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ABSTRACT: Recent experiments have highlighted the efficiency of nonprecious
metal-based hybrid structures, such as g-C3N4/MoS2 and g-C3N4/graphene for
hydrogen evolution reaction (HER). This work focuses on the interface effects of
such hybrid heterostructures that could lead to the enhanced catalytic activity of g-
C3N4. We have concentrated on the hybrid electrocatalysts with the architecture g-
C3N4/X (X = WTe2, MoS2, and graphene), where the interface plays an important
role in the overall HER. These promising candidates have been assessed using three
main factors extracted from density functional theory calculations, namely: (i) the free
energy of hydrogen adsorption on the catalytic site ΔGH, (ii) Schottky barrier
potentials, and (iii) induced charge polarization across the interface. We have found
that particularly g-C3N4/WTe2 displays a suitable combination of the investigated
properties standing out as a potential electrocatalyst for efficient hydrogen evolution
reaction. Furthermore, the electronic structure fingerprints controlling the HER
thermodynamics have been investigated. In particular, the N−H bonds have been found to display strong s−p hybridization and,
additionally, ΔGH decreases as the center of N p-band approaches the Fermi energy. This is also a relevant result in understanding
HER mechanisms of organic compounds.

■ INTRODUCTION
Hydrogen is one of the most promising energy carriers, and it
has been highlighted as a strong candidate to address the world
demand for renewable energy resources.1 Unlike fossil fuels,
hydrogen has a cleaner combustion process and water as the
only residual byproduct. Hydrogen can be produced from
electrochemical water splitting reactions,2−5 stored physically in
either liquid or gas-phase and distributed for on-demand
consumption.6 Sustainable production of hydrogen fuels can
be achieved with electrocatalysts for hydrogen evolution
reaction (HER), which is considered a possible pathway to
optimize the efficiency of reaction rates.7 In the past decade,
significant progress has been made toward the use of platinum
(Pt) and noble-metal based electrocatalysts for HER.8−10

However, several drawbacks such as high cost, scarcity, low
selectivity, poor durability, toxicity, and adverse environmental
related issues have limited its widespread technological
deployment.11 Therefore, the search for earth-abundant and
cost-effective alternatives such as 2D layered transition-metal
dichalcogenides and nonprecious metal-based catalysts have
received great attention from the scientific community and
diverse industrial sectors.12−16 Despite tremendous efforts
toward carbon-based catalysts such as graphitic carbon nitride
g-C3N4, abundant and stable structures beyondmetals remains a
scientific challenge.17,18

New insights in the development of catalysts and stacked
hybrid van der Waals (vdW) heterostructures are continuously
supported by experimental and theoretical approaches toward a

more rational design.19−22 Recent reports of stable hybrid vdW
heterostructures g-C3N4/WS2 and g-C3N4/BiPO4 have shown
an extremely high photocatalytic performance for redox
reactions.23,24 In both hybrid systems, the charge density
differences validate the formation of a built-in electric field
across the interface directed from the g-C3N4 layer (charge
accumulation zone) to WS2 and BiPO4 (charge depletion zone)
surfaces, respectively. The introduction of g-C3N4 layer
generates a strong hybridization in the interface that increases
the optical absorption in the visible-light region of the spectra. In
the heterojunction (after contact) g-C3N4/WS2, the VB
(valence band) and CB (conduction band) of the g-C3N4
layer are higher than those of the WS2 surface. This indicates
an accumulation of photogenerated holes in the VB of WS2
surface (high oxidation potential) and photogenerated electrons
in the CB of g-C3N4 layer (high reduction potential) that induce
the separation of carriers in different zones. For the
heterojunction (after contact) g-C3N4/BiPO4, it was proposed
that the VB and CB of BiPO4 surface are higher than those of the
g-C3N4 layer. Therefore, it is possible to observe an
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accumulation of photogenerated holes at the VB of BiPO4
surface and photogenerated electrons at the CB of g-C3N4 layer
which is characteristic of a type-II band-alignment hetero-
junction. In both cases, the formation of a built-in electric field in
the interface improves the separation of carriers, therefore
prolonging their lifetime, as well as the transfer of photo-
generated electron−hole pairs between the layers. However, we
are interested in optimal electrocatalytic processes where an
overpotential drives the hydrogen evolution reaction in the
electrode. The free energy of hydrogen adsorption reactionΔGH
has long been used as a possible descriptor to track notable
catalysts for HER.25−27 According to the Sabatier principle, the
bond strength is more favorable for HER when ΔGH = 0 eV.28

However, other factors such as interface resistance to intralayer
charge transport and interlayer charge injection have also shown
to affect the overall efficiency for HER.29

This work presents an investigation of numerous factors
extracted from density functional theory (DFT) calculations
that might interfere with the design of electrocatalysts made of
2D hybrid structures. Our hybrid catalyst is composed of two
distinct stacked functional 2D materials. The slab at the top
represents the main catalyst for hydrogen production while the
bottom slab attends attributes of semimetallic supports that
could facilitate the charge injection across the interface.30 We
have selected functional bilayer of graphitic carbon nitride (g-
C3N4) as a potential catalyst for HER, since the N-coordinated
6-fold cavities from heptazine networks, along with C3N4 rings,
form selective sites that can anchor H atoms and possibly boost
hydrogenation reactions.31 There have been multiple exper-
imental efforts to promote efficient photocatalytic hydrogen
evolution by reducing the thickness of g-C3N4.

32,33 Xu et al.
obtained the single atomic layer g-C3N4 nanosheets for the first
time by chemical exfoliation of the bulk g-C3N4.

34 As compared
to the bulk g-C3N4, the single-layer g-C3N4 nanosheets showed
larger surface area, 3-fold improvement of photocatalytic H2
production and superior photogenerated charge carrier trans-
port. The synthesis of this material usually occurs at a
nanometric-scale with a few layers. The bilayer g-C3N4 has
also been the subject of recent studies and progress in catalysis
for hydrogen production.35−38 Further, carbon nitride has
several allotropes, however, the graphitic phase (g-C3N4) is
considered to be the most stable structure under ambient
conditions.39 The conjugated mesoporous polymeric g-C3N4
can be constructed from s-triazine or tri-s-triazine as
interconnected building block units through tertiary amines
and pyridinic nitrogen atoms forming 6-fold cavities.40 These
networks of intralayer atoms have a honeycomb-type
architecture and form layered structures stabilized by weak
van der Waals interaction. Furthermore, g-C3N4 can stabilize
with strong corrugation due to a partial weakening of π
conjugations over triazine networks.41

We are foremost interested in optimal supports that exhibit
high carrier mobility and facilitate the charge transfer across the
interface. We have chosen graphene, the Td phase of WTe2,

42,43

the most favorable structure in terms of energy, and the 2H
(trigonal prismatic) phase of monolayer MoS2.

44 Hence, our
target systems are the bilayer g-C3N4 catalyst coupled with
stripes of Td-WTe2, 2H-MoS2, and Graphene. We show that the
metallic character of g-C3N4/Td-WTe2, its reasonable hydrogen
binding strengths in the porous region and the lower resistance
for charge injection across the interface, as compared to g-C3N4/
2H-MoS2, indicates that g-C3N4/Td-WTe2 can be an efficient
electrocatalyst for hydrogen production.

■ METHODOLOGY AND THEORY
It has been previously shown that electrochemical HER activity
of hybrid structures (catalyst/current collector systems) can be
tuned bymultiple factors such as intralayer electronmobility and
interlayer charge injection resistance estimated from the
Schottky barrier heights (SBHs).29 Besides this, the induced
interface dipoles could also shed light on the capabilities of the
hybrid structures g-C3N4/X (X = graphene, 2H-MoS2, and Td-
WTe2) for efficient hydrogen evolution. Figure 1a shows a

schematic diagram for the HER mechanism on the surface of a
hybrid catalyst in contact with water, where the Volmer
mechanism can occur as a first step reaction.45 During this
process, protons are adsorbed on the active sites of the catalyst
and reduced through a fast half-step reaction H+ + e− → H*,
where H* represents chemically adsorbed H atoms. As a second
step, H2 can be released via two possible reactions, namely
Heyrovsky or Tafel reaction mechanism. The Heyrovsky
mechanism (H+ + H* + e− → H2) involves a combination of
a solvated proton with one adsorbed hydride H− from the
catalyst surface to formH2. Another possible scheme is the Tafel
reaction (H* + H* → H2), where H atoms adsorbed on the
catalyst can combine to form H2 molecules. In Figure 1b, the
structure 2H-MoS2 is displayed at the bottom of the bilayer g-
C3N4 to form the hybrid structure g-C3N4/2H-MoS2. We have
built these systems independently, and we have optimized and

Figure 1. (a) Schematic diagram showing the Tafel and Heyrovsky
mechanisms over the hybrid structure (catalyst/current collector),
whereΔϕSC represents the SBH. (b) Schematic structure with reaction
schemes on g-C3N4/2H-MoS2. Cyan arrows indicate the direction of
charge injection across the interface.
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coupled the components as hybrid structures made of bilayer of
g-C3N4 with graphene, 2H-MoS2, and Td-WTe2 under
mismatches of approximately 0.18%, 1.59% and 1.22%,
respectively. It is common practice to use mismatches with
less than 5% of strain on the bottom surface to avoid affecting
properties of the catalyst. The SBHs are highlighted in both
schemes to represent the resistance for charge injection across
the interface. This model assumes that reliable and fast charge
injection is extremely important for efficient reactions in the
catalyst.
We have employed density functional theory (DFT)46

calculations using the projected augmented wave method
(PAW)47,48 implemented in the Vienna ab initio simulation
package (VASP).49−51 The exchange-correlation interactions
were described with both the generalized gradient approx-
imation (GGA) functional due to Perdew, Burke, and Enzerhof
(PBE)52 and the hybrid functional HSE06 from Heyd, Scuresia,
and Ernzerhof.53 The latter includes the exact exchange term
obtained from Hartree−Fock formalism for short-range
interactions with mixed approximations for the long-range
interactions, which improves the description of semiconductor
band gaps.54 We have included the damped vdW dispersive
correction scheme DFT-D3 developed by Grimme55 to better
describe nonbonding interactions along the interfaces. Addi-
tionally, a vacuum region greater than 10 Å was enough to avoid
interactions between the periodic images. The optimization of

the bilayer g-C3N4 and hybrid heterostructures were performed
for different hydrogen coverages by setting the convergence
threshold of energies and forces to 10−5 eV and 10−2 eV Å−1,
respectively. The cutoff energies for the plane waves were set to
680 eV and the irreducible Brillouin zone was sampled with 2 ×
2 × 1 and 6 × 6 × 1 Monkhorst−Pack grid56 for optimization
and electronic structure calculations, respectively.
The formation and control of potential barriers at metal−

semiconductor (MS) interfaces are extremely important features
for the engineering of quantum-scale devices and diverse
applications in nanotechnology and catalysis.57−60 The electrical
current flowing across the MS interface depends on the
discontinuity of electronic states from each 2D material of the
hybrid structure. The electrical conduction of metals is driven by
delocalized states around the Fermi level (FL), while for n-type
semiconductors, it is mainly yielded by electrons that are close to
the conduction band minimum (CBM). Therefore, the
interlayer electronic transport depends on the energy offset
(SBH) between these two levels. This potential barrier indicates
the resistance for electron flow across the MS interface. Herein,
we defined the SBH as the difference between the CBM from the
projected DOS of the catalyst (g-C3N4) and the FL. We also
used the hybrid functional HSE06 to estimate the SBHs, where
the Brillouin zone was sampled with a 4 × 4 × 1 Monkhorst−
Pack grid.

Figure 2. (a) Schematic illustration of possible sites over g-C3N4, where black dots represent hydrogen’s adsorbed on the catalyst. For each coverage,
red dots illustrate the hydrogen for whichΔGH*was calculated. (b)ΔGH* considering α, β, γ, σ1, σ2, and σ3 configurations including the implicit solvation
effect.
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The overall HER process at solid−liquid interface involves
driving the following reaction:

+ →+ −2H (aqueous) 2e H (gas)2 (1)

Therefore, the adsorption free energy of an intermediate
hydrogen on the catalyst with a specific surface coverage was
evaluated through the following approximation:

Δ = Δ + Δ + Δ − Δ* *G E E E T SH H ZPE Solv (2)

where ΔESolv represents the solvation energy estimated from an
implicit solvationmodel implemented in VASPsol61 andΔEH* is
the differential adsorption energy of intermediate hydrogen,
defined as

Δ = − −* * − *
i
k
jjj

y
{
zzzE E E E

1
2n nH H ( 1)H H2 (3)

For n ≥ 1, EnH* is the total energy of a system with n hydrogens
adsorbed on the catalyst, E(n−1)H* is the total energy of (n − 1)
hydrogen coverage system, and EH2

represents the gas phase
energy of H2. In eq 2,ΔEZPE corresponds to the differential zero-
point energy (ZPE) correction which can be estimated with the
following expression:

Δ = − −* − *E E E E
1
2

n n
ZPE ZPE

H
ZPE
( 1)H

ZPE
H2

(4)

where EZPE
nH* and EZPE

(n−1)H* are the ZPE corrections for n and (n−
1) hydrogen coverage, respectively. EZPE

H2 represents the ZPE of
H2 in gas phase and ΔSH* is the entropy difference between the
adsorbed hydrogen and the gas phase which can be
approximated from the entropy of H2 gas at standard
conditions,62 as follows:

Δ = − − ≈ −* − *
i
k
jjj

y
{
zzzS S S S S

1
2

1
2n nH ( 1)H H H

0
2 2 (5)

We have estimated ZPE in the harmonic limit through the
method of finite differences by considering displacements of
0.001 Å for ions and threshold of 10−8 eV to break the self-
consistent loops. The average adsorption free energy was
estimated inside g-C3N4 porous region from γ and β hydrogen
coverage. To address possible effects over the interface, we
estimated the induced dipole across the interfaces, such as:

ρ ρ ρ ρ= − ++ ( )ind s s s s1 2 1 2 (6)

∫μ ρ= −z z dz( )ind
int

z

z

ind 0
0 (7)

where ρs1 and ρs2 are the average charge densities of isolated Td-
WTe2 and g-C3N4 along the Z-axis, respectively. We have
estimated the total induced dipole μind

int and interface
contributions where the limits of integration are based on the
maximum planar average potential (see Figure S2).

■ RESULTS AND DISCUSSION
HER of Corrugated g-C3N4. In Figure 2a, we show the top

view of bilayer g-C3N4 under different hydrogen coverages. In
this schematic diagram, black, blue, and orange spots represent
H, N, and C atoms on the top layer, respectively, while the
bottom layer is illustrated with a transparent balls-and-sticks
model. Also, ΔGH was estimated using implicit solvation effects
for each H atom highlighted in red color, as shown in Figure 2b.
We have considered different hydrogen coverages θ (θ =

number of H atoms adsorbed on stable sites inside the porous
region divided by the total number of possible stable sites in the
same region) inside the porous region. This means that θ = 1/3,
2/3, and 3/3 corresponds to α, β, and γ configurations,
respectively. Additionally, we show the configurations σ1, σ2, and
σ3 which represents the corrugated bilayer g-C3N4 with 3N−H
bonds plus the formation of nH-C (n = 1,2 and 3) bonds on the
surface. The latter configurations show lower energies as
compared to the formation of 6N−H bonds inside the porous
region (see Figure S1).
One can see that ΔGH varies significantly according to the

probing site (C or N atoms), and hydrogen coverage over the
catalyst, as shown in Figure 2b and Table 1. The descriptors

ΔGH
σ1,ΔGH

σ2, and ΔGH
σ3 indicate that adsorption of hydrogen on

C sites holds strong bond strengths. The C−H bonds exhibit
sp3-orbital hybridization with relative distances of approximately
1.1 Å between the adsorbate and the adsorption sites. It is well-
known that adsorbates would preferentially adsorb at C sites
with higher binding free energies (σ1 and σ2). However, the
negative values of ΔGH naturally affect releasing hydrogen gas
from g-C3N4 surface and consequently contribute to unfavorable
HER activity. Several other factors such as strong corrugation,
charge transfer induced strains and doping could also impact
HER efficiency.63 The g-C3N4 could also be classified as an ideal
catalyst when ΔGH* is very close to an optimal value (0 eV)
under very low coverage. Additionally, higher ΔGH* could lead
to higher over potentials. Although the strain of g-C3N4 has
shown to significantly affect the HER performance, our trends
without considering the implicit solvation model are in line with
previous reports, where ΔGH* = −0.117 and +0.300 eV for θ =
1/3 and 2/3,63 respectively.
In conclusion, we have shown that free energy of hydrogen

adsorption of g-C3N4 strongly depends on the adsorption site
and hydrogen coverage. We proceed to the next section under
the assumption that two neighbor hydrogens could combine
inside the porous region to form H2. Hence, we used β and γ to
estimate an average of ΔGH. We also focus on hybrid structures
that have previously shown substantial improvement in HER
activity to explore possible interface effects that could help to
enhance the catalytic activity of g-C3N4.

Interface Effects of Hybrid Heterostructures. Recently,
an outstanding HER performance was reported for the hybrid
electrocatalyst g-C3N4/MoS2.

64 The DFT-based results indicate
that there is a strong interfacial coupling of vdW layers through
Mo−N bondings that possibly enhances the overall HER
activity. Furthermore, the charge density differences provide
clear evidence of charge redistribution and electron transfer
from the MoS2 layer to the g-C3N4 surface. The latter can result
in an electron-rich region at the g-C3N4 surface and a hole-rich
region on the MoS2 layer. These electrons can be consumed
through two possible mechanisms at the g-C3N4 catalyst surface,

Table 1. Free Energy of Hydrogen Adsorption ΔGH for g-
C3N4

hydrogen coverage ΔGH (eV) ΔGH+Solv (eV)

α −0.17 −0.06
β 0.39 0.44
γ 0.53 0.49
σ1 −0.38 −0.38
σ2 −0.35 −0.40
σ3 −0.14 −0.10
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namely Volmer−Tafel or Volmer−Heyrosvky reactions. Ac-
cording to our results, a better charge injection across this
interface could be responsible for higher performance. The latter
can also facilitate hopping responses on the catalyst that could
contribute to this considerable improvement. Figure 3a shows
our hybrid systems built from the bilayer of g-C3N4 with a
monolayer of graphene, 2H-MoS2, and Td-WTe2 (distorted
phase from 1H).36,65,66

These hybrid electrocatalysts are embedded in the water,
where protons dynamically react with the surface sites. We have
estimated an average of the ΔGH from two of the most stable
hydrogen coverages inside the porous regions (β and γ). In
Figure 3b, our hybrid structures presented lower ΔGH as
compared to the reference system bilayer of g-C3N4. Besides the

improvement of ΔGH, the hybrid systems show very similar
averaged hydrogen bond strengths as compared to each other.
As one can see, from the thermodynamic viewpoint, all
substrates may affect equally the catalytic performance of
C3N4 inside the porous region. The comparison between the
free energy of hydrogen adsorption over g-C3N4/WTe2 with and
without the implicit solvationmodel presents a relative deviation
of approximately 6%. This indicates that the hydrogen bonding
strength is not strongly affected by the use of water in the
implicit solvation model. The experimental overall performance
of numerous catalysts (HER activity) in solution has been
reported to depend on multiple factors such as interfacial
interactions, temperature, and pH.67,68 As an example, the
experimental HER exchange current density of the platinum

Figure 3. (a) Perspective view of hybrid structures bilayer g-C3N4 with X = graphene, 2H-MoS2, and Td-WTe2. (b) AveragedΔGH over θ = 2/3 and 3/
3 hydrogen coverage using the implicit solvation model.

Figure 4. (a) Total density of states using hybrid functional HSE06 for g-C3N4/X with X = graphene, Td-WTe2, and 2H-MoS2. The projected density
of states of g-C3N4 is described in blue. The SBH was estimated from the difference between the bottom of the conduction band (red line) and the
Fermi level of the metal (black line). (b) SBHs vsΔGH inside the porous region for each hybrid system using both functional HSE06 (circle) and GGA
(square).
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electrode can differ from 2 to 3 orders of magnitude by
considering variations of the pH from 0 to 13.69 However,
inspired by the previous experimental results,64 we have gone
beyond and investigated other factors like, for instance, the
SBHs.
The SBHs are also capable of capturing trends for HER since

optimized tunnel barriers could provide lower resistance for
charge injection to the catalyst. Figure 4a shows the density of
states (DOS) for the hybrid heterostructures where the blue line
represents the partial DOS projected over g-C3N4 for each
system. The Fermi level and bottom of the conduction band are
shown in black and red lines, respectively. We have estimated
SBHs from the difference between the bottom of the conduction
band and Fermi level using both, hybrid functional HSE06 and
GGA. As can be observed in Figure 4b, the resistance to
interlayer charge injection is lower for g-C3N4/graphene and
higher for g-C3N4/2H-MoS2. For g-C3N4/graphene, the total
density of states has a gap across the Fermi level that might be
unfavorable for the charge mobility. However, the total density
of states arising from hybrid g-C3N4/Td-WTe2 has shown
metallic characteristics since there are filled states at Fermi level.
The evidence of metallic pattern indicates higher charge
mobility and possible faster redistribution of charges. This
characteristic could lead to improved performance when
compared with g-C3N4/graphene. Therefore, g-C3N4/Td-
WTe2 could be considered a potential candidate for efficient
HER since ΔGH is very similar to g-C3N4/2H-MoS2, and g-
C3N4/Td-WTe2 have lower SBH as compared to g-C3N4/2H-
MoS2.
Additionally, hybrid systems such as metallic surfaces coupled

with semiconductors have significant charge polarization along
the interface.70 The hydrogenation of the catalyst could also

affect the induced charge polarization due to a redistribution of
charge density accumulation and depletion zones. This could
potentially affect the driving force that enables the injection of
charges fromTd-WTe2 to g-C3N4. To address this issue, we have
estimated induced interface properties as a function of the
number of hydrogen atoms adsorbed on the surface. These
attributes are charge accumulation and depletion zones, average
induced charge density and dipole moments perpendicular to
the surface for different hydrogen coverages of Td-WTe2/g-
C3N4. Figure 5a represents a normalized (yellow = 0; blue = 1)
color map of the charge density along the Z-axis of g-C3N4/Td-
WTe2. Furthermore, Figure 5b shows the perspective view of the
latter system along with the charge density accumulation
(yellow) and depletion zones (cyan) varying across the
interface. We have estimated the differential planar average
charge density along the Z-axis for different hydrogenation
coverage, as exhibited in Figure 5c. From the top to the bottom,
the purple, yellow, green, and blue lines represents the bilayer g-
C3N4/Td-WTe2 with nH atoms (n = 0,1,2,3) adsorbed in the
catalyst, respectively. The curves are shifted by−n× 0.002 in the
Y-axis using the 0 eV as reference for better visualization. We can
see stronger induced charge density redistribution while the
number of H atoms increases.
In Figure 5d, we have estimated the induced dipoles as a

function of the number of H atoms in the hybrid structure. We
have considered the entire system as the interface from Td-
WTe2 up to the second layer of g-C3N4. The dipoles were
estimated from eq 7 by considering integrations from z0 to zA
and zB along the Z-axis, respectively. These quantities were
estimated from the average electrostatic potentials along the Z-
axis (see Figure S2). The average induced dipole shows minor
effects when integrated until the first layer or second layer of g-

Figure 5. (a) Color map showing the differential charge density of g-C3N4/WTe2 along the Z axis. (b) Side view of g-C3N4/WTe2 with charge density
accumulation (yellow) and depletion (cyan) zones. (c) Planar average charge density varying the H coverage with shifts of−n× 0.002 along the Y-axis
for n = 0, 1, 2, and 3 hydrogens. (d) Interface induced dipoles integrated along the interface as a function of the number of adsorbed hydrogens. The
positions z0, zA, and zB along the Z axis represents the upper layer of WTe2, first and second layers of g-C3N4, respectively (see Figure S2).
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C3N4. However, all calculated induced dipoles indicate a
possible stronger driving force after the adsorption of more
hydrogen, which can lead to a better injection across the
interface. In our system, on-demand hydrogen production
would occur in the catalyst as the 2D material at the bottom
provides direct channels for reliable, fast and robust charge
injection.
The electronic structure ultimately defines the chemical

properties of the catalyst. In Figure 6, we provide the partial

DOS for different hydrogen coverage of g-C3N4/2H-MoS2 and
g-C3N4/Td-WTe2. In parts a−c of Figure 6, we calculated the p-
orbital projected density of states over N sites for g-C3N4/Td-
WTe2 by considering γ, β, and α. As an extension, parts d−f of
Figure 6 shows the projection of s-orbitals DOS of hydrogen
adsorbed on g-C3N4/Td-WTe2. The filled states around the
Fermi level shows that N−H bonds have strong s-p hybrid-
ization. Additionally, ΔGH decreases as the band center
(integrated from −1.0 to 0 eV) moves toward the Fermi level.

Figure 6. Projected density of states for Td-WTe2/g-C3N4 under γ, β and αH-coverage for: p-orbitals fromN-sites (a−c) and s-orbitals from adsorbed
H atoms (d−f), respectively. Projected density of states forMoS2/g-C3N4 under γ, β and αH-coverage for: p-orbitals fromN-sites (g−i) and s-orbitals
from adsorbedH atoms (j−l), respectively. The red lines represents the center of the band integrated from−1.0 eV up to the Fermi level. The black line
represents the Fermi level and shaded area are filled states bellow the Fermi level.
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This trend is also observed in parts g−l of Figure 6, which
indicates filled states moving toward the Fermi level from γ to β
and finally to α. There is also strong s−p hybridization between
N sites and H atoms adsorbed on g-C3N4/2H-MoS2. For these
systems, one can see the strong correlation between the binding
strengths and the center of the band, since the values of ΔGH
decreases as we move the center of the band toward the FL.
Therefore, the on-site electronic structure can also provide
direct means of analyzing the binding strength for specific
systems. It is important to highlight that the combination of
multiple factors should be assessed to determine optimal
attributes that can help to design efficient electrocatalysts for
HER.

■ CONCLUSIONS
In this work, we have assessed multiple factors that affect the
HER catalytic performance of 2D hybrid structures, through
DFT-based approaches, focusing on the free energy of hydrogen
adsorption reaction, SBH, electronic structure, and induced
dipole moments. We have used hybrid structures in the form of
catalyst/current collector scheme, where a bilayer of g-C3N4
(catalyst) is coupled with stripes of Td-WTe2, 2H-MoS2, and
graphene. To estimate ΔGH, we used an implicit solvation
model to obtain more realistic fingerprints. A synergistic analysis
between these different factors have been carried out as a
function of hydrogen coverages. It was found that g-C3N4/Td-
WTe2 has filled states in the Fermi level (metallic pattern) which
indicates high charge mobility. The similarities ofΔGH between
g-C3N4/2H-MoS2 and g-C3N4/Td-WTe2 in the porous region
indicates reasonable binding strengths for HER in both systems.
Additionally, g-C3N4/Td-WTe2 provides lower SBH as
compared to g-C3N4/2H-MoS2, which is an indication of less
resistance for charge injection across the interface. We show that
induced dipoles over g-C3N4/Td-WTe2 increases as a function
of the number of hydrogen atoms in the catalyst. This also
indicates a favorable driving force for electron injection under
higher hydrogen coverage. By studying layered transition-metal
dichalcogenides (2H-MoS2 and Td-WTe2) and graphene over
g-C3N4, we have evidence that supports the experimental
deployment of g-C3N4/Td-WTe2, which could outperform
other compounds as an efficient electrocatalyst for HER.
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(Tetralith).

■ REFERENCES
(1) Turner, J. A. Sustainable Hydrogen Production. Science 2004, 305,
972−974.
(2) Barber, J. Hydrogen Derived from Water as a Sustainable Solar
Fuel: Learning from Biology. Sustainable Energy& Fuels 2018, 2, 927−
935.
(3) Zou, X.; Zhang, Y. Noble Metal-Free Hydrogen Evolution
Catalysts for Water Splitting. Chem. Soc. Rev. 2015, 44, 5148−5180.
(4) Sherif, S. A.; Barbir, F.; Veziroglu, T. Wind Energy and The
Hydrogen EconomyReview of The Technology. Sol. Energy 2005,
78, 647−660.
(5) Ball, M.; Weeda, M. The Hydrogen Economy−Vision or Reality?
Int. J. Hydrogen Energy 2015, 40, 7903−7919.
(6) Dunn, S. Hydrogen Futures: Toward a Sustainable Energy System.
Int. J. Hydrogen Energy 2002, 27, 235−264.
(7) Ding, Q.; Song, B.; Xu, P.; Jin, S. Efficient Electrocatalytic and
Photoelectrochemical Hydrogen Generation using MoS2 and Related
Compounds. Chem. 2016, 1, 699−726.
(8) Deng, D.; Novoselov, K.; Fu, Q.; Zheng, N.; Tian, Z.; Bao, X.
Catalysis with Two-Dimensional Materials and Their Heterostructures.
Nat. Nanotechnol. 2016, 11, 218.
(9) Yin, H.; Zhao, S.; Zhao, K.; Muqsit, A.; Tang, H.; Chang, L.; Zhao,
H.; Gao, Y.; Tang, Z. Ultrathin Platinum Nanowires Grown on Single-
Layered Nickel Hydroxide with High Hydrogen Evolution Activity.
Nat. Commun. 2015, 6, 6430.
(10) Wang, P.; Zhang, X.; Zhang, J.; Wan, S.; Guo, S.; Lu, G.; Yao, J.;
Huang, X. Precise Tuning in Platinum-Nickel/Nickel Sulfide Interface
Nanowires for Synergistic Hydrogen Evolution Catalysis. Nat.
Commun. 2017, 8, 14580.
(11) Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.;
Nørskov, J. K.; Jaramillo, T. F. Combining Theory and Experiment in
Electrocatalysis: Insights into Materials Design. Science 2017, 355,
No. eaad4998.
(12) Hinnemann, B.; Moses, P. G.; Bonde, J.; Jørgensen, K. P.;
Nielsen, J. H.; Horch, S.; Chorkendorff, I.; Nørskov, J. K. Biomimetic
Hydrogen Evolution: MoS2 Nanoparticles as Catalyst for Hydrogen
Evolution. J. Am. Chem. Soc. 2005, 127, 5308−5309.
(13) Jaramillo, T. F.; Jørgensen, K. P.; Bonde, J.; Nielsen, J. H.; Horch,
S.; Chorkendorff, I. Identification of Active Edge Sites for Electro-
chemical H2 Evolution from MoS2 Nanocatalysts. Science 2007, 317,
100−102.
(14) Lee, J.; Kang, S.; Yim, K.; Kim, K. Y.; Jang, H. W.; Kang, Y.; Han,
S. Hydrogen Evolution Reaction at Anion Vacancy of Two-Dimen-
sional Transition-Metal Dichalcogenides: Ab Initio Computational
Screening. J. Phys. Chem. Lett. 2018, 9, 2049−2055.
(15) Er, D.; Ye, H.; Frey, N. C.; Kumar, H.; Lou, J.; Shenoy, V. B.
Prediction of Enhanced Catalytic Activity for Hydrogen Evolution
Reaction in Janus Transition Metal Dichalcogenides. Nano Lett. 2018,
18, 3943−3949.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b11982
J. Phys. Chem. C 2020, 124, 8726−8735

8733

https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11982?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11982/suppl_file/jp9b11982_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Luis+Silva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4123-3655
http://orcid.org/0000-0003-4123-3655
mailto:jose.silva@physics.uu.se
mailto:jose.silva@physics.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+Brena"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:barbara.brena@physics.uu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="C.+Moyses+Araujo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-5192-0016
mailto:moyses.araujo@physics.uu.se
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11982?ref=pdf
https://dx.doi.org/10.1126/science.1103197
https://dx.doi.org/10.1039/C8SE00002F
https://dx.doi.org/10.1039/C8SE00002F
https://dx.doi.org/10.1039/C4CS00448E
https://dx.doi.org/10.1039/C4CS00448E
https://dx.doi.org/10.1016/j.solener.2005.01.002
https://dx.doi.org/10.1016/j.solener.2005.01.002
https://dx.doi.org/10.1016/j.ijhydene.2015.04.032
https://dx.doi.org/10.1016/S0360-3199(01)00131-8
https://dx.doi.org/10.1016/j.chempr.2016.10.007
https://dx.doi.org/10.1016/j.chempr.2016.10.007
https://dx.doi.org/10.1016/j.chempr.2016.10.007
https://dx.doi.org/10.1038/nnano.2015.340
https://dx.doi.org/10.1038/ncomms7430
https://dx.doi.org/10.1038/ncomms7430
https://dx.doi.org/10.1038/ncomms14580
https://dx.doi.org/10.1038/ncomms14580
https://dx.doi.org/10.1126/science.aad4998
https://dx.doi.org/10.1126/science.aad4998
https://dx.doi.org/10.1021/ja0504690
https://dx.doi.org/10.1021/ja0504690
https://dx.doi.org/10.1021/ja0504690
https://dx.doi.org/10.1126/science.1141483
https://dx.doi.org/10.1126/science.1141483
https://dx.doi.org/10.1021/acs.jpclett.8b00712
https://dx.doi.org/10.1021/acs.jpclett.8b00712
https://dx.doi.org/10.1021/acs.jpclett.8b00712
https://dx.doi.org/10.1021/acs.nanolett.8b01335
https://dx.doi.org/10.1021/acs.nanolett.8b01335
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11982?ref=pdf


(16) Wang, J.; Liu, J.; Zhang, B.; Ji, X.; Xu, K.; Chen, C.; Miao, L.;
Jiang, J. The Mechanism of Hydrogen Adsorption on Transition Metal
Dichalcogenides as Hydrogen Evolution Reaction Catalyst. Phys. Chem.
Chem. Phys. 2017, 19, 10125−10132.
(17) Wang, X.; Maeda, K.; Thomas, A.; Takanabe, K.; Xin, G.;
Carlsson, J. M.; Domen, K.; Antonietti, M. A Metal-Free Polymeric
Photocatalyst for Hydrogen Production from Water under Visible
Light. Nat. Mater. 2009, 8, 76−80.
(18) Zheng, Y.; Jiao, Y.; Zhu, Y.; Li, L. H.; Han, Y.; Chen, Y.; Du, A.;
Jaroniec, M.; Qiao, S. Z. Hydrogen Evolution by a Metal-Free
Electrocatalyst. Nat. Commun. 2014, 5, 3783.
(19) Liu, Y.; Weiss, N. O.; Duan, X.; Cheng, H.-C.; Huang, Y.; Duan,
X. Van der Waals Heterostructures and Devices.Nat. Rev. Mater. 2016,
1, 16042.
(20) Geim, A. K.; Grigorieva, I. V. Van der Waals Heterostructures.
Nature 2013, 499, 419−425.
(21) Zhang, J.; Li, H.; Guo, P.; Ma, H.; Zhao, X. Rational Design of
Graphitic Carbon Based Nanostructures for Advanced Electrocatalysis.
J. Mater. Chem. A 2016, 4, 8497−8511.
(22) Hong, W. T.; Risch, M.; Stoerzinger, K. A.; Grimaud, A.;
Suntivich, J.; Shao-Horn, Y. Toward the Rational Design of Non-
Precious Transition Metal Oxides for Oxygen Electrocatalysis. Energy
Environ. Sci. 2015, 8, 1404−1427.
(23) Ma, X.; Chen, C.; Hu, J.; Zheng, M.; Wang, H.; Dong, S.; Huang,
C.; Chen, X. Evidence of Direct Z-Scheme g − C3N4/WS2
Nanocomposite under Interfacial Coupling: First-Principles Study. J.
Alloys Compd. 2019, 788, 1−9.
(24) Ma, X.; Hu, J.; He, H.; Dong, S.; Huang, C.; Chen, X. New
Understanding on Enhanced Photocatalytic Activity of g-C3N4/BiPO4

Heterojunctions by Effective Interfacial Coupling. ACS Appl. Nano
Mater. 2018, 1, 5507−5515.
(25) Nørskov, J. K.; Bligaard, T.; Logadottir, A.; Kitchin, J.; Chen, J.
G.; Pandelov, S.; Stimming, U. Trends in The Exchange Current for
Hydrogen Evolution. J. Electrochem. Soc. 2005, 152, J23−J26.
(26) Tsai, C.; Abild-Pedersen, F.; Nørskov, J. K. Tuning the MoS2
Edge-Site Activity for Hydrogen Evolution via Support Interactions.
Nano Lett. 2014, 14, 1381−1387.
(27) Tsai, C.; Chan, K.; Abild-Pedersen, F.; Nørskov, J. K. Active Edge
Sites in MoSe2 and WSe2 Catalysts for The Hydrogen Evolution
Reaction: A Density Functional Study. Phys. Chem. Chem. Phys. 2014,
16, 13156−13164.
(28) Medford, A. J.; Vojvodic, A.; Hummelshøj, J. S.; Voss, J.; Abild-
Pedersen, F.; Studt, F.; Bligaard, T.; Nilsson, A.; Nørskov, J. K. From
the Sabatier Principle to a Predictive Theory of Transition Metal
hHeterogeneous Catalysis. J. Catal. 2015, 328, 36−42.
(29) Zhou, Y.; Silva, J. L.; Woods, J. M.; Pondick, J. V.; Feng, Q.;
Liang, Z.; Liu, W.; Lin, L.; Deng, B.; Brena, B.; et al. Revealing the
Contribution of Individual Factors to Hydrogen Evolution Reaction
Catalytic Activity. Adv. Mater. 2018, 30, 1706076.
(30) Chen, W.; Santos, E. J.; Zhu, W.; Kaxiras, E.; Zhang, Z. Tuning
the Electronic and Chemical Properties of Monolayer MoS2 Adsorbed
on Transition Metal Substrates. Nano Lett. 2013, 13, 509−514.
(31) Naseri, A.; Samadi, M.; Pourjavadi, A.; Moshfegh, A. Z.;
Ramakrishna, S. Graphitic Carbon Nitride (g-C3N4)-Based Photo-
catalysts for Solar Hydrogen Generation: Recent Advances and Future
Development Directions. J. Mater. Chem. A 2017, 5, 23406−23433.
(32) Wang, Y.; Hong, J.; Zhang, W.; Xu, R. Carbon Nitride
Nanosheets for Photocatalytic Hydrogen Evolution: Remarkably
Enhanced Activity by Dye Sensitization. Catal. Sci. Technol. 2013, 3,
1703−1711.
(33) Yang, S.; Gong, Y.; Zhang, J.; Zhan, L.; Ma, L.; Fang, Z.; Vajtai,
R.; Wang, X.; Ajayan, P. M. Exfoliated Graphitic Carbon Nitride
Nanosheets as Efficient Catalysts for Hydrogen Evolution under Visible
Light. Adv. Mater. 2013, 25, 2452−2456.
(34) Xu, J.; Zhang, L.; Shi, R.; Zhu, Y. Chemical Exfoliation of
Graphitic CarbonNitride for Efficient Heterogeneous Photocatalysis. J.
Mater. Chem. A 2013, 1, 14766−14772.

(35)Wu, F.; Liu, Y.; Yu, G.; Shen, D.; Wang, Y.; Kan, E. Visible-Light-
Absorption in Graphitic C3N4 Bilayer: Enhanced by Interlayer
Coupling. J. Phys. Chem. Lett. 2012, 3, 3330−3334.
(36) Li, X.; Dai, Y.; Ma, Y.; Han, S.; Huang, B. Graphene/g − C3N4

Bilayer: Considerable Band Gap Opening and Effective Band Structure
Engineering. Phys. Chem. Chem. Phys. 2014, 16, 4230−4235.
(37) Cao, S.; Yu, J. g-C3N4-Based Photocatalysts for Hydrogen
Generation. J. Phys. Chem. Lett. 2014, 5, 2101−2107.
(38) Wang, J.; Guan, Z.; Huang, J.; Li, Q.; Yang, J. Enhanced
Photocatalytic Mechanism for the Hybrid g-C3N4/MoS2 Nano-
composite. J. Mater. Chem. A 2014, 2, 7960−7966.
(39) Zheng, Y.; Lin, L.; Wang, B.; Wang, X. Graphitic Carbon Nitride
Polymers Toward Sustainable Photoredox Catalysis. Angew. Chem., Int.
Ed. 2015, 54, 12868−12884.
(40) Ong, W.-J.; Tan, L.-L.; Ng, Y. H.; Yong, S.-T.; Chai, S.-P.
Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial
Photosynthesis and Environmental Remediation: AreWe a Step Closer
to Achieving Sustainability? Chem. Rev. 2016, 116, 7159−7329.
(41) Gracia, J.; Kroll, P. Corrugated LayeredHeptazine-Based Carbon
Nitride: The Lowest Energy Modifications of C3N4 Ground State. J.
Mater. Chem. 2009, 19, 3013−3019.
(42) Torun, E.; Sahin, H.; Cahangirov, S.; Rubio, A.; Peeters, F.
Anisotropic Electronic, Mechanical, and Optical Properties of
Monolayer WTe2. J. Appl. Phys. 2016, 119, 074307.
(43) Jana, M. K.; Singh, A.; Late, D. J.; Rajamathi, C. R.; Biswas, K.;
Felser, C.; Waghmare, U. V.; Rao, C. A Combined Experimental and
Theoretical Study of The Structural, Electronic and Vibrational
Properties of Bulk and Few-Layer Td-WTe2. J. Phys.: Condens. Matter
2015, 27, 285401.
(44) Guo, X.; Yang, G.; Zhang, J.; Xu, X. Structural, Mechanical and
Electronic Properties of In-Plane 1T/2H Phase Interface of MoS2
Heterostructures. AIP Adv. 2015, 5, 097174.
(45) Skulason, E.; Tripkovic, V.; Bjorketun, M. E.; Gudmundsdottir,
S.; Karlberg, G.; Rossmeisl, J.; Bligaard, T.; Jonsson, H.; Nørskov, J. K.
Modeling the Electrochemical Hydrogen Oxidation and Evolution
Reactions on the Basis of Density Functional Theory Calculations. J.
Phys. Chem. C 2010, 114, 18182−18197.
(46) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133.
(47) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to The
Projector Augmented-Wave Method. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 59, 1758.
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