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Abstract: The proper choice of non-precious transition metals as single atom catalysts (SACs) 

remain unclear for designing highly efficient electrocatalysts for hydrogen evolution reaction 

(HER) applications. Herein, we report an activity correlation with catalysts electronic structure to 

clarify the origin of reactivity for a series of transition metals supported on nitrogen-doped 

graphene as SACs for HER by a combination of density functional theory (DFT) calculations and 

electrochemical measurements. Only few of the transition metals (e.g., Co, Cr, Fe, Rh, and V) as 

SACs showed good catalytic activity towards HER as their Gibbs free energies are varied between 
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the range of -0.20 to 0.30 eV but among which Co-SAC exhibits the highest electrochemical 

activity at 0.13 eV. To understand the electronic structure, we performed density of state (DOS) 

calculation and found that the energy states of active valence dz
2 orbitals and their resulting anti-

bonding state determine the catalytic activity for HER, such that the higher the energy state of the 

resulting anti-bonding state orbital, the stronger the bonding strength with hydrogen, and vice 

versa. The fact that the anti-bonding state orbital is neither completely empty nor fully filled in the 

case of Co-SAC is the main reason of its ideal hydrogen adsorption energy. The calculated results 

are then verified experimentally using three types of SACs (Co, Ni, W), characterized by extended 

X-ray absorption fine structure (EXAFS) and scanning transmission electron microscopy (STEM). 

Moreover, our electrochemical measurement confirmed that Co-SAC exhibits a superior hydrogen 

evolution activity over Ni-SAC and W-SAC, confirming our theoretical calculation. This 

systematic study gives a fundamental understanding about the design of highly efficient SACs for 

HER by the evolution of activity origin.     

Keywords: Single atom catalysts, density functional theory, density of states, charge transfer, 

hydrogen evolution reaction. 

1. Introduction 

Global warming is one of the most important problems the world currently faces and is increasing 

rapidly due to extensive use of fossil fuels as the primary source for energy production. On the 

other hand, the limited fossil fuel reserves coupled with sustainable development vision calls for 

the development of new green technologies for energy production[1]. Hydrogen, an abundant, 

renewable, and highly dense energy source, has been considered as a potential alternative 

sustainable energy source[2]. The ideal way to produce hydrogen of high purity and large quantities 



is by the electrolytic reduction of water via hydrogen evolution reaction (HER). Naturally, HER 

has a high energy barrier, (known as over-potential, ɳ, the minimum potential required to produce 

hydrogen above its thermodynamic value) which demands effective catalysts to overcome. 

Amongst all HER catalysts, platinum is the most efficient to date with a small overpotential in 

acidic solutions. However, the high cost and scarcity of platinum limits its application for industrial 

production of hydrogen[3]. Thus, the proper choice of an active, efficient, and durable 

electrocatalyst from earth’s abundant sources remains a major challenge in energy research. In 

recent years, tremendous effort has been devoted to the invention of new types of heterogeneous 

electrocatalysts, based on a variety of non-precious transition metals, including Co, Ni, Mo, Fe, 

and their derivatives (i.e., nitrides, carbides, oxides, phosphides, and borides)[4]. These 

heterogeneous catalysts have been applied towards different energy applications such as HER, 

oxygen evolution reaction (OER), and oxygen reduction reaction (ORR) with limited 

electrochemical activity. On the other hand, layered transitions metal dichalcogenides (TMDs) 

have attracted much attention recently as effective electrocatalysts, where their active sites mostly 

localized at the surface or at the edges[5]. 

Single atom catalysts (SACs) supported on a solid substrate can open up a new era in the field of 

heterogeneous catalysis research, offering a single active site with full atom utilization and high 

catalytic activity towards numerous chemical reactions[6]. On the other hand, the homogeneity of 

single atom sites eases more selectivity towards a specific product. However, the strong electronic 

or covalent interaction between single atom with its support makes it thermodynamically stable in 

the reaction process[7]. In an atomic level, some unique properties of SACs bring extraordinary 

reaction selectivity, activity and stability over nanomaterials or clusters. A few of them are- 

unsaturated coordination environment of metal active centers, quantum size effects: where 



electrons confinement produces distinctive HOMO-LUMO gap and discrete energy level, and 

finally strong metal-support interaction facilitates charge transfer between them[8]. Usually, SACs 

are supported on solid substrates to avoid aggregation, in which bulk metals and their oxides are 

widely used[7d, 9]. However, the low conductivity and instability of these substrates in a harsh 

electrolytic environment (strong acid and base) force us to search for alternatives. Graphene, the 

world’s first two dimensional (2D) material, is a potential candidate as the substrate as it provides 

large surface area, high electrical conductivity, good stability and high dispersion for 

electrocatalysts[10]. The performance of SACs largely depends on chemical bonding and charge 

transfer between atomically dispersed metal and substrate materials. Moreover, bonding strength 

can be increased by adding electron rich element like nitrogen into graphene (lone pair of nitrogen 

bonded with empty d-orbitals of transition metals) which eventually prevents metallic 

agglomeration[8d, 11]. In addition, the development of modern experimental characterization 

techniques together with theoretical predictions have also played a crucial role in the development 

of SACs. However, among all transition metals, a few have been widely investigated as a SAC on 

nitrogen doped (N-doped) graphene substrate towards ORR[12], OER[13], HER[14], and CO2 

reduction[15] but their origin of activity still remains unclear. Furthermore, the relation among 

catalysts structure, electronic properties and their activity has not yet been systematically studied 

for the design of highly efficient SACs for HER. 

Herein, we used density functional theory (DFT) to calculate the catalytic activity for a series of 

transitions metal embedded on N-doped graphene as SACs and found that Co-SAC exhibits 

highest activity. The activity of SACs for HER, originated from catalysts electronic structures, was 

correlated by investigating their DOS profiles. We found that the energy level of the metallic 

valence dz
2 orbital and the anti-bonding orbital has largest impact on determining catalytic activity 



for HER. The position of the active valence dz
2 orbital is close to zero, which results in partially 

filled anti-bonding state orbital in the Co-SAC case, making it the most active for HER. Based on 

this finding, we derived correlation of the activity-electronic structure for all studied SACs, 

demonstrating the origin of hydrogen evolution activity. Guided by the calculated results, we 

synthesized three types of SACs- cobalt (Co-SAC), nickel (Ni-SAC), and tungsten (W-SAC) 

embedded on N-doped graphene substrate and investigated their atomic coordination and 

morphology by extended X-ray absorption fine structure (EXAFS), X-ray absorption near-edge 

structure (XANES), and direct imaging via annular dark-field scanning transmission electron 

microscope (ADF-STEM) characterizations. We found that single atoms were well separated and 

distributed uniformly throughout the whole graphene surface and existed as M-N4C4 moieties. We 

also compared their electrochemical activity for HER experimentally in acidic conditions and 

found that Co-SAC showed superior activity over others, which is shown good agreement with 

our theoretically derived activity-electronic structure correlation trends for SACs. Henceforth, we 

believe our derived linear activity-electronic structure correlation trend provides a better resolution 

towards the design of highly efficient SACs and gives deep insights in choosing the proper SAC 

for HER application. 

2. Results and discussion 

2.1. Theoretical activity prediction of SACs for HER  

Molecular hydrogen generation by the electrochemical reduction of hydrogen ion produced via 

water splitting is one of the most effective and cleanest technologies for future sustainable energy 

supply. Hydrogen evolution reaction (HER) is a combination of proton adsorption on catalyst 

surface via Volmer reaction (H+ + e⁻ + * → H*, where * refers to catalysts surface) followed by 

desorption of H2 through either Tafel reaction (2H* → H2 + 2*) or Heyrovsky reaction (H+ + e⁻ + 



H* → H2 + *). The adsorption and desorption reactions compete on the catalyst surface, which can 

be illustrated using the Gibbs free energy calculation. The free energy change for hydrogen 

adsorption on the catalyst surface (ΔGH*) determines the kinetics of the HER. According to 

Sabatier principle, when ΔGH* value is close to zero, the overall reaction rate for HER reaches 

maximum, expressed as in the form of “volcano plot” for various catalysts surface[16]. From this, 

a good catalyst should form a bond with adsorbed H atom that is optimum for easy charge transfer 

and break readily to evolve as a hydrogen gas. If the interaction between H and catalyst is too 

strong, desorption reaction (Tafel/Heyrovsky) will be limited, while too weak interaction creates 

difficulty for Volmer reaction to proceed[16-17]. It has been reported experimentally that when SACs 

are synthesized on N-doped graphene substrate, the final product structure consists of several 

active nitrogen sites[13-15, 18]. Based on these results we constructed a molecular model of SACs for 

hydrogen adsorption energy calculation including all possible active sites, namely graphitic-N, 

graphitic-C, pyridinic-N, terminal pyridinic-N, pyrrolic-N, and N-oxide species. Figure 1a shows 

the proposed molecular model for Gibbs free energy calculation for HER, constructed by 

considering all possible active sites for SACs on N-doped graphene surface. To determine the 

substrate activity, we calculated Gibbs free energy for hydrogen adsorption on the abovementioned 

sites (Figure S1) of SAC and plotted in Figure 1b. The figure shows that none of the studied sites 

are electrochemically active as their Gibbs free energies are high. Based on their catalytic activity, 

we summarized them into the following order: N-oxide species (-0.51 eV) > pyrrolic N (0.52 eV) 

> pyridinic N/M-N (0.89 eV) > terminal graphitic N (1.01 eV) > graphitic C (1.69 eV) > graphitic 

N (1.89 eV). The latter two sites, graphitic-N and graphitic-C showed very high positive ΔGH* 

values, indicating completely inhibition of hydrogen adsorption step for HER. Since 

functionalization of graphene with metal as SAC offers single active site as well as full atomic 



utilization for catalytic reaction, we considered a molecular model as a metal active site for further 

calculations, as shown in Figure 1c. The model represents transition metal atom (partially empty 

orbital) coordinated with four nitrogen atoms (lone pair electrons) forming strong covalent bond 

embedded on graphene structure. As nitrogen bonded with metal through their lone pair electrons, 

their hybrid electronic properties have a potential effect on the activity of HER. We then studied 

the Gibbs free energy by changing the central metal atom (Figure 1c) on N-doped graphene 

skeleton for a series of transition metal as SACs, as summarized in Figure 1d. This diagram 

demonstrates that not every type of single atom exhibits activity towards HER. However, Co-SAC 

(ΔGH* = 0.13) shows higher activity among all SACs studied. We found that Pd-SAC and Ni-SAC 

had very weak interactions with hydrogen as their Gibbs free energy is very high (ΔGH* = 1.86 

and 1.62 eV respectively) while Re-SAC, Mo-SAC, Ti-SAC, W-SAC, and Ta-SAC exhibited very 

high negative Gibbs free energy (-0.92, -0.93, -0.94, -1.44, and -1.64 eV respectively) indicating 

strong attraction for hydrogen. As in case of SACs, the active site (metal) lies on the surface (non-

edge side) of graphene, therefore, we proposed the HER mechanism by considering Volmer-

Heyrovsky pathways (Figure S2) rather than the Volmer-Tafel pathways designed for edge side 

hydrogen adsorption[19]. 

2.2. SACs design principle based on the origin of activity 

To rationally design highly efficient electrocatalysts for HER, we carried out DFT calculations to 

elucidate the electronic properties of metal hybrid orbitals and their correlation with HER activity 

(ΔGH*) with the help of d-band theory[20] as shown in Figure 2a. Schematically, when hydrogen 

is adsorbed on the catalysts surface, the active valence orbitals of catalysts (wooden color) interact 

with hydrogen orbital (gray) and produces two orbital states (blue). One is partially filled electronic 

orbital (partial blue), forming anti-bonding state (σ*) orbital while another (blue) forms bonding 



state (σ) orbital. To find the origin of activity, the total density of states (TDOS) and projected 

density of states (PDOS) was calculated for all individual atoms in the Co-SAC structure (Figure 

S3) while the PDOS of 3d orbitals for Co-SAC before and after interaction with hydrogen shown 

in Figure 2b. A few of the orbitals of intake catalysts disappeared as well as some new orbital 

peaks evolved after interacting with hydrogen. These new peaks are designated as bonding (σ) and 

anti-bonding (σ*) orbitals as in Figure 2a. As the electrons in single atom catalysts discrete into 

various individual energy level due to quantum size effects, it is very convenient for hydrogen to 

interact with specific metallic orbital for reaction without disturbing others. To proof our 

assumptions and get more deeper scenario, we calculated the PDOS of individual states of cobalt 

3d orbitals in Co-SAC before and after hydrogen adsorption and found that not every orbital is 

taking part in the reaction (Figure S4). However, we identified only 3dz
2 valence orbital (spin-up 

and spin-down) is actively participating in the hybridization with hydrogen for Co-SAC 

represented in Figure 2c. The active valence 3dz
2 orbitals (Ep) was converted into two different 

orbitals, where one goes across the Fermi level (anti-bonding state orbital, σ*) and other lies below 

(bonding state orbital, σ) as in Figure 2a. Similarly, we calculated the PDOS for all studied SACs 

and found similar hybridization like Figure 2c. Since, the dz
2 valence orbital of each SAC 

participates in the bond formation with hydrogen and produces bonding & anti-bonding states, we 

identified these three orbitals states (Ep, σ, σ*) as activity descriptor for HER. The distinctive 

electronic structure of SACs helps to explain the origin of electrochemical activity much more 

easily than in case of nanoparticles or metal clusters. To explore the activity relation, we plotted 

these activity descriptors against the corresponding value of Gibbs free energy, ΔGH* for all SACs.  

Among three, the anti-bonding energy states (Eσ*) for all SACs shows best linear correlation with 

ΔGH* as shown in Figure 2d. This figure implies that the location of anti-bonding states (Eσ*) in 



case of Ta-SAC, W-SAC moved higher energy level with a lower occupancy, ensuring strong 

interaction with hydrogen (high negative ΔGH*), while an increased filling of anti-bonding states 

was observed in case of Ni-SAC and Pd-SAC, resulting diminish activity towards HER. Therefore, 

higher the location means empty anti-bonding state results strong interaction and vice versa. We 

also correlated the relationship among active valence dz
2 energy state (Ep, normally bigger peak) 

and bonding energy state (Eσ) with Gibbs free energy (ΔGH*) for all studied SAC models (Figures 

S5-S8). We found that lower valence dz
2 orbital resulted weaker interaction while higher valence 

dz
2 ensured stronger interaction. The position of active valence dz

2 orbital (Ep) near to Fermi level 

produced partially filled anti-bonding state (Eσ*), suggesting ideal situation (ΔGH*≈0) for the 

design of SACs in case HER.  

As charge transfer quantify the bonding strength between adsorbate and catalysts, we calculated 

and depicted the charge transfer scenario for Ta-SAC-H model in Figure 3a. The Bader charge 

profile for the Ta-SAC-H system shows a maximum charge transfer (0.84 e-/H atom) to hydrogen, 

resulting in strong binding energy (ΔGH*= -1.64 eV). Similarly, Pd-SAC transfers very little 

charge (0.10 e-/H atom) to hydrogen during adsorption owing to very little catalytic activity 

(ΔGH*= 1.86 eV) while Cr-SAC shows an intermediate amount of charge transfer (0.42 e-/H atom) 

with relatively better HER activity (ΔGH*= 0.28 eV) (Figure S9). To configure the activity relation 

with the charge transfer, we derived a correlation for a series of SACs, as shown in Figure 3b. we 

have found that maximum SACs followed the charge transfer-Gibbs free energy (ΔGH*) linear 

trends while few of them (Ru, Rh, Ir, Co) were slightly deviated. As Gibbs free energy (ΔGH*) is 

the indication of the electrochemical activity for a catalyst, so we think Ir-SAC and Co-SAC still 

be catalytically active as their ΔGH* value close to zero. Finally, this linear relationship between 

the amount of charge transfer and Gibbs free energy (ΔGH*) suggesting an ideal charge transfer 



(0.35 e-/H atom approximately) to design a highly active SACs (ΔGH*= 0 eV) for HER. On the 

basis of our theoretical hypothesis, we synthesized three kinds of single atom (Co, Ni and W) 

catalysts using graphene oxide (GO), acrylamide (AM) and metallic chloride salts (details in 

method section) as precursor. The compositions and chemical states of prepared SACs supported 

on N-doped graphene were studied with the X-ray photoelectron spectroscopy (XPS) shown in 

Figure 3c and 3d, respectively. Figure 3c represents the elemental analysis for all three SACs 

together with the control sample (N-doped graphene, NG). The XPS results show a very tiny peak 

for metals, indicating a fraction amount of metal atom exists together with O, N, and C in the 

prepared SACs sample (Figure S10). The metals (Co, Ni, and W) existed in the catalysts with 

mixture of two valence states as compared to their pure and oxide state, confirmed by the high-

resolution peak spectrum (Figure S11). To identify different types of nitrogen active sites in the 

SACs, we deconvoluted N 1s peak into several peaks for Co-SAC, shown in Figure 3d. It shows 

that the N 1s peak for Co-SAC deconvoluted into pyridinic N (398.0 eV), Co-N (398.6 eV), 

pyrrolic N (400.5 eV), graphitic N (401.1 eV), and N-oxide (404.2 eV)[14b]. The slight binding 

energy difference between pyridinic N and Co-N were well separated from each other. Similarly, 

all the nitrogen active sites used for theoretical calculation, were also confirmed for W-SAC and 

Ni-SAC alone with the control sample (NG) (Figure S12).  

2.3. Structural and electrochemical characterization 

The electronic states and atomic configuration of the metal embedded as a single atom in N-doped 

graphene frameworks were further investigated with the X-ray absorption near edge structure 

(XANES) and extended X-ray absorption fine structure (EXAFS). The metal K-edge XANES and 

EXAFS spectra for Co-SAC, Ni-SAC and L3-edge of W-SAC summarized in Figure 4 with their 

respective bulk metal and oxide references[13, 14b, 15, 21]. Figure 4a represents XANES spectra for 



Co-SAC indicating that the local atomic structure around Co in Co-SAC was significantly different 

from bulk Co and CoO. This is more clearly observed from its first derivative curves (insets) 

suggesting intermediate oxidation states in Co-SAC. However enhanced pre-edge feature and 

shoulder arising due to 1s→3d and 1s→4pz transitions correspondingly can be explained also by 

planar geometry of the complex compared to octahedral structure of CoO. Taking into account 

XPS results the different oxidation state of Co atoms in Co-SAC due to the existence of Co-N4C4 

moiety via N-coordination bond with Co. Similar behavior is also observed for Ni-SAC and W-

SAC case, where Figures 4b-c show that the XANES spectra for Ni-SAC and W-SAC were not 

overlapped with their bulk and oxide references indicating differences in metal coordination from 

the closed packed structure of references. Both 1s→3d and 1s→4pz peak intensities are higher for 

Ni-SAC than for NiO, similar things (2p→5d and 2p→6pz) are happened for W-SAC. The 

differences in intensity of the main edge peaks in case of SACs is confirmed by the existence of 

divacancy based M-N4C4 moieties bonded axially with broken D4h symmetry[13, 22].In addition, the 

bonding and coordination environment around metal in the SACs were further studied with the 

EXAFS Fourier transform (FT) for all three SACs shown in Figures 4d-f. Figure 4d shows that 

the EXAFS FT spectra of Co-SAC exhibits a major peak at around 1.43 Å, which is different from 

Co–O peak at 1.63 Å and Co-Co peaks at 2.1 and 2.7 Å respectively, corresponding to Co-N 

bonding[13, 14b, 23]. Similarly, Figures 4e-f show EXAFS FT spectra for Ni-SAC and W-SAC 

exhibits major peaks at 1.44 and 1.45 Å respectively, were different from the peaks for Ni-O (at 

1.62 Å), Ni-Ni (2.20 Å and 2.60 Å), W-O (1.60 Å), and W-W (2.6 Å and 3.40 Å), attributed for 

Ni-N and W-N bond respectively[13, 15, 21a, 24]. Finally, for more confirmation about SACs structure, 

we calculated XANES spectra for SACs theoretically by means of accurate finite difference 

approach implemented in FDMNES software. Results of these calculations shown in Figures 4g-



i. Figures 4g-i show the comparison of experimental XANES spectra with theoretically calculated 

XANES spectra obtained from energetically relaxed SAC molecular models (insets). The 

theoretical simulated XANES spectra for all three SACs showed similar behavior (edge position 

and shapes) to experimental data. Depending on the XANES, EXAFS and FDMNES results, we 

concluded that our theoretical model based on M-N4C4 moieties on graphene structure is very 

practical and could be applied to direct design of SACs for many general fields of electrochemistry.  

The atomic structure of SACs was further examined by ADF-STEM. Figure 5a shows the STEM 

image of W-SAC where the atomic form of metals (white dots) is seen to distribute homogeneously 

throughout the whole graphene matrix (Figures S13-S18). The approximate size of each dot is 

approximately 2-3 Å. The atomic resolution STEM images presented in Figures 5b-d respectively. 

The single atom in each SAC located on the monolayer and multilayer graphene were indicated 

by red and yellow circles respectively. In all three SACs, the presence of the single atom was 

further confirmed by electron energy loss spectra (EELS) characterization (Figures S19-S21). The 

single atoms in each case were well separated from each other and existed similarly as M-N4C4 

moieties previously revealed by the EXAFS study.  

Furthermore, the hydrogen evolution catalytic activity of the synthesized SACs was examined to 

verify our computational results. HER activities were studied in an electrochemical cell with a 

three-electrode system using 200 µg cm-2 catalyst mass loading on glassy carbon. The linear sweep 

voltammograms for HER activity shown in Figure 5e, obtained at a scan rate of 10 mV s-1 in 0.5 

M H2SO4 after iR compensation. The polarization curves demonstrate that Co-SAC had greater 

electrolytic activity towards HER as compared to Ni-SAC, W-SAC, and the control sample. In 

addition, the overpotentials needed to produce 10 mA cm-2 current density for HER were 230, 530, 

590 and 630 mV (vs RHE) in case of Co-SAC, W-SAC, Ni-SAC, and NG respectively were also 



measured. This result is in agreement with our calculated Gibbs free energy trend (Figure 1d). 

The Tafel slopes of the polarization curves were then plotted in Figure 5f, which shows that Co-

SAC had a smaller Tafel slope (99 mV dec-1) with higher exchange current density (3.88 x 10-2 

mA cm-2) (Figure S22)  as compared to W-SAC (122 mV dec-1), Ni-SAC (167 mV dec-1), and NG 

(169 mV dec-1). To investigate the long-term stability, we carried out cyclic voltammetry (CV) 

experiments for Co single atom catalysts in acidic conditions. The polarization curves obtained 

from CV show an insignificant decreasing in performance even after 1000 cycles (Figure S23), 

confirming the long-term stability of this catalyst.   

3. Conclusion 

In this work, we derived an activity-electronic structure relationship to explore the origin of 

hydrogen evolution activity for a series of transitional metals as single atom catalyst with the help 

of density functional theory. The calculated Gibbs free energy indicated that Co-SAC shows 

greater activity among all studied SACs. DOS calculation has shown only the valence dz
2 orbital 

actively participates in the reaction with hydrogen. The energy states of valence dz
2 and its anti-

bonding orbital is highly correlated with catalytic activity, ΔGH*. Higher the energy level of anti-

bonding state, results fully unoccupied orbital certifying strong interaction with hydrogen and vice 

versa. The superior electrochemical activity of Co-SAC towards HER was mainly due to the 

location of 3dz
2 valence orbital near to the Fermi level, and its partially empty anti-bonding state, 

ensuring optimum adsorption strength toward hydrogen adsorption than others. Moreover, we 

found linear correlation for the catalytic activity (ΔGH*) with electronic structure (Ep and Eσ*) of 

SACs and charge transfer along SACs. To verify our computational results, three SACs (Co, Ni, 

W) were synthesized and they all show that the isolated single atoms distributed homogeneously 

over N-doped graphene surface as M-N4C4 moieties, clearly identified by EXAFS, XANES and 



STEM characterization. Moreover, our experimental result shows that Co-SAC has superior 

activity towards HER over Ni-SAC and W-SAC. This electrochemical performance of the SACs 

exhibits in accordance results with our theoretical derived activity trends. Our derived relationship 

is a potential solution to the problems of designing highly efficient SACs for HER application and 

adding a new chapter in the development of future energy conversion technology.   

4. Methods 

Computational methods: The catalytic activity and electronic structure of SACs were investigated 

by considering spin polarization DFT calculation, using projector augmented wave (PAW) 

pseudopotentials[25] and the Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional 

within the generalized gradient approximation[26]  as implemented in the Vienna ab initio package 

(VASP) code[27]. For electron wave expansion, a plane wave of 500 eV cutoff energy was set. The 

structure relaxation energy criteria were set to be 10-6 eV, while forces for each atom were less 

than 0.01 eV Å-1. A Gaussian smearing of 0.05 eV was applied throughout the whole calculation. 

The K-points were selected to be 9 х 9 х 1 for structure relaxation and energy calculation, while 

for electronic structure calculation the denser 45 х 45 х 1 K-points were used. We used 4 х 4 super 

cells of graphene with 26 carbon atoms and 1 metal atom placed on carbon divacancy that were 

bonded with 4 nitrogen atoms. The unit cell dimensions were optimized to 2.46 х 2.46 with a 

distance of 20 Å between the two layers in a periodic condition.  

Gibbs free energy and charge transfer measurements: The hydrogen evolution reaction involves 

the adsorption of proton on the catalysts surface followed by the generation of molecular hydrogen 

through desorption. The optimum adsorption energy should neither be too high nor too low. The 

hydrogen adsorption energy on SACs surface is calculated by the following equation: 



  ΔEad = ESACs-H* ‒ ESACs ‒ 
1

2
 EH2                                                                           (1) 

where ESACs-H* is the total energy of single atom catalysts with adsorbed H state, ESACs is 

the energy of single atom catalyst surface, and EH2 is the energy of hydrogen in the gas phase. For 

the best catalyst, Gibbs free energy (ΔGH*) should be close to zero. We calculated Gibbs free 

energy by considering zero-point energy (ZPE) and entropy corrections for hydrogen evolution 

reaction as per the following equation: 

  ΔGH* = ΔEad + ΔEZPE – TΔS                                                                  (2) 

The hydrogen adsorption energy on catalysts surface is denoted by ΔEad, while the difference in 

zero-point energy and entropy between the adsorbed and gaseous hydrogen is represented by 

ΔEZPE and ΔS. In adsorbed state, hydrogen shows negligible entropy change due to vibrational 

force, so the Gibbs free energy is calculated by considering the following corrections[16]- 

  ΔGH* = ΔEad + 0.24 eV                                                                             (3) 

The Bader charge analysis was carried out to estimate the charge transfer quantitatively between 

catalysts and hydrogen using a method developed by the Henkelman’s group[28]. The charge 

transfer profile was visualized using a free VESTA software.  

Synthesis of single atom catalysts (SACs): All chemicals with analytical grade were purchased 

from Sigma-Aldrich and deionized (DI) water was used throughout the whole work. Graphene 

oxide (GO) suspension with 4 mg ml-1 concentration was prepared from graphite flakes (average 

particle size of 350 nm) according to the modified Hummers method[29] reported in our previous 

work[4c]. We synthesized three different types of single atom catalysts, namely Ni-SAC, Co-SAC, 

and W-SAC, separately alone with nitrogen doped graphene (control sample) in order to compare 

their electrochemical HER activity in acidic solution. For the metal precursor, we used NiCl2.6H2O 



(0.05 M Ni2+), CoCl2.6H2O (0.05 M Co2+), WCl6 (0.05 M W6+) salts. GO suspension was diluted 

by mixing 2.5 ml of 4 mg ml-1 GO into 30 ml DI water. Accurately measured 25 µl of 0.05 M Ni2+ 

solution and 100 µl acrylamides (25 wt%, as a nitrogen precursors) were added into the diluted 

GO suspension and stirred for 24 h. The mixed solution was freeze-dried for another 24 h. The 

brownish freeze-dried sample was annealed in 1-inch quartz tube furnace at 750 ºC for 1 h under 

Ar (100 s.c.c.m) atmosphere to produce Ni-SAC. Similarly, Co-SAC and W-SAC were prepared 

by using equimolar (25 µl) amount of Co2+ and W6+ solutions instead of Ni2+ precursor in the 

above-mentioned procedure. The control sample was prepared without the addition of a metal 

precursor. The prepared SACs were then acid leached at 80 ºC for 24 hrs, followed by heating at 

750 ºC for 1 hr to regain its crystallinity after washing with DI water. 

Catalysts characterization: The chemical composition and elemental oxidation state of SACs were 

investigated using the X-ray photoelectron spectroscopy (XPS) with Kratos Axis Ultra DLD 

spectrometer. X-ray absorption spectroscopy (XAS) experiments on Ni K-edge, Co K-edge, and 

W L3-edge were conducted in fluorescence mode at beamlines 20-BM-B and 9-BM-B of the 

Advanced Photon Source (APS) at Argonne National Laboratory, using a Si (111) double crystal 

monochromator. The applied electron energy and current were 7 GeV and 100 mA respectively. 

The data obtained from XAS was processed and analyzed using the ATHENA program.[30] The 

theoretical XANES spectra for Co, Ni K-edge and W L3-edge were obtained by using the 

FDMNES code with infinite difference  approximation[31]. The structures used for FDMNES were 

previously optimized using the DFT calculation. The morphology and elemental mapping of SACs 

were characterized with the transmission electron microscopy JEM-2800. The single atom in the 

SACs was further investigated by ADF-STEM and core-loss EELS using the Nion Ultra STEM 

200 at UC, Irvine, equipped with C3/C5 corrector and high-energy resolution mono-chromated 



EELS system (HERMES). The instrument was operated at 60 kV with a convergence semi-angle 

of 30 mrad. For STEM imaging, the inner and outer collection semi-angle of ADF detector were 

50 and 210 mrad, respectively. For core-loss EELS measurement, a dispersion of 0.6 eV/channel 

was used and the dwell time was 5 s per spectrum. The background in each spectrum was removed 

by the power-law function in the commercial software package Digital Micrograph. 

Electrochemical characterizations: The hydrogen evolution reaction experiments were carried out 

in an electrolytic cell (CHI 760C workstation) with three electrode systems in 0.5 M H2SO4 and 

room temperature. Saturated Ag/AgCl (sat. KCl) and platinum wire were used as reference and 

counter electrode respectively. The working electrode was prepared by dispersing 2 mg of catalysts 

and 20 µl Nafion into 2 ml of 4:1 (v/v) water/iso-propanol for 60 min by sonication. About 39.9 

µl homogeneous solution was loaded onto the 5 mm diameter of glassy carbon (mass loading ~ 

0.200 mg cm-2) and then, linear sweep voltammetry was carried out from -0.2 V to 0.9 V with 10 

mV s-1 scan rate. Long-term stability tests were performed in 0.5 M H2SO4 at room temperature 

by potential cycling between 0.0 to -0.6 V (vs Ag/AgCl) at a potential sweep rate of 50 mV/s for 

a given number of cycles. For all experiments the catalyst mass loading was kept constant (0.200 

mg cm-2) and all polarization curves were taken after iR compensation. 
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Figure 1. Proposed model of single atom catalysts and their Gibbs free energy calculation 

towards hydrogen adsorption reaction. (a) Non-metallic sites for hydrogen adsorption in the 



metal functionalized N-doped graphene. (b) Gibbs free energies (ΔGH*) for hydrogen adsorption 

reaction for each site. (c) Metal active site coordinated with four nitrogen atoms in graphene sheet. 

(d) Gibbs free energy (ΔGH*) diagram for hydrogen adsorption reaction (Volmer reaction) towards 

a series of transition metals used as single atom catalysts.  

 

 

Figure 2. Electronic structure of single atom catalysts and their activity relation. (a) Scheme 

of orbital hybridization of catalysts active sites with hydrogen (σ= bonding and, σ*= anti-bonding 

state orbital). (b) Projected DOS of 3d hybrid orbital of Co-SAC before and after hydrogen 

interaction. (c) The PDOS for 3dz
2 active orbital (Ep, spin-up and spin down) of Co-SAC interacts 

with hydrogen and produce σ and σ* orbitals. (d) Correlation between Gibbs free energy (ΔGH*) 



and anti-bonding state, Eσ* across the fermi level originated from the interaction of active valence 

dz
2 orbital of single atom catalysts with hydrogen atom. 

 

 

Figure 3. Charge transfer and chemical composition of single atom catalysts. (a) Charge 

transfer from Ta-SAC to hydrogen during the reaction (yellow color represents electron 

availability while blue is for electron deficiency, iso-surface value = 0.022156 e/Å3). (b) 

Relationship between charge transfer and HER activity (Gibbs free energy). (c) XPS spectra of 

Co, Ni, and W single atom catalyst together with control nitrogen doped graphene (NG). The very 

weak peak of metal atoms confirmed the presence of very fraction amount of metal in the catalysts 

composition. (d) N 1s deconvoluted spectra for cobalt single atom (Co-SAC), representing all 

predicted nitrogen active sites are present in the catalysts structure.  



 

 

Figure 4. Structural and chemical states information of SACs revealed by EXAFS and 

XANES characterization. Experimental XANES spectra for (a) Co K-edge for Co-SAC, (b) Ni 

K-edge for Ni-SAC, (c) W L3-edge for W-SAC and first derivative curves (insets) with their 

reference samples (bulk metal and metal oxide). Fourier transform (FT) magnitudes of EXAFS 

spectra in R space of (d) Co-SAC, (e) Ni-SAC, and (f) W-SAC with their bulk and oxide states 

respectively. (g-i) Relative comparison between experimentally obtained XANES spectra with the 

theoretically derived one based on M-N4C4 moieties embedded in the graphene structure (insets).    

 

 



 

Figure 5. STEM and electrochemical characterization. (a) Isolated tungsten single atom (bright 

dots) uniformly distributed throughout the whole graphene surface unraveled by ADF-STEM 

image. (b), (c), and (d) Show STEM images of W-SAC, Co-SAC and Ni-SAC respectively at 

higher magnification. The single atoms marked by red and yellow circles in (b) indicating they 

were evenly dispersed in monolayer and multilayer graphene matrix respectively. (e) Linear sweep 

voltammetry curves of SACs for HER alone with control sample (NG) are obtained in 0.5 M 

H2SO4 at a scan rate of 10 mV s-1. (f) Corresponding Tafel plots for the HER polarization curves 

in (e). 


