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Angle-dependent electrocatalytic activity of
twisted bilayer graphene for the hydrogen
evolution reactiont

Lifang Chen, 22 Jin Li®2° and Xi Yin () *?

Two-dimensional (2D) materials are attractive for their unique electronic structures and electrocatalytic
properties. In this work, we propose to use the twist angle as a knob to tune the electrocatalytic
properties of 2D materials. As proof of concept, we investigate the effects of twist angle (>10°) on the
electrocatalytic properties of twisted bilayer graphene (tBLG). We predict the activity of tBLG with the
twist angle of 13.174° and 21.787° for the hydrogen evolution reaction (HER) using a density functional
theory (DFT) calculation and computational hydrogen electrode (CHE) approach. We calculate the
hydrogen adsorption energy (AGu+) at various sites on tBLG and examine their angle-dependency. By
comparing the AGy- for different active sites of untwisted bilayer graphene (BLG) and tBLG, we find that
the AGp~ decreases with the increase of the twist angle. As a result, the thermodynamic limiting
potential for the HER increases with the twist angle. Furthermore, the AGy« shows a correlation with the
layer distance (d) and the site location on the 2D plane. Detailed analysis reveals that the twist of bilayer
graphene could increase the z height (d,) of the active sites as a function of their distance to the
symmetry centers, alter the local geometry of the active sites, and therefore modify the AGy+. These

results indicate that the twist angle can be effectively used as a knob to fine-tune the electrocatalytic

rsc.li/pccp properties of 2D materials.

1. Introduction

Two-dimensional (2D) materials are promising electrocatalysts
with their advantages of ultra-thin layered structure, large specific
surface area, high density of surface active sites, and fast charge
transmission.'™” Among the 2D materials, graphene,'®™"?
nitrogen-doped carbon,™*™® metal halogens,'”*® and layered
double hydroxides™®?® have received great attention for their
unique electrocatalytic properties. Various structural and compo-
sitional strategies, such as elemental doping, defect engineering,
ligand modification, spin state tunning, and van der Waals (vdW)
heterostructures, have been developed to improve their electro-
catalytic activity.****'>” Recently, physicists revealed that twisted
2D materials possess exceptional traits like unconventional
superconductivity,”®*° and orbital magnetism.>®*° This exciting
finding leads us to speculate whether the twisted 2D materials
may have unique chemical and thermodynamic properties that
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differ from their untwisted counterparts. The twist angles of
layered 2D materials may alter the interaction between the reac-
tants and the catalytic sites on 2D materials at different degrees
depending on the twist angle of adjacent layers, eventually leading
to angle-dependent electrocatalytic properties. Thus, the twist
angles of layered 2D materials can potentially be used as a novel
knob to tune their catalytic properties. This new strategy is worth
exploring, as it may lead to surprising discoveries.

Twisted bilayer graphene (tBLG) exhibits remarkably diverse
electronic properties that evolve non-monotonically with rota-
tion angle. This angle-dependent behavior manifests in three
distinct regimes: at small twist angles (0 < 3°), long-range
moiré superlattices dominate, generating flat electronic bands
and correlated quantum states.”® In the intermediate regime
(3° < 0 < 10°), expanding AA-stacking domains create hetero-
geneous electronic environments with localized states and
stacking-dependent interlayer distances.*' At large twist angles
(0 > 10°), unique symmetry features are retained.

Herein, we use the hydrogen evolution reaction (HER) as a
model reaction to investigate the origin of the angle-dependent
electrocatalytic activity of twisted bilayer graphene (tBLG) at
twist angle >10°. The HER could be considered as the simplest
electrochemical reaction and the foundation of multiple
electron-proton transfer reactions.*>** The hydrogen adsorption
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free energy (AGy-) at all on-top sites of untwisted bilayer
graphene (BLG) and tBLG with twist angles of 0 = 13.174° and
21.787° is meticulously calculated and examined for their angle-
dependency. The results demonstrate that the AGy~ decreases
with the increase of the twist angle, and the U for the HER
increases with the twist angle. And the AGy« varies as a function
of the site position parameters on the 2D plane, including the z-
distance to the bottom layer and distance to the high-symmetry
centers. Consequently, the twist of bilayer graphene alters the
local geometry of the active sites, thereby modifying the AGy-.
This work provides a helpful footstone for further broadening
the application of twisted 2D materials for catalysis.

2. Models and methods

2.1. Models of twisted bilayer graphene

There are three types of high-symmetry stacking structures for
bilayer graphene, namely AB-, AA-, and saddle-point (SP-) stack-
ing configurations, as shown in Fig. 1a.** Each configuration has
two high-symmetry twist centers, 1 and 2. We construct the
models of tBLG by twisting one constituent lattice in the AB
stacking configuration around center 1 (Fig. 1b). The unit cell of a
high-symmetry tBLG has two basis vectors A; = ma; + na, and
A, = —na, + (m + n)a,, where a, and a, are the basis vectors of the
untwisted BLG lattice, and m and n are coprime indices.*®
Table S1 (ESIt) summarizes the coprime indices, 6, and the
number of atoms in the primitive cells of high-symmetry tBLG.
Considering the computational cost of the density functional
theory (DFT) calculation and the complexity/specificity of models
and electronic structures, we first focus on the tBLG at twist angle
>10°, specifically 0 = 13.174° and 0 = 21.787°, namely tBLG
(13.174°) and tBLG (21.787°).

For comparison, we redefine two unit cells of the BLG lattice
(0 = 0°) to include the same number of C atoms as their tBLG
counterparts, namely BLG-28(0°) and BLG-76(0°). Using the

Fig.1 (a) Three types of high-symmetry bilayer graphene (BLG) in AB-,
AA-, and saddle-point (SP-) stacking configurations. (b) Twist angle (0) is
produced by twisting one constituent lattice of BLG in the AB-stacking
configuration.
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unit cells of tBLG and BLG of the same C atom numbers ensures
the modeling of H adsorption at the same H-coverage. A vacuum
space of 20 A along the z direction was added to avoid interac-
tions between adjacent slabs.

2.2. Methods

Structure optimization and energy calculation were performed
by the Vienna ab initio simulation package (VASP 5.4.4).>%%7
The core-electron and exchange-correlation interactions were
described by the Perdew-Burke-Ernzerhof (GGA-PBE)
functional®® with the projector-augmented-wave (PAW)***°
pseudopotential. To consider the van der Waals interaction,
Grimme’s DFT-D3 was utilized.** A cut-off energy of 400 eV was
set for the plane wave basis. The Monkhorst-Pack k-point mesh
3 x 3 x 1 was employed for all BLG and tBLG models. The
structure optimization was completed until the forces and
energies were less than 0.02 eV A™' and 10" eV per atom,
respectively.

The calculation of the H adsorption free energy was per-
formed by using the computational hydrogen electrode (CHE)
approach.*? In this framework, the free energy of the electron-
proton pair (H" + e7) can be referenced to the chemical
potential of gaseous H, at equilibrium (0 V vs. standard hydro-
gen electrode). The H adsorption energy can be computed
using the following eqn (1) and (2):

AEy. = Eg» — Ex — 1/2Ey (o) 1)
AGy- = AEy + AEgp + AU(T) — TAS (2)

where Ey- is the electronic energy after H adsorption; E- is the
electronic energy of the clean surface; Ey ) denotes the electronic
energy of gaseous H,; AEy- is the electronic energy difference after
and before adsorption of H; AEzpg is the change of zero-point
energy; AU(T) is the change of internal energy; T is temperature
(T = 298.15 K), and AS is the entropy change (7 = 298.15 K).

The thermodynamic limiting potential is calculated using
eqn (3):

U = —|AGyu| 3)

3. Results and discussion

Fig. 2 shows optimized structures for untwisted bilayer gra-
phene (BLG-76 and BLG-28) and twisted bilayer graphene
(tBLG) with 0 of 13.174° and 21.787°. After twisting the upper
layer by 0 = 13.174° and 21.787°, the average distance in the z-
direction between the top and bottom layer atoms (d) increases
from 3.492 A (0°) to 3.564 A (13.174°) by 2.06% and 3.523 A
(21.787°) by 0.89%, indicating that the twist destabilizes
the bilayer structure slightly. The surface structure of the BLG
and tBLG differs significantly and the on-top adsorption sites
can be categorized into various types based on their local
geometry and symmetry. Two types of on-top H-adsorption
sites are identified on the BLG surface (Fig. 2a and c) while
more types of unique sites form at the tBLG surfaces due to the
twist of the upper layer (Fig. 2b and d). Both tBLG(13.174°) and
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Fig. 2 Optimized structures and the active sites of (a) BLG-76(0°), (b) tBLG(13.174°), (c) BLG-28(0°), and (d) tBLG(21.787°) and the mapping of d,. Color
bar stands for d; values. d stands for the difference between average z-distance of the top and bottom layer atoms.

tBLG(21.787°) have a space group P3 symmetry, including two
types of symmetry centers C1 and C2 (Fig. S1, ESIt). To clarify
the adsorption site classification and spatial distribution
around the C1/C2 centers, high-symmetry adsorption sites are
defined relative to C1/C2. C1-centered sites: directly atop the
moiré hollow (AA-stacked regions); C2-centered sites: near
stacking-domain boundaries (AB/BA transitions). And the H-
adsorption sites are arranged in three-phases and repeated
every 120° with the three-fold rotational axis shown as triangles.
After twist of the upper surface, the number of types of sites
increases from two to seven (f = 13.174°) and three (0 =
21.787°), respectively. The z-distance (d,) of the active site
relative to the bottom layer is calculated by:

dz = Zitop — Zpottom (4)

where z,.op is the z-height of the active site in the top layer, and
Zbottom 18 the average z-height of the bottom layer atoms. The d,
for each type of site varies on the 2D plane as a function of their
relative position to the C1 and C2 symmetry centers, as shown
in Fig. 2b and d. The sites are colored in different saturation
levels to show the change of d, indicating a change in the

16666 | Phys. Chem. Chem. Phys., 2025, 27, 16664-16670

geometric structure of the sites. The d, increases slightly as the
active site locates further away from the C1 to C2 center. For
tBLG with 0 = 13.174° and 21.787°, the d, increases from 3.555
to 3.574 A and from 3.521 to 3.525 A, respectively. These active
sites with varied local geometry could lead to diverse perfor-
mances for the hydrogen evolution reaction.

The adsorption energy of hydrogen atoms at the active site
(AGy~) has been proven to be a suitable activity descriptor for a
broad range of HER catalysts, including both metal-based and
metal-free materials."** We modeled the structures for H
adsorbed at the two sites of BLG and the ten sites of tBLG.
Fig. 3a-d show the color rendered mapping of AGy~ on tBLG
and BLG (detailed structures and values are shown in Fig. S2
and S3, ESIt). The color from dark to bright represents the
AGy~ from low to high, corresponding to H-binding from
strong to weak. For tBLG(21.787°) and tBLG(13.174°), site II
adjacent to the C1 center exhibits the highest AGy~. The AGy of
the sites except that on the C1 center decreases as the site is
further away from the C1 center and closer to the C2 center.
(The difference in AGy- for various sites is significant and
larger than the precision from the DFT calculation with a STD

This journal is © the Owner Societies 2025
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Fig. 3 The energy-site relationship mapping for (a) BLG-76 (0°), (b) tBLG(13.174°), (c) BLG-28(0°), and (d) tBLG(21.787°). Color bar stands for H

adsorption free energy value.

of 0.001 eV in Table S2 (ESIt).) Fig. 4a and b show the linear
correlation between the bilayer distance of each site and AGg-«.
As d, increases, the corresponding sites AGy~ decrease. Fig. 4c
and d show the location-dependency of AGy~ and d, of the sites
in the 2D plane of tBLG, in which the atoms closer to the C1
center have higher AGy~ and shorter d,. Moreover, compared
with BLG, the d in tBLG increases with twist angle (Fig. 2 and 3),

(a)1.66
@)
1.65f o
< ©)
2l
L 164} Q
T
O
< o
1.63F
1.62 — s ; : :
3.5550 3.5600 3.5650 3.5700 3.5750
d, (A)
(C) AG, (eV)
25'241 1.633
1.635
52 Py 9% ° 1.638
25.16 1.640
1.643
1.645
M 1,648
21,64 0P PP 33 1.650
160 ° 3,872 %0 1.653

—

corresponding to the decreased AGy« (average value). There-
fore, increased z-distance (e.g., at AA-stacked regions) reduces
the interlayer orbital overlap, weakens sp>-sp® hybridization,
and enhances p.-orbital availability for H adsorption. Further-
more, Fig. S4 (ESIt) compares the AGy- for the single mono-
layer graphene (MLG), BLG, and tBLG. The AGy- increases
monotonically from MLG to BLG but decreases in tBLG. These

(b) 1.59

1.56

3523 3524 3525
d, (A)

3.521 3.522

(d)

21 .631/

AGy (V)
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7
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Fig. 4 Correlation between the d, and AGy- for (a) tBLG(13.174°) and (b) tBLG (21.787°). Points with different colors represent various active sites. 3D
scatter plots of the relationship between the atom position and AGy- for (c) tBLG(13.174°) and (d) tBLG(21.787°). The color gradient represents AG.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 16664-16670 | 16667


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp01437a

Open Access Article. Published on 08 July 2025. Downloaded on 4/4/2026 10:26:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

results indicate that interlayer coupling in BLG weakens the
binding strength, while the introduction of a twist angle further
modulates the coupling, ultimately enhancing the binding
strength.

Fig. 5a shows the relationship between twist angle and
AGy«. The average of AGy~« was presented by the saturated
point. From 0 = 0° to 13.174° and 0 = 0° to 21.787°, AGy~ has
obviously decreased. The AAGy~ is used to further quantify the
change of AGy~ with twist angle:

AAGy = AGi(0) — AG(0°) (5)

The average AAGy~ decreases from —0.041 eV to —0.061 eV
when 0 increases from 13.174° to 21.787° (Fig. 5b), indicating
that the larger twisted angle leads to a larger change of AGy-.
Fig. 5c shows the reaction free energy diagram for the HER at
different sites. Based on the Sabatier principle, the binding of
atomic H to an effective HER catalyst should neither be too
strong nor too weak. Consequently, smaller |AGy-| values
represent a lower thermodynamic barrier for the HER. For an
ideal HER catalyst, the AGy~ should be 0 eV. The positive values
of AGy~ represents the under-binding of the H* intermediate
and are the origin of the thermodynamic overpotential. The
lower AGy~ values on tBLG than on BLG indicate that twist
angle promotes the HER activity. The thermodynamic limiting
potential (Uy) is calculated using eqn (3). Correspondingly, the
U, for the HER also increases with the twist angle (Fig. 5d). We

z
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also considered the electronic structure effect on the HER (Fig.
S5 and S6, ESIT), but found that the charge density difference
almost has no difference between BLG and tBLG surfaces. This
might be caused by the weak interaction in bilayer graphene.
Notably, no significant correlation emerged between the Bader
charge of the active sites and AGy» as demonstrated in Fig. S7a
and b (ESIt). Additional insights were gained from projected
density of states (PDOS) calculations comparing the BLG and
tBLG configurations (Fig. S7c and d, ESIt). The twist induced a
distinct change in electronic structure, manifested by a reduction
in the number of peaks at the Fermi level from three to one
following twisting. But the corresponding p band center of site-
PDOS lacks clear correlation with adsorption energy trends across
different configurations (Fig. S7e and f, ESIY). Therefore, correla-
tion analyses reveal that geometric parameters outperform local
electronic descriptors (Bader charge or PDOS) in predicting site-
adsorption energies. The twist angle generates various active site
structures and increases the bilayer distance, further enhancing
the HER activity.

4. Conclusion

We scrutinized the angle-dependent electrocatalytic activity of
the twisted bilayer graphene (tBLG) with twist angles greater
than 10° for the HER using DFT calculations and the CHE

(b) 0.00

< -0.01f

0eV

V

)
~ -0.02}
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-0.041 eV
-0.05

Average AAG,
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(a) Dependence of AGy~ on the twist angle. Saturated points represent the average values of AGy+; unsaturated points show individual calculated

AGy+ values. Red data points correspond to the AGy» values for tBLG(13.174°); blue data points represent AGy« values for tBLG(21.787°). (b) Average
AAGy~ as a function of the twist angle. (c) Free energy diagram of the HER at various sites of the tBLG and BLG surface. (d) Thermodynamic limiting

potentials (U,) of the HER as a function of AGyx.
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approach. The results show that the twisting of BLG leads to an
increase in the bilayer distance, which follows a decreasing
trend as the site is located further away from the C1 to C2
symmetry center. Meanwhile, the intensity of hydrogen adsorp-
tion also varies as a function of site position in the 2D plane,
and the AGy~ decreases as the d, of the active site increases.
Both d, and AGgy-~ correlate within the 2D plane of tBLG, which
is attributed to the local geometry in the tBLG structures
generated by the twist. This effect is further enhanced with
the increase of the the twist angle. As a result, twisting the BLG
results in the 2D position-dependency of various active sites
with unique local structures and fine-tuned HER activities. This
study suggests that twisting can be a novel strategy to design 2D
materials with precisely controlled catalytic activities.
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