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Hydrogen evolution reaction at the interfaces of
two-dimensional lateral heterostructures: a first-

*ab

Owing to the synergetic effects of different two-dimensional (2D) materials, 2D heterostructures have
recently attracted much attention in the field of catalysis. We present a first-principles study of hydrogen
adsorption on the lateral heterostructure of graphene and h-BN, and its potential application in the
hydrogen evolution reaction. The density functional theory calculations in this study show that

substantial charge transfer occurs at the heterostructure interfaces, which can enhance the H adsorption

on the interfacial atoms. Consequently, the adsorption free energy AGy« of the interfaces becomes close
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to zero, which is optimal for the hydrogen evolution reaction. The results also demonstrate that AGy«

decreases monotonically with increase in the p-band center, indicating that s—p hybridization plays
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Introduction

Hydrogen evolution reaction (HER) is technologically crucial for
producing hydrogen from water as a green energy source. Noble
metals show excellent catalytic performance, but their signifi-
cant drawbacks include limited resources and high production
costs.’ Therefore, over the past several years, much effort has
been devoted to improving the catalytic activity of other mate-
rials, including earth-abundant transition metal compounds,
by increasing the number of active sites (e.g., using hetero-
structures and nanoparticles) and by modifying the electronic
properties (e.g., using defects, doping, and coupling between
substrates and monolayers).*® In particular, two-dimensional
(2D) heterostructures are one of the most promising avenues
for HER owing to the numerous possible combinations of
different 2D materials. Specifically, heterostructure formation
can not only provide more active sites at interfaces or edges and
optimized electronic structures but can also render high elec-
trical conductivity. Indeed, previous experimental and theoret-
ical studies have demonstrated that the formation of 2D
heterostructures can improve the performance of HER.**

The two types of 2D heterostructures are vertical and lateral
heterostructures. The former comprises layers stacked by van
der Waals (vdW) interactions, whereas the latter connects more
than two different 2D materials laterally. For example, lateral
heterostructures of transition-metal dichalcogenide layers, with
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a crucial role in determining the adsorption strength. These findings are expected to be broadly
applicable to other 2D lateral heterostructures, providing a new strategy for hydrogen production.

similar lattice constants, have been successfully fabricated
using pulsed laser deposition methods.'* In the formation of
lateral heterostructures, matching lattice constants is more
crucial than the effects of vdW interactions, presumably
limiting the selection of constituent 2D layers. However, their
interfaces can be effectively tailored, thus modifying the elec-
tronic properties more dramatically, compared to vertical het-
erostructures. In particular, the interface formation may offer
more active sites, which is desirable for electrocatalysis.
However, to the best of our knowledge, studies employing 2D
lateral heterostructures for catalysts are still lacking.

To date, many 2D lateral heterostructures have been either
experimentally realized or theoretically proposed.”” Among
them, the best-known example is the lateral heterostructures of
graphene and hexagonal boron nitride (#-BN), with controllable
domain size and interface pattern.”*™® In particular, a lithog-
raphy technique successfully patterned alternating stripes of
graphene and #-BN in the lateral heterostructure, which can
provide more active interfaces."

In this study, we use first-principles density functional
theory (DFT) calculations to investigate the hydrogen (H)
adsorption properties on the graphene/h-BN lateral hetero-
structures and to further predict the catalytic activity for HER. A
considerable charge transfer modifies the electronic structures
of the interfaces substantially, which can enhance the H
adsorption on interfacial atoms. Consequently, AGy+ of the
interfaces approaches the optimal zero-energy criteria for the
HER. Our detailed analysis further reveals that with the increase
in the p-band center, AGy+ decreases monotonically, indicating
that H adsorption at the interfaces strongly depends on the s—-p
hybridization.

This journal is © The Royal Society of Chemistry 2020
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Computational methods

First-principles DFT calculations were conducted using the
Vienna Ab initio Simulation Package.® The projector-
augmented wave (PAW) method and the Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional were used in the
calculations.”* A semi-classical dispersion correction scheme
(DFT-D3)** was employed to include the effects of the long-range
vdW interactions. The optimized lattice constant for graphene
and A-BN is 2.47 A and 2.51 A, respectively. We performed spin-
polarized calculations and found that the ground states of the
H-adsorbed heterostructure is still nonmagnetic. The graphene/
h-BN lateral heterostructures were simulated using a periodic
supercell combining zigzagged graphene and A-BN nano-
ribbons, based on previous experimental and theoretical
studies.'®**** Its in-plane unit-cell length was approximately 43
A. A vacuum space wider than 20 A along the out-of-plane
direction was adopted to prevent spurious interactions
between repeated images. The unit cell included both C-B and
C-N interfaces. All the atoms were allowed to completely relax
until the forces exerted on each atom were less than 0.02 eV A™*
during structural optimization. The plane-wave cutoff energy
was set to 400 eV. The Brillouin zone was sampled using 1 x 4 x
1 and 1 x 8 x 1 k-meshes for the optimization of atomic
structures and electronic structure calculations, respectively.
The formation energy of the lateral heterostructure is defined as
follows:

Eform = Etot(graphene/h'BN) - Etot(graphene) - Etot(h'BN) (1)

where E(graphene/h-BN), E.(graphene), and E.(h-BN) are
the total energies of the lateral heterostructures, graphene, and
h-BN, respectively. The Gibbs free energy of the H adsorption
was calculated as:

AGH* = AEH* + AEZPE - TAS (2)

where AEy+, AE pg, and AS represent the H adsorption energy
calculated by a formula AEy« = Egup+n — Esup — 1/2Ey, using the
energy of half of H,, vibrational zero-point energy (ZPE), and the
entropy difference defined as AS = S(H*) — 1/2S(H,), respec-
tively. Here, S(H*) and S(H,) represent the entropy of the
adsorbed H atom and H, in the gas phase at standard condi-
tion, respectively, and the former is approximately zero. The p-
band center (e,) of the adsorption sites in the lateral hetero-
structure was estimated using the following formula:

_ [iw E x py(E)dE
" [ p(B)E

where pp,(E) corresponds to the density of the p states of the
relevant atom at energy E. The integral domain is from the
minimum energy to the maximal energy of the p orbitals. For
comparison, additional DFT calculations using an atomic
orbital basis approach, as implemented in SIESTA, were further
performed. The optimized lattice constants are 2.48 A and 2.52
A for graphene and /-BN, respectively, which agree well with the
values from the plane-wave method. The corresponding AGy+
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are 1.65 eV and 2.56 eV, which are close to the results from the
VASP calculations (1.81 eV and 2.66 V).

Results and discussion

We first investigate the interface structures and stability of the
graphene/h-BN lateral heterostructures. Note that patterned
interfaces of the lateral heterostructure of graphene and #-BN
have been achieved experimentally.”*** Because #-BN has two
types of zigzagged edges, there are two possible interfaces, the
C-B and the C-N (Fig. 1(a) and (b), respectively), where
a substantial charge transfer may occur. The lattice mismatch of
graphene and A-BN is only 1.7%, and therefore there are no
severe structural distortions at the interfaces. The calculated
lengths of the C-B and C-N bonds are 1.54 A and 1.40 A,
respectively. The formation energy of the graphene/A-BN het-
erostructure is —0.29 eV per interfacial atom, indicating that the
heterostructure formation is energetically favorable. To further
examine the thermodynamic stability of the heterostructure, we
performed molecular dynamics simulations, as shown in
Fig. 1(c). The final structure after the simulation of 20 ps at 300
K, together with the energy profile, shows no dramatic struc-
tural deformation, confirming that the heterostructure is ther-
modynamically stable at room temperature.

To evaluate the catalytic activity for HER, we further inves-
tigated the H adsorption properties of the graphene/s-BN het-
erostructure. Here, several possible adsorption sites were
considered near the interfaces. Fig. 2 displays the optimized
adsorption configurations of an H atom at the C-B and C-N
interfaces. The H atom can be adsorbed on top of C, N, and B
atoms at the C-N interface (with only the C atom at the C-B
interface), while no adsorption configurations were stable on
the hollow and bridge sites. Hereinafter, we refer to the X
adsorption configurations. Note that AEy« is calculated with
respect to the site at the C-B(N) interface as Xpny). Table 1
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Fig.1 Optimized structures of (a) C—B and (b) C—N interfaces. (c) Final
structures of the two interfaces after the molecular dynamic simula-
tion of 20 ps (left panel) and the energy profile (right panel). The black,
green, and pink circles represent C, B, and N atoms, respectively.
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Fig.2 Atomic structures of H adsorbed at the interfaces: (a) Cg, (b) Cy,
(c) BN, and (d) Ny sites. The blue circles indicate H atoms. The numbers
represent the bond lengths near the adsorption sites in the units of A.

Table 1 Calculated adsorption energy and free energy of H on the
four possible adsorption sites

Adsorption site AEy« (eV) AGy= (eV)
Cp —0.20 0.14
Cn 0.01 0.38
Ny 1.91 2.28
Bn 2.64 2.96

provides the calculated adsorption energies (AEyx) for the
possible total energy of H,. HER catalysis includes two main
stages. The first is the electrochemical hydrogen adsorption (H"
+ e~ — H*), referred to as the Volmer reaction, where H*
represents an adsorbed H atom. The second part is the
desorption process, referred to as the Heyrovsky reaction (H* +
H'+e~ — H,) or the Tafel reaction (H* + H* — H,). A moderate
AEy~ is desirable for the HER to facilitate the desorption reac-
tions. In this regard, the Cy and Cy sites show a balanced AEy+«
(—0.20 and 0.01 eV) for both the adsorption and desorption
steps.

The Gibbs free energy of H adsorption (AGy+) is a broadly
used descriptor for the catalytic activity for HER.>*** Specifically,
zero free energy is optimal for HER performance. Both graphene
and A-BN individually have a much higher AGy+, which is far
from the best criteria.*® Indeed, it has been found experimen-
tally that graphene and A-BN are unsuitable for HER.””*® Our
DFT calculations confirm the poor catalytic activities of gra-
phene and A-BN, as reflected by the corresponding AGy=+
(1.81 eV and 2.66 eV), consistent with the experimental obser-
vations. However, the heterostructure formation reduces AGg+
significantly, and the values for the Cg and Cy sites become
0.14 eV and 0.38 eV, respectively, which is comparable to that
(ca. 0.1 eV)* of Pt catalysts (Fig. 3). These data suggest that the
lateral heterostructure can exhibit a much improved catalytic
activity for the HER.

To obtain more insights into the dramatic changes in AGyx,
we explored the electronic structures of the heterostructure
interfaces. Fig. 4(a) plots the charge density difference of clean
graphene/h-BN heterostructure prior to H adsorption for the
C-B and C-N interfaces. Here, the plot was obtained by indi-
vidually subtracting the densities of graphene and A4-BN from

38486 | RSC Adv, 2020, 10, 38484-38489

View Article Online

Paper

3.5

3.04 .
Catalyst-H

254

2.0+

AGE* (V)

Reaction Coordinate

Fig. 3 Calculated free energy (AGyx) diagram of HER at the equilib-
rium potential (Urne = 0 V) for the two heterostructure interfaces. For
comparison, the values of pristine graphene and h-BN are also
provided.

that of the heterostructure, which can describe changes in the
charge distribution near the interfaces. This shows a substan-
tial charge transfer from the interfacial B atoms to the neigh-
boring C or N atoms at both the interfaces. Notably, previous
experimental works also show that the presence of the edges or
interfaces of MoS, or its heterostructures can improve the
catalytic activity for HER.***' Bader charge analysis also
demonstrates that the B atoms donate approximately two elec-
trons to the neighboring atoms. The N atoms gain the majority
of the donated charges. Interestingly, the Cy site accepts ~0.7 e,
while the Cy site loses ~0.4 e, implying different electronic
configurations of the interfacial C atoms. Further, the calcu-
lated bond energies are —5.98 and —5.82 eV for the C-B and
C-N interfaces, respectively, which indicates that the former is
more strongly bound than the latter. It is noteworthy that as the
binding strength between the adatom and the substrate
becomes stronger, its AGy+ decreases;*” a trend also observed in
our work.

Panels (b-e) in Fig. 4 depict the charge density differences
due to the H adsorption at the interfaces. The Cg, Cy, and By
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Fig. 4 (a) Charge density difference plots before the H adsorption for
the C-B (left panel) and C—N (right panel) interfaces. The yellow (blue)
isosurface was drawn at the density of 0.01 (—0.01) e A=3.The 2D map
of the charge density difference after the H adsorption: (b) Cg (c) Cy (d)
By, and (e) Ny sites.
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Table2 Number of transferred charge (n.) due to the H adsorption on
the four possible adsorption sites

Adsorption site ne

Cp —0.07
Cx —0.05
Ny —0.40
By 0.34

sites show the charge distribution of an sp® ¢ bonding, while
the Ny site shows no pronounced bonding configuration
between the H and N atoms. Bader charge analysis further
demonstrates that the total charge of the H atom changes only
slightly on Cg and Cy, compared with By and Ny (Table 2).
Overall, our data indicate that the H atoms form a covalent
bond with the C atoms, which enhances the H adsorption at the
interfaces.

We now discuss the electronic structures of the interfaces.
Fig. 5 displays the atom-decomposed density of states (DOS) for
the clean interfaces without H. The DOSs, especially those of the
C atoms, show dramatic changes near the Fermi level (Eg) owing
to the heterostructure formation. In contrast to the semi-
metallic DOS of graphene, both the Cy and Cy sites have much
higher peaks at Ey, which originate mainly from the C p orbitals.
The abundant DOS at Er. likely increases the electrical conduc-
tivity of the material, which is also crucial to the HER catalytic
performance.*” The C-B interface possesses considerably more
occupied states below Er than the C-N interface, which may
indicate that the former has more available electrons for
hybridization with the s orbital of H.**

We investigated the local DOS of the interfacial atoms after
the H adsorption (Fig. 6). For the purpose of plotting, we
selected the sites where H atom was adsorbed. The peaks at Eg
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Fig. 5 (a) Atom-decomposed density of states (DOS) without H in
arbitrary units: (a) C-B and (b) C-N interfaces. For comparison, the
corresponding DOSs of pristine graphene and h-BN are also displayed
in (c). The zero-energy references represent the Fermi level of each
system.
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Fig. 6 Local DOS (LDOS) of the adsorption sites with H: (a) Cg, (b) Cy,
(c) Bn, and (d) Ny. For comparison, the LDOSs of the adsorbed H and
the adsorption site of graphene are also displayed in (e).

disappear for the Cy and Cy sites because of the adsorption,
which indicates a strong hybridization of the C p orbitals with
the H s orbitals, similar to the cases of 2D transition metal
dichalcogenides.** This hybridization is in stark contrast to the
case of pristine graphene, where a sharp peak of the H s orbital
appears at Er in the DOS (Fig. 6(e)). This result accounts for the
enhanced H adsorption on the interfacial C atoms.

Band center models have been widely used as a descriptor for
the catalytic activity of various metallic substrates.**>” The C-B
and C-N interfaces showed a metallic DOS originating from the
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Fig. 7 Relationship between AGy+ and ¢, for different active sites at
the interfaces.
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interfacial p orbitals. Therefore, we calculated the p-band center
(ep) of the interfacial atoms to examine the band center theory
for the HER catalytic activity of the sites. Here, ¢, was obtained
by setting the integral domain as [—, 0]. As shown in Fig. 7,
AGy+ decreases monotonically as ¢, increases. Moreover, &, of
Cy is closest to Er among the considered sites, which, based on
the band center picture, predicts that Cy has the largest E,qs.
This is because the hybridization of X (X = C, B, and N) p and
H s orbitals becomes stronger as &, approaches Eg,** which is
consistent with our DFT results.

Conclusion

In this study, we have investigated the adsorption properties of
atomic H on the interfaces of graphene/s-BN lateral hetero-
structures. The heterostructure formation leads to a consider-
able charge transfer at the interfaces, which can remarkably
promote the catalytic performances compared with pristine
graphene and A-BN. The result also demonstrated that the
interfacial C atoms, Cg, and Cy, have much lower E,4, close to
zero, implying that they are active sites for HER catalysis. We
further revealed that AGy+ decreases monotonically with
increasing e,, which accounts for the enhanced adsorption at
the interfaces. These findings may have important implications
for 2D materials-based hydrogen production, as well as provide
more clues for further researches on metal-free 2D catalytic
materials.
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