆GH*=0.13). In addition, the graphitic N can inject the lone 

electron into the large π bond, so that the HOMO orbital energy 

of graphene is enhanced and the HOMO-LUMO spacing is 

reduced, which accelerates the charge transfer rate and 

facilitates the adsorption reaction.  The best catalyst exhibited 

outstanding HER activity, with an extraordinarily low 

overpotential of 306 mV at 10 mA cm−2. 
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