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Graphitic carbon nitrogen (g-C3Ng) has been shown to have huge potential in
photo-/electrocatalytic hydrogen generation, owing to its unique electronic structure,
high nitrogen content, and excellent thermal and chemical stabilities. We have, for the
first time, developed a descriptor and design principle to accurately predict the HER
electrocatalytic activities of heteroatom-doped g-C3N4. The new descriptor includes the
dopant and its bonding environmental information, which provides a detailed guide to
the rational design and screening of high-performance catalysts. A “volcano” relationship
between the descriptor and the electrocatalytic activity was established, from which the
most active dopant elements and related structures were identified. It was shown that
doping near the edge of g-C3Ny4 could be a promising strategy in developing highly active
metal-free g-C3Ny-based catalysts. We also reveal the intrinsic origin of the catalytic
activity of the doped g-CgNy4 for different activity sites. Our work provides a basic design
principle of heteroatom-doped g-C3N4 as an efficient HER catalyst and a fundamental
understanding of the HER mechanism.

Keywords: carbon nitride, DFT calculation, hydrogen evolution reaction, descriptor, electrocatalysts

INTRODUCTION

Water-splitting is one of the most promising clean energy technologies to produce hydrogen fuel,
using renewable energy such as wind and solar energy. This technology decomposes water into
molecular hydrogen via electrolysis, in which a critical but sluggish chemical reaction, known as
hydrogen evolution reaction (HER), occurs (Ni et al., 2007). To promote the HER, electrocatalysts,
usually Pt and its derivatives, are used in water-splitting, owing to their superb electrocatalytic
properties for HER (Subbaraman et al., 2011). However, the limited resources and high cost of
platinum hamper the commercialization of the technology. Metal-free catalysts based on carbon
materials for HER have attracted intensive interests because of their high activities and abundant
resources (Zhang et al., 2010; Deng et al., 2014; Yeh et al., 2014; Ito et al., 2015; He et al., 2017a,b;
Zhao etal., 2018b). Among carbon-based catalysts, graphitic carbon nitrogen (g-C3Ny) is stable and
efficient for use as an electrocatalyst, due to its unique electronic structure, high nitrogen content,
and excellent thermal and chemical stabilities (Lyth et al., 2009; Wang et al., 2009, 2018; Jiao
et al,, 2017; Zheng et al., 2017; Zhao et al., 2018a). It has been demonstrated that with conductive
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carbon supports, g-C3Ny exhibited highly electrocatalytic activity
for HER (He et al., 2014; Zheng et al, 2014; Duan et al,
2015; Shinde et al., 2015; Pei et al., 2016, 2017). In particular,
doping of heteroatoms with p-block elements, such as P,
S, Se, and B, can significantly improve its catalytic activity
(Shinde et al., 2015; Pei et al., 2016, 2017).

In search for a better heteroatom doped g-C3Ny, the trial-
and-error approaches are used to date, which is costly and
time consuming. Developing design principles or descriptors
will be crucial to the rational design and rapid screening
of highly eflicient catalysts. Recently, a few descriptors were
proposed for different types of catalysts for the particular
chemical reactions For example, the d-band center theory for
transition metals during the oxygen reduction reaction (ORR)
(Hammer and Norskov, 1995) e.g., filling for transition-metal-
oxide perovskites for ORR (Suntivich et al., 2011), crystal filed
stabilization energy (CFSE) for covalent organic frameworks for
ORR and oxygen evolution reaction (OER) (Lin et al, 2017),
the highest peak position of density of state (DOS) of doped
graphene for HER (Jiao et al., 2016), and the descriptor of doped
carbon for ORR (Zhao et al, 2015). Although the doped g-
C3Ny has been demonstrated to have improved the catalytic
activity in HER experimentally, there is lack of a fundamental
understanding surrounding the catalytic origin and a descriptor
to accurately predict the catalytic activities. In this study we have,
for the first time, identified an intrinsic descriptor to accurately
predict the HER catalytic activities of heteroatom doped g-
C3Ny. A volcano relationship between the descriptor and the
electrocatalytic activity was established, from which the most
active dopant elements were found. Our results are consistent
with the experimental results (Shinde et al., 2015; Pei et al,
2016, 2017). We also revealed the intrinsic origin of the catalytic
activity of the doped g-C3Ny for different activity sites. Our
work provides a basic design principle for the heteroatom doped
g-C3Ny as an efficient HER catalyst.

METHODS

The density functional theory (DFT) method was implemented
with the Vienna ab-initio Simulation Package (VASP) to
study the HER electrocatalytic activities on doped g-C3Ny.
This method was broadly employed to simulate the catalytic
activities for different catalysts (Zheng et al, 2014; Zhao
et al., 2015; Jiao et al, 2016; Lin et al., 2017). The Perdew-
Burke-Ernzerhof (PBE) function was used as the exchange-
correlation functional for structural optimization. The valence
electron configurations were: C 2s*p?,N 2s?2p3, O 2s2p?,
F 2s%2p° Si 3s23sp?, P3s?3sp®, S 3s*3sp?, Cl 3s?3sp°, Se
4s%4p, Br 4s?4p°, 1 5s25p° (Zheng et al., 2014; Jiao et al,
2016; Lin et al, 2017; Xu et al, 2018). The pristine and
doped g-C3Ny structures were built with the periodical
boundaries in x and y directions, and a vacuum space of
16 A in thickness was set in the z- direction to avoid
interaction between slabs. For the calculation setting, the k-point
sampling of the Brillion zone was obtained using 6x6x1gride,
generating meshes with their origin centered at the gamma

C atoms in the ring
(P and B doping)

Bridging N atoms
(C self-doping)

N atoms in the ring
(O, S and | doping)

Cave doping
of P atoms

FIGURE 1 | Schematic of a piece of pristine g-C3N4 with possible doping
sites where there are three kinds of doping structures, substitution of carbon
or nitrogen by heteroatoms at site c1 (Sub-c1-D), c3 (Sub-c3-D), n1(bridge
nitrogen, Sub-n1-D), n5(edge nitrogen, Sub-n5-D), and n7(inner nitrogen,
Sub-n7-D), interstitials between n2 and n5 in the cavity (Int-n2-n5-D), and
chemisorption of heteroatoms on basal plane (Ads-c1-D and Ads-c3-D).
c(c1-c5) and n(n1-n7) refer to the positions of carbon and nitrogen in pristine
g-C3Ny, respectively. The blue and gray balls represent N and C atoms.

point. The cutoff energy for plane waves was 500eV, and
residual force and energy in each atom were converged to
1 meV and 1.0e—5eV, respectively. The density of states
were calculated by HSE06 methods, and were more accurate
than PBE (Wang et al., 2015).

Heteroatom-doped g-C3Ny (D-g-C3Ny) structures were
built with substitutional, interstitial and chemisorption
heteroatoms in pristine g-C3Ny (Figurel), in which the
heteroatoms D are the elements in p-block in the period
table (D = B, C, Si, Se, N, P, O, S, E Cl, Br, or I). These
substitutional, interstitial and absorption doping structures
are denoted with Sub-nx-D, Int-nx-ny-D, and Abs-nx-
D, respectively, where nx (x = 1-8) is at the N or C
position on pristine g-C3Ny. For example, Sub-c3-P refers
to substitutional doping on position c3 with the carbon
atom replaced by dopant P, and Int-n2-n5-S refers to the
interstitial doping with dopant S that bonds to two N atoms at
positions n2 and n5.

The HER has two reaction mechanisms, Volmer-Heyrovsky
reactions and Volmer-Tafel reactions.

2HY 4+2¢~ > H, (1)

In the Volmer-Heyrovsky reactions, the hydrogen (H;) is formed
through two elementary steps,

H +e¢ +x— H* (2)
H*+e +H" - Hy(g) 3)
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In the Volmer-Tafel reactions, the hydrogen (H;) is formed
through three elementary steps:

H " 4+e¢ 4% — H* (4)
H*+H' +e¢ — 2H* (5)
2H* — H(g) (6)

* refers to an active site on g-C3Ny, g stands for gas phases,

and H* and 2H* refer to adsorbed intermediates. Equation (2,
4, 5) are Volmer reaction (Hydrogen atom absorption) while
Equations (3, 6) are Heyrovsky and Tafel reaction (Hydrogen
atom desorption), respectively.

The density Functional theory (DFT) involving the SHE
model was employed by Nerskov and co-workers to study the
thermodynamic reaction process (Norskov et al., 2004; Norskov
et al, 2005). It was demonstrated that thermodynamically
the electron prefers to single-electron transfer at one time
instead of multiple-electron transfer. Therefore, when studying
of HER thermodynamic process, only one electron transfer was
considered in each sub-reaction, whether in the Volmer-Tafel or
Volmer-Heyrovsky reaction.

The adsorption energy of ny, hydrogen atom is calculated
determined with following Equations:

AEge = B(nH') ~E[(n— DH'] ~ LsEH) @)

AEp = (E (nH*) — E (¥) — g*E(Hz))/ " ®)

E(nH*) and E[(n - 1)H*] are the ground state energies of
surface absorbed with nH* and (n — 1)H*, respectively. E(H,)
is the energy of H, molecules in the gas phase (—6.764¢€V).
Equation (8) is computed for per hydrogen atom, an average
value. Reaction free energy of the adsorption reaction step is
determined with the following Equation:

AGygs = AEPYT + AZPE — TAS 9)

G s 1s the free energy of adsorption, T is the temperature, S is the
entropy capacity, ZPE is the zero-point energy (ZPE), and EPFT
is the binding energy calculated by Equation (7).

For the zero-point energy (ZPE), the vibrational frequency
of adsorbed species (H, 2H, 3H) were calculated on g-C3Ny,
that remains fixed to obtain ZPE contribution in the free energy
expression. The ZPE is determined with the following Equation:

H _po-bH _ 1 ¢
AZPE = Ejjl, — Ep V™ — 4Bl (10)
B E(ZVEEI)H, and EY2. are the ZPE of n-adsorbed hydrogen,

(n—1) adsorbed hydrogen on the catalyst, and hydrogen in the
gas phase (H,), respectively, and ZPE,—; = 0.15¢€V.

The entropy of adsorption hydrogen atom is much less than
the entropy in the gas phase (H,). Therefore, the entropy capacity
is determined with the following Equation:

1
ASy = " — s DH 5*502 =1/28Y, (11)

S?{z is the entropy of H; gas at the standard condition and Sy =
—0.2 eV (Norskov et al., 2004). In addition, the ZPE and entropy
are not sensitive to the coverages (Gao et al., 2015). The overall
corrections are:

AGy« = AEPIT 1035
0" = |AGH:|/e

(12)

(13)
nfER is overpotential, and 0.35 is larger than 0.24 obtained from
metal surface (Norskov et al., 2005) because of larger ZPE.

The d band center was used to characterize the catalytic
properties of metal or metal oxide for ORR (Hammer, 2000;
Norskov et al., 2004). Similarly, the p band center was used as the
descriptor of the catalytic activities of transition metal oxides for
OER (Grimaud et al., 2013). In this work, the p band center for D-
g-C3Ny was calculated with the following expression (Hammer,
2000; Jiao et al., 2016; Xu et al., 2018):

0 0
Np =/ Spforbitul(E)*EdE/v/ SpforhimldE (14)
00 —00

€p—orbital and E are the density of states projected onto
heteroatoms p-orbital and the energy, respectively. Fermi level
was set as zero. Jiao et al. employed the weighted density of states
(DOS) center of graphene up to Fermi level (Jiao et al., 2016), as
the descriptor of the catalytic activity of doped graphene for HER,
which is analogous with the p band center in this work.

RESULTS

Doping Structures and Reaction Pathways
Most of the doped g-C3Ny structures have been successfully
synthesized experimentally, (Wang et al, 2010; Zhang and
Antonietti, 2010; Dong et al., 2012; Hong et al., 2012; Li et al,,
2012; Ma et al,, 2012; Ge et al., 2013; Lin and Wang, 2013; Zhang
etal., 2014; Cao etal., 2015; Fang et al., 2015; Martin-Ramos et al.,
2015; Zhou et al., 2015; Guo et al., 2016; Lan et al., 2016; Pei et al.,
2016, 2017; Su et al,, 2016), but the detailed doping positions
are still unclear. We have calculated the formation energy of
all the possible doping structures using the DFT methods and
determined the most likely structures according to the formation
energy and experimental characterization. Figure 2 shows the
most stable doping structures of D-g-C3Ny4 and Table 1 shows
the lattice constant of these structures. The doping structures
strongly depends on the number of valence electrons of dopants,
ng. For ng < 4 (B, C, N, Si, P), the doping are usually
substitutional on positions c1,c3, and n1, (Li et al., 2012; Lin and
Wang, 2013; Fang et al., 2015; Su et al., 2016), but there is also
the interstitial doping for P (Ma et al., 2012). For the chalcogens
( ng = 4), the doping atoms (S, Se, and O) usually substitute the
nitrogen at the edge positions (n5 and n8) (Ge et al., 2013; Cao
et al,, 2015). While Br and I also take the same edge positions as
the chalcogens do (Zhang et al., 2014), other halogens (F and CI)
adsorb on carbon atoms in position ¢3 or ¢6 (Wang et al., 2010).
HER on pristine and doped g-C3Ny structures were analyzed
using the DFT methods following all the possible reaction
pathways, as described in the Method section. HER can proceed
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(L) Sub-n8-S models. The red circles indicate doping atoms.

FIGURE 2 | The most stable doping structures used in the calculations, gray, blue and other colors represent carbon, nitrogen and impurity atoms, respectively.
(A) Sub-c3-N, (B) Sub-n1-Si, (C) Sub-n8-Se, (D) Sub-n5-Br, (E) Ads-c3-F, (F) Ads-c6-Cl, (G) Sub-n8-O, (H) Sub-n5-I, (I) Sub-n1-C, (J) Sub-c6-B, (K) Int-n2-n5-P,

TABLE 1 | The doping elements, stable doping structures and lattice constant.

Doping elements Stable doping Structures Lattice constant (A)

N Sub-c3-N 7.1
Si Sub-n1-Si 7.82
Se Sub-n8-Se 7.28
Br Sub-n5-Br 7.32
F Ads-c3-F 6.93
Cl Ads-c6-Cl 7.21
0] Sub-n8-O 7.10
| Sub-n5-I 7.36
C Sub-n1-C 7.18
B Sub-c6-B 7.18
P Int-n2-n5-P 7.18
S Sub-n8-S 7.02

in two different mechanisms, Volmer-Heyrovsky and Volmer-
Tafel reactions (Zheng et al,, 2014). In the first step of HER
(Volmer reaction), protons adsorb on the active sites of the
catalysts (HT + e~ — H*), where * stands for an adsorbed
site. In the second step, the reaction either takes the Heyrovsky
pathway (H* + e~ + HY — H, (g)) or Tafel pathway 2H* —
H>(g)). Figures 3A,B show the Gibbs free-energy diagrams of
Volmer-Heyrovsky and Volmer-Tafel reactions on pristine g-
C3Ny, respectively. For the Volmer-Heyrovsky reaction (shown
in Figure 3A), the smallest average adsorption free energy of H
is 0.2 eV, with 0.67 coverage rate due to the weaker adsorption
of the second hydrogen atom (shown as Figure 3B), which is
in line with pervious work (Gao et al,, 2015). Figures 3C,D

show the Gibbs free-energy diagrams of Volmer-Heyrovsky and
Volmer-Tafel reactions on D-g-C3Ny, respectively. As shown in
Figure 3C, the Volmer step is a spontaneous reaction with large
and negative Gibbs free energy because the edge nitrogen has lone
pair electrons and large electronegativity. In Volmer-Heyrovsky
mechanisms, the Heyrovsky reaction is the rate determining
step because of strong adsorption for hydrogen atoms. In Tafel
reactions (shown as Figure 3D), generally, the rate-limiting step
is the Tafel step with the largest energy barriers. The Gibbs
free-energy of the Volmer-Heyrovsky reaction (Figure 3C) was
significantly lower compared with the Volmer-Tafel reaction
(Figure 3D). Therefore, the HER on doped g-C3;Ny4 favorably
follows the Volmer-Heyrovsky reaction pathway. The average of
relative Gibbs free-energy of two Volmer steps can be used to
determine the catalytic activity, and the value equals the average
of relative Gibbs free-energy of the Volmer-Tafel mechanism
(Norskov et al., 2005; Zheng et al., 2014; Gao et al., 2015).

Catalytic Activity of the D-g-C3N,4

To evaluate the catalytic activity of the D-g-C3N4 for HER, Pt
was set as the benchmark. For Pt with a H coverage of 1.0 ML, the
AG(H*) is —0.03 eV (Norskov et al., 2005). Thermodynamically,
those catalysts with AG(H*) smaller than that of Pt would
be more active than Pt for HER. Our results show that the
electrocatalytic activities of D-g-C3Ny strongly depend on the
types and doping positions of the heteroatoms in g-C3Ny. The
g-C3Ny doped with a chalcogen atom, by replacing the edged
N, shows better activity compared with other doping types
(Figure 4). Among the heteroatom-doped g-C3Ny considered in
this study, the absolute value of AG(H*) for S-, Se-, and O-
doped configurations are comparable to Pt, which is expected to
have higher activity for HER. This result is consistent with the
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FIGURE 3 | Free energy diagrams of the HER with (A) Volmer-Heyrovsky reactions on pristine g-C3N4 and Pt with different coverages, and (B) Volmer-Tafel reactions
on pristine g-CgN4 with a coverage of 0.67 for two hydrogen atoms absorbing on n8 and n4 sites (edge nitrogen). Free energy diagrams of the HER with
(C) Volmer-Heyrovsky mechanism with an intermediate (H*) on D-g-C3N4 under 0.67 coverage, and (D) Volmer-Tafel mechanism with two intermediates, H* and 2H*
on D-g-C3Ny4 under 0.67 coverage.
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FIGURE 4 | The adsorption energy of hydrogen on the doped g-C3Ny,
AG(H’) for different doping sites. Green and red lines represent the adsorption
energy of pristine g-C3N,4 and Pt (111), respectively.

previous work on the same doped structures (Shinde et al., 2015;
Pei et al,, 2016, 2017). Thus, doping near the edge of g-C3Ny
is a promising strategy in developing highly active metal-free
g-C3Ny-based catalysts.

The coverage of adsorbed H on the surface of the catalysts
also affects the catalytic activity. For example, when hydrogen

atoms are adsorbed on Pt (111), the AGy+ is —0.09¢€V is at a
lower coverage of 0.25 ML, but it changes to —0.03 eV at a higher
coverage of 1.0 ML (Norskov et al., 2005). We have calculated
the AGp+of H on pristine g-C3Ny4 and D-g-C3Ny at different H
coverage ratios, and found that the coverage ratios also have a
significant effect on the catalytic activity (Figure 3). For pristine
g-C3Ny, the AGy+ is —0.45¢V, indicating a strong adsorption
on the edge nitrogen at a coverage of 0.33, and it changes to
0.20 eV (n8-n4) due to the existence of the first adsorbed H on
site n8 (Figure 3A). As the coverage ratio further increases to 1,
AGpg+ becomes 0.57 eV (Figure 3A). The adsorption strength of
H gradually decreases with an increase in the coverage ratios. The
relatively high coverage rate of H could be in favor of the HER.
The catalytic activity of the adsorption sites relates to the bond
strength between the H and the adsorption site. It is well-known
that the bond strength depends on the energy level position of
bonding orbital and anti-bonding orbital. A low bonding orbital
energy level or high anti-bonding orbital energy level results
in a strong bond. The bonding orbital energy level could be
represented by the energy range of the overlap between the partial
density of states (PDOS), of adsorbed H and the adsorption
site. To reveal the origin of the catalytic activity of the doped
g-C3Ny, the bonding orbital and anti-bonding orbital energy
positions were studied by the PDOS of the adsorbed H and
the adsorption site (Figures 5, 6). For g-C3Ny, as a hydrogen
atom adsorbed on an active site, the PDOS of the hydrogen and
the adsorption site (Figure 5) has overlap in a specific range of
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energy, relating to the states of electron pairs formed between
the hydrogen and the adsorption site. The overlap energy
range of the hydrogen adsorbed on edge nitrogen (—7, —5eV)
(Figure 5A) is lower than that on carbon atom (-5, —2eV)
(Figure 5B), indicating that the edge nitrogen atom strongly
absorbs hydrogen. These results show that these edge nitrogen
atoms preferentially adsorb hydrogen, which is consistent with
pervious work (Zheng et al., 2014).

The highest peak position of PDOS corresponding to the
anti-bonding energy level of the adsorbed H 1s-p is associated
with the bond strength between the adsorbed H and the
active site (Kitchin et al., 2004; Jiao et al., 2016), and thus,

can represent the catalytic activity of the active center. We
found that there was a linear relationship between the Peak
Position (Figures 6A-C) and AGp+ for different D-g-C3Ny
configurations (Figure 6D). The definition of Peak Position
(PP) is the highest peak position of adsorbate, hydrogen
atoms, at the bottom of conduction band. For example, as
shown in Figures 6A-C, the PPs of three models, pristine,
B- and P-g-C3Ny, are —0.15, 3.00, and —0.28 eV, respectively.
Obviously, B-g-C3Ny will strongly adsorb hydrogen atoms,
because the high PP with weaker antibonding orbital will
generate the strong bonding between the hydrogen and the
adsorption site.
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Since the PP is important in determining the bonding
strength, we plotted the adsorption free energy, AGpx, as a
function of the PP (Figure 6D). The AGp-PP relationship curve
can be separated into two parts. One part shows negative AGg,
the active center strongly absorbs the hydrogen atoms on the
doped g-C3Ny4 with a coverage ratio of 0.33. For the other part,
AGy+ is positive, suggesting that the strength of absorption is
weak, with the coverage value of 0.67. Therefore, the Heyrovsky
reaction would process more easily after H adsorbed on D-g-
C3Ny structures. The Peak Position is —0.5eV, corresponding to
AGp+ = 0. Thus, the active site with PP at —0.5¢eV is favorable
to HER.

Intrinsic Descriptor for Doped g-C3Ng4

The Gibbs free-energy of HER varies significantly after the g-
C3Ny is doped. Usually, as the Gibbs free-energy changes for
intermediate H* chemisorption (Volmer reaction), AGgs, is
used as a rational descriptor for characterizing the catalytic
activity of the catalyst for HER (Norskov et al., 2005). The
overpotential of the HER is defined by n = —|AGp+|/e, because
the standard reaction free energy of HT + 2e~ — H, is 0.
The volcano relationships between the overpotential and the free
energy of H adsorption can then be established (Figures 7A,B),

from which the best doping structure can be identified near the
volcano top.

Although the AGp+ can be used as a descriptor to characterize
the catalytic activity of D-g-C3Ny, it is desirable to find
an intrinsic descriptor that is directly related to the doping
structures and intrinsic material properties so that it can guide
the rational design and screening of high-performance catalysts.
To identify a new descriptor for D-g-C3Ny structures, we
explored the relationship between the catalytic activity of D-
g-C3Ny and the intrinsic properties of the dopants and their
bonding environments. We expect that the bond structure-
related properties, such as the number of p-electrons and
electronegativity of dopant, would have a strong effect on
hydrogen adsorption and consequently determine the catalytic
activity. It was found that the catalytic activity of D-g-C3Ny for
HER could be well-described by a descriptor:

¢ = (%)*(Ed/EN)*(Eb/EN)*(Id/IN) (15)

n, E, and I are the number of electrons occupying the outermost
p orbital (valence electrons of p-orbital), the electronegativity
and the electronic affinity, respectively, and subscripts d, N, and
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b represent the dopant, nitrogen and replaced/adsorption-site
atom, respectively.

The AGp+ for all the D-g-C3Ny vs. the descriptor ¢ was
plotted in Figure 8, where a volcano relationship is established,
which distinguishes the doping structures and the catalytic
activity of D-g-C3Ny. On the left side of the “volcano” is the
doping with ng < 4 (B, C, N, Si, and P), in which P is identified
to be the best dopant (AGy+ = —0.37 eV) with the activity in
the order of P>Si>N>B>C. On the right side is the halogen
doping, in which I stands out (AGy+ = 0.64eV), with the
catalytic activity in the order of I>Br>F>Cl. The chalcogens-
doping sits on the top of the volcano, which has the highest
catalytic activities of HER.

Our new descriptor well-describes the catalytic activities of
different doping structures of D-g-C3Ny. It is well-known that
the onset potential measured in the experiments is an indicator
of the catalytic activity of the catalysts. The smaller the onset
potential, the more active the catalysts. We have compared our
predictions (the overpotential) with the onset potential measured
in the experiments (Duan et al., 2015; Shinde et al., 2015; Pei et al.,
2016, 2017). The predictions are consistent with the experimental
data (Figure 8).

DISCUSSION

The descriptor proposed above captures the major factors that
influence the catalytic activity of D-g-C3Ny. Generally, the

electronegativity describes the tendency of an atom to attract a
shared pair of electrons (or electron density) toward itself, while
the electronic affinity is the amount of energy released or spent
when an electron is added to a neutral atom or molecule in
the gaseous state to form a negative ion. Unlike most intrinsic
descriptors that only consider dopant properties (Hammer and
Norskov, 1995; Suntivich et al.,, 2011; Zhao et al., 2015; Jiao
et al, 2016; Lin et al, 2017), here the bonding environment
(e.g. the substituted/adsorption-site atoms) are also included in
the new descriptor. The descriptor also includes the number of
outermost p electrons that greatly affects the chemical properties
of the elements, such as the number of bonds with other
elements and the ability to bind to the outermost electrons. These
basic material parameters provide the direct information on the
doping structures and active centers for rational design of D-g-
C3Ny catalysts.

From the viewpoint of electronic structures, the new
descriptor is closely related to the orbital electrons, especially
p-orbital electrons shared with carbon or nitrogen atoms of g-
C3Ny. As can be seen in Figures 9C-E, doping leads to electric
charges redistributing around the doping site in g-C3Ny, which
can alter the adsorption mode and binding energy of H. For
example, the Bader charge of edge nitrogen atoms is —1.15e7,
indicating that additional 1.15 electrons locate on the atoms.
Since the whole p orbital electron integral is associated with the
ability to accept excess electrons during the process of HER, we
have calculated the whole orbital integral and p orbital integral of
dopant under the Fermi level in the DOS. There is almost a linear
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relationship between the orbital integral and ¢ (Figure 9A). With
increasing magnitude of the descriptor, the orbital electrons
increase, consequently enhancing the interactions or adsorption
energy of H. Since the electronegativity, electronic affinity and
the number of outermost p electrons are all associated with the
p orbital electrons in some way, the new descriptor describes the
catalytic activity of doped g-C3Ny4 well.

The catalytic activities of the doped g-C3N4 can also be
understood via the p-band center, defined analogous to the well-
known d-band center theory for metals (Hammer and Norskov,
1995). Similarly to metals, on the surface of the doped g-C3Ny,
the hybridized energy levels of the two atoms split into two
groups: the bonding orbital and anti-bonding states. The anti-
bonding states are essential for the strength of absorption with
occupation of electrons and the peak position of anti-bonding
H 1s-p. Like the d-band center, the p-band center determines
the adsorption strength of the hydrogen atoms. As shown in
Figure 9B, the overpotential almost linearly increases with an
increase in the p-band center. Therefore, the p-band center
represents the origin of the catalytic activity of the doped g-C3Ny.

CONCLUSION

An intrinsic descriptor has been discovered to accurately
predict the electrocatalytic activities of heteroatom doped
g-C3Ny catalysts for HER. This descriptor combines the
information on doping structures, the number of p electrons,
electronegativity and the electronic affinity energy of the dopants
and substituted/adsorption-site atom, which can provide a
detailed guide for the screening of high performance C3Ny
catalysts. A volcano relationship between the overpotential and
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