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ABSTRACT: Nontrivial surface states in topological materials have emerged as exciting
targets for surface chemistry research. In particular, topological insulators have been used as
electrodes in electrocatalytic reactions. Herein, we investigate the robustness of the topological
surface states and band topology under electrochemical conditions, specifically in the presence
of an electric double layer. First-principles band structure calculations are performed on the
electrified (111) surfaces of Bi,Te;, Bi,Ses, and Sb,Te; using an implicit electrolyte model. Our
results demonstrate the adiabatic evolution of the surface states upon surface charging. Under |-~
oxidizing potentials, the surface states are shifted upward in energy, preserving the Dirac point
on the surface and the band inversion in the bulk. Conversely, under reduced potentials,
hybridization is observed between the surface and bulk states, suggesting a likely breakdown of
topological protection. The position of the Fermi level, which dictates the working states in
catalytic reactions, should ideally be confined within the bulk bandgap. This requirement
defines a potential window for the effective application of topological electrocatalysis.

T opological materials (TMs) are increasingly recognized as
a new generation of catalysts, with the potential to
replace precious metals in heterogeneous catalysis.' > The
conducting electronic states in TMs, known as topological
surface states (TSSs), are protected by the specific symmetries
of bulk crystals and show promise in enhancing the catalytic
activity, durability, and efliciency. To date, topological
insulators,"~** crystalline insulators,>™” and semimetals'®™>*
have been explored in various catalytic applications, with
notable enhancements reported. However, the exact role of
TSSs in catalysis remains elusive primarily due to the
challenges of in situ measurements under complex reaction
conditions. As a result, theoretical simulations have become
crucial for understanding the contributions of TSSs in catalysis.

Topological insulators (TIs) containing heavy elements
exhibit band inversion in their bulk band structures due to
strong spin—orbit coupling (SOC), leading to an insulating
bandgap in the bulk while sustaining otherwise gapless surface
states. The tretradymite family—Bi,Ses, Bi,Te;, and Sb,Te;—
is recognized as three-dimensional TIs, characterized by a
single Dirac point on their surface.””™* Their simple and
straightforward TSSs have made them prototypical materials
for exploring the role of TSSs in practical applications, such as
electrocatalysis. Recent studies have highlighted the stability of
their TSSs in the presence of adsorbates, defects, and surface
oxidation.'***™>* However, there is a significant gap between
the systems in actual electrochemical environments and those
evaluated in experimental or theoretical characterizations.”
Particularly, under electrocatalytic conditions, an electric
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double layer (EDL) forms at the solid—liquid interface,
where the electrolyte ions balance the charges on the electrode
surface. As a key feature in electrocatalysis, the EDL
remarkably affects the local reaction environment,”*™>° yet
its effect on TSSs has not been thoroughly explored. Therefore,
it is critical to consider surface charging and electrolyte ions in
theoretical calculations to understand the interplay of EDL
with TSSs.

Density functional theory’”*® (DFT) methods, employing
the generalized gradient approximation®” and SOC, have been
widely used to access topological band structures, aligning well
with angle-resolved photoemission spectroscopy (ARPES)
results.*”*>**% Additionally, the complex solid—liquid inter-
face can be effectively approximated by a cost-effective implicit
electrolyte model based on the linearized Poisson—Boltzmann
equation.””®” In practice, plane-wave DFT calculations within
the Vienna Ab initio Simulation Package (VASP)**™%° and the
VASPsol®”*® implementation offer a robust approach for
describing surface dynamics in the presence of an electric
double layer.””~"*

In this work, we focus on elucidating the electrostatic effects
of EDL on the TSSs of the tetradymite TIs family through
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Figure 1. (a) Slab model used in surface charging DFT calculations for the three tetradymite topological insulators. The isosurface above the B1
atomic layer represents the counter-charge density generated by VASPsol. Owing to the inversion symmetry, only three of the five quintuple layers
are shown here, and they are labeled for further analysis. (b) Grand canonical energy () of the Bi,Te; slab plotted as a function of the electrode
potential relative to the standard hydrogen electrode potential. The plotted data points are fitted to a parabolic curve, with a root-mean-square error
of 0.014. (c) Bader charge analysis on the individual ions within QL1 (1’) of the Bi,Te, slab. The values of AC are calculated with respect to the
charge-neutral slab, with the left vertical axis assigned to the Te ions and the right vertical axis assigned to the Bi ions. The solids lines guide the

reading for the three ions of interest.

first-principles calculations. The electrodes are modeled as
two-dimensional slabs immersed in an implicit electrolyte
solution, with surface charging achieved by varying the number
of electrons in the systems and solving the linearized Poisson—
Boltzmann ecéuation.m’62 All calculations are performed using
the VASP®*™°° package along with the VASPsol implementa-
tion.””%® This study does not consider the presence of surface
adsorbates and defects nor does it account for the chemical
changes resulting from surface oxidation or reduction that may
occur under applied potentials. We investigate the properties
of charged slabs in an equilibrium state, thus computing their
ground-state electronic band structures. The presence of the
EDL significantly alters the surface Dirac point and Fermi level
within the band structures. The surface states exhibit distinct
behaviors as the applied potential sweeps from negative to
positive. Under oxidizing (positive) potentials, the surface
states shift upward in energy, enlarging the energy gap between
the Dirac point and the bulk valence band. As a result, band
inversion is preserved and the robustness of the TSSs persists.
However, when reducing potentials are applied, the surface
states shift downward, crossing the bulk bands and leading to
hybridization of the surface and bulk states. Consequently, the
original surface states extend into the bulk, implying a likely
breakdown of the topological protection. The Fermi level also
exhibits a dependence on the applied potential. To avoid the
intersection of the Fermi level with the bulk bands, a potential
window is proposed to define a reasonable range for surface
charging. We argue that this window is critical for
considerations of topological electrocatalysis and for leveraging
the advantages of TSSs in tetradymite TIs.

Figure la presents the slab model used for surface charging
calculations of the three tetradymite TIs: Bi,Se;, Bi,Te;, and
Sb,Te;. The bulk crystal of these compounds exhibits a layered
structure, where a quintuple layer (QL) is defined by five
atomic layers of the A,B; stoichiometry. Neighboring QLs are
bound by weak van der Waals interactions, making it a
convenient choice (due to the low surface energy and
preservation of charge neutrality and stoichiometry) to cut
through the inter-QL gap for the (111) surface. Five quintuple
layers from the relaxed bulk crystal are extracted to form the
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slab, where QL1 and 1’ refer to the two surface QLs, QL2 and
2’ to the two subsurface QLs, and QL3 to the central layer of
the slab. Owing to inversion symmetry, the two slab surfaces
are identical, and only one side is shown in Figure la.
Positioned above the slab surface is the counter-charge density
isosurface, representing the implicit electrolyte ions. The
electric field created by these ions is solved self-consistently to
balance the surface charges. All computational results are
detailed in the Supporting Information, which we reference in
our discussion. In the following text, we primarily discuss the
results exemplified by Bi,Te; and draw comparisons with
Bi,Se; and Sb,Te,;.

The Bi,Te; slab is charged by altering the number of
electrons of the system in the calculations, ranging from —0.5 e
to +0.5 e relative to the charge-neutral slab. This effectively
means that the charged slab represents a grand canonical
ensemble of electronic states, where the number of electrons
varies in response to the applied (chemical) potential. The
surface QLs are fully relaxed for each charging state, showing
negligible differences from the zero-charging state. The Fermi
energy, obtained from the negatively and positively charged
slabs, translates into the electroreduction and electrooxidation
potentials (U), respectively, via eq S1. Figurelb illustrates the
potential window under investigation, sweeping from —2.6 V
(reduction) to 2.4 V (oxidation) versus the standard hydrogen
electrode (SHE). The corresponding charges to the applied
potentials are indicated on the upper horizontal axis.
Moreover, the grand-canonical free energy (Q) is plotted as
a function of U and is further fitted to a parabolic curve. The
low root-mean-square error (RMSE) of this fitting suggests
that, within the potential window under consideration, the
EDL formed at the solid—liquid interface behaves as an ideal
capacitor.””> A similar behavior is observed for the slabs of
Bi,Se; and Sb,Tes, as shown in Figure S3.

To understand the distribution of charges under an applied
potential, Bader charge analysis’*~’® is performed on each
individual atom (see Tables S8—S16). First, we analyzed the
charge-neutral slab. Owing to the difference in electro-
negativity between Bi and Te, the Te atoms gain electrons
and form “anions”, while the Bi atoms form “cations” by losing
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Figure 2. Projected band structures of the Bi,Te; slab under various electrode potentials. In each panel, the electronic states are color-coded to
reflect their predominant orbital contributions. Upper panels: electronic states depicted in red are primarily derived from the surface, while those in
blue are dominated by the bulk. Lower panels: electronic states depicted in green originate primarily from the Bi atoms, while those in orange are
Te-dominated. The black squares in the upper panels track the evolution of the surface Dirac point, which is further highlighted in the inset. The
red circles in the lower panels highlight the electronic states that exhibit band inversion around the I" point.

electrons. For the surface QLs, the Bader charges for Te are
found to be —0.47 ¢, — 0.66 ¢, and —0.45 e for Tel, Te2, and
Te3, respectively. In contrast, the Bader charges for Bi are
predicted to be +0.80 ¢ (Bil) and +0.78 ¢ (Bi2), resulting in a
zero net charge within QL1 (1").

When an electrode potential is applied, we calculate the
differential Bader charge (AC) to track the evolution of the
charging state for each ion. First, we focus on the ions within
QL1 (1) of the Bi,Te; slab. The results are summarized in
Figure 1c, where the left vertical axis is assigned to Te and the
right one for Bi. For the oxidized surface with a positive U,
over 80% of the changes in the total charge are found on the
Tel layer (orange line and circles), while the Bi2 ions (green
line and pentagons) show only slight oxidation. Counter-
intuitively, the Bil ions (green line and squares) are predicted
to undergo reduction when U > 0. Similarly, when a negative U
is applied, more than 80% of the negative charges localize on
the Tel ions with the Bi2 cations experiencing minimal
reduction.

For QL2 (2'), the most noticeable changes in charging states
primarily occur in the Tel and Bil ions (see Figure S4), owing
to their proximity to the surface QLs. The other ions within
QL2 (2') and those in QL3 show minimal impact, with IACI <
0.01 e in all cases (as detailed in Tables S12 and S13). It is
noteworthy that the surface charging of the Sb,Te; slab
behaves similarly to that of Bi,Te, (as indicated in Figure S4).
However, when Te is replaced by Se, the behavior of the Bil
ions consistently aligns with that of the Sel ions at negative U,
contrasting with the trend of Bil in Figure 1c. This discrepancy
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can be ascribed to the increased electronegativity of Se
compared to Te, thereby enhancing the ionic character of
Bi,Se;, in which the Bi ions are more electron-deficient than
those in Bi,Te;.

In the following analysis, we examine the effect of surface
charging on the band structures of the Bi,Te; slab under
various applied potentials. Specifically, our focus is on the
surface Dirac point and the bulk state that exhibits band
inversion.

Figure 2 presents four representative charging states (+0.2 e
and +0.4 ¢) in comparison with the charge-neutral slab. In the
upper panels, the band structures are spatially resolved by
projecting the electronic states onto the surface QLs and bulk
QLs. By evaluating the trace of the projected particle density of
all spinor states, the surface-predominant states are depicted in
red, while the bulk states are denoted in blue. The
corresponding applied potentials and charges are indicated at
the top. The distinct color-labeling for the surface states tracks
the evolution of the surface Dirac point (highlighted as insets
in the upper panels of Figure 2) in response to the electrode
potential in the adiabatic limit. The full set of band structures
for all charging states is listed in Figures S7—S11. Under
positive potentials, the Fermi level shifts downward below the
Dirac point, corresponding to an electron-accepting state for
oxidation reactions. The energy gap between the Dirac point
and the bulk valence bands increases as U becomes more
positive. In addition to the Dirac point, other surface-
predominant states are generally shifted up and toward the
Fermi level, as shown by the population of the red states (see
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Figure 3. (a) Integrated electron density over the xy-plane at various sampled positions along the z-axis (perpendicular to the surface) of the Bi,Te,
slab. The plot focuses on QL1 (1’) where apparent electron density fluctuations occur in response to surface charging (black for 0 e, red and blue
for +0.5 e and —0.5 e, respectively). The gray dotted lines denote the ionic positions, and the magenta bar marks the peak of the integrated counter-
charge density, which is ~3 A away from the surface. (b) Visualization of the change in electron density in a three-dimensional real space grid.
Relative to the charge-neutral slab, regions gaining electrons are shown in yellow, while regions losing electrons are in cyan. Induced dipoles are
inferred from these density fluctuations and indicated by blue and red circles. (c) Plane-averaged electrostatic (ES) potential within QL1 (1') along

the z-axis for the same three charging states in (a).

the top right panels in Figure 2) along the two investigated k-
paths. Under negative potentials, the Fermi level shifts up in
energy, populating both the surface (red) and bulk (blue)
states in the (original) conduction band. Compared with the
bulk valence bands, the Dirac point is significantly stabilized in
energy, drilling down from the Fermi level and crossing the
bulk valence bands. With U < —1.43 V, the Dirac-point states
are robust; i.e,, they remain localized on the surface QLs (see
Figure S7). However, these surface states can hybridize with
the bulk states (which are analyzed in the following) when a
less negative reducing potential is applied (see U = —0.82 V in
Figure 2 and U = —0.22 V in Figure S7).

In the lower panels of Figure 2, we project the electronic
states of the Bi,Te; slab onto Bi and Te to evaluate the
predominant elemental character. Electronic states originating
primarily from Bi are depicted in green, while Te-dominated
states are shown in orange. In conjunction with the upper
panels, the electronic states denoted simultaneously in blue
and green represent Bi-predominant states in the bulk. At the
Brillouin zone center (I'), the “green” state resembles the one
exhibiting band inversion in the bulk crystal, as evidenced by
their shared Bi-p, orbital components (see Figures SS and
S10). These states do not appear to be inverted to the valence
band when SOC is disabled in the calculations for the slab in
vacuum (Figure S6). Thus, the band inversion phenomenon
can be attributed to this Bi-p, state, which is localized in the
bulk QLs of the slab.

When an oxidizing potential is applied, the band inversion
remains largely unaffected, while the surface Dirac point shifts
upward, increasing the gap from the inverted occupied states in
the bulk (see the bottom right panels in Figure 2). As a result,
the surface states are consistently protected by the robust band
topology. In contrast, under reducing potentials, the surface
states move in the opposite direction. For U at —0.22 V
(Figure S10) and —0.82 V (lower panels in Figure 2), the
inverted state splits into two bands due to hybridization with
the Dirac-point states. Driven by energy degeneracy, the
hybridized states exhibit primarily Bi-p, orbital character. As
the reducing potential becomes more negative (U < —1.43 V,
see Figure S10), the Dirac-point states surpass the entire
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frontier bulk bands, eliminating the hybridization and splitting.
Consequently, both the Dirac point and the band inversion are
restored, as shown in Figure 2 at U = —2.01 V. It is worth
noting that a similar evolution of TSSs with significant state
hybridization is observed at negative U in a 7-QL Bi,Te; slab
(see Figure S9), suggesting that this phenomenon is consistent
regardless of the slab thickness.

The electronic band structures of the Bi,Se; and Sb,Te,
slabs exhibit a similar evolution in response to the applied
potential: under positive U, both the Dirac point and band
inversion remain robust against surface charging; however, the
surface states can hybridize with the inverted Bi/Sb-p, states
under certain negative potentials. Moreover, the response of
the surface states to surface charging is more pronounced than
that of the bulk states, exhibiting energy stabilization at
negative U and destabilization at positive U. These effects are
clearly illustrated by the projected density of states (Figures
$20—522).

The distinct behavior of the surface states, including the
Dirac point, should be attributed to the combined effects of
surface charging and the presence of electrolyte ions, which are
the two major components of the EDL. As the implicit
electrolyte model provides an electric field only at the interface,
our discussion is confined to the electrostatic interactions
between the surface and the electrolyte ions. First, we analyze
the electron density fluctuations upon surface charging. Figure
3a displays the one-dimensional electron density as a function
of position along the z-axis for three representative charging
states (0 and +0.5 ¢). The electron density is integrated over
the xy-plane at each sampled z position, with the gray dotted
lines indicating the atomic positions within QL1 (1’). The
magenta bar marks the z position at which the integrated
counter-charge density reaches a maximum (see Figure S23),
signifying the concentrated accumulation of electrolyte ions.
Under negative charging (U < 0, blue line and circles), there is
an increase in electron density at the interface compared to the
charge-neutral slab (black line and squares), corresponding to
surface charging and the reduction of Tel. In the Bil—Te2 and
Bi2—Te3 regions, the electron density is also observed to be
higher than that of the zero-charging case. However, in regions
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like Tel—Bil and Te2—Bi2, the electron density decreases,
indicating oxidizing behavior under reducing potentials. For
positive charging (red line and diamonds), the variation in
integrated density is symmetric to the negative-charging one,
differing only by a sign and reverting the electron-gaining and
-losing regions.

The coexistence of reduced and oxidized species is
consistent with the differential Bader charge analysis shown
in Figure Ic, indicating the formation of induced dipoles
within QL1 (1) relative to the charge-neutral slab. We
calculate the electron density difference in a three-dimensional
real-space grid, and the results for QL1 (1) are presented in
Figure 3b. The alternating yellow and blue colors represent the
induced dipoles, which are further labeled by circles marked
with “+” and “=” charges. In the bulk QLs, the formation of
induced dipoles is not observed, as the integrated electron
density remains largely unaffected by surface charging (see
Figure S24). The absence of induced dipoles in the bulk QLs
can be attributed to the weakened interactions across the gap
between two adjacent QLs and the fact that the bulk is
insulating,

Compared with the charge-neutral slab in vacuum, the
electrostatic effects induced by surface charging originate from
two sources: (1) the accumulation of electrolyte ions at the
interface and (2) the induced dipoles confined within the
surface QLs. The former is included in the ionic (external)
potential term V,,,, while the latter is represented by the
Hartree term Vy in the single-particle Hamiltonian. The plane-
averaged total electrostatic (ES) potential, V,,, + Vy, is plotted
as a function of position in Figure 3c for the three charging
states. For comparison, the curves are aligned to the minimum
potential of QL3, as the bulk properties are considered to be
invariant. In the charging state with —0.5 e, the total ES effects
exhibit stabilization at all atomic positions, where the blue
curve is energetically lower than the black one. In interatomic
regions, such as Tel—Bil and Te2—Bi2, the ES effects are
observed to be opposite. However, for surface electronic states
localized around the ions (atoms), the on-site interactions are
much stronger. As a result, the stabilization effects stemming
from the electrolyte cations dominate the energy shifts for the
surface states, explaining the downward movement of the Dirac
point at negative U, as shown in Figure 2. Furthermore, the
induced surface dipoles effectively screen the electrostatic
interactions between the electrolyte ions and bulk QLs,
rendering much weaker effects on the bulk electronic states.
A similar analysis applies to the +0.5 e charging state, where we
observe destabilization of the ES effects due to the electrolyte
anions. Consequently, the surface states, including the Dirac
point, are shifted upward in energy at positive U (Figure 2).
The evolution of TSSs under such counterion-dominated
electrostatic effects is comparable to the tuning of the
topological band structures by an external electric field.”” ™

The ES effects on the surface states, as discussed above, are
observed to be the same for the Bi,Se; and Sb,Te; slabs (see
Figures $25—S26), corroborating their similar evolution of
band structures under applied potentials. It is important to
note that under surface charging conditions both the Fermi
level and the surface electronic states dynamically evolve. For
topological catalysis considerations, the working states should
strictly be those surface states that are protected by the band
topology. This necessitates that the Fermi level be located
within the bulk bandgap and not cross the bulk bands. For
example, in Figure 2, the Fermi level intersects both the surface
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and bulk conduction bands at U = —2.01 Vand U = —0.82 V.
Under these conditions, both the surface and the bulk are
conducting, and the catalytic mechanism is likely reduced to
classical catalysis where topology plays no significant role.
However, this bulk-crossing issue is more manageable under
positive potentials due to the separation of the surface states
from the bulk. For electrocatalytic oxidation reactions on the
(111) surface of Bi,Te;, the applied potential can be raised to
1.34 V while preserving the TSSs. To define the potential
range that avoids bulk-crossing, we calculate the band
structures within a narrower range of surface charging (Figures
$27—S32). The determined potential windows (in units V vs
SHE) are [—0.10, 1.34] for Bi,Te;, [0.72, 3.06] for Bi,Ses, and
[—0.46, 1.42] for Sb,Te;. These findings suggest that Bi,Se; is
ideal for catalyzing oxidation reactions, while Sb,Te; is more
suitable for reduction reactions.

In summary, we have detailed the profound effects of surface
charging on the band structures of the three tetradymite TIs
through first-principles calculations. We observed that the
surface states undergo significant evolution under electro-
chemical conditions. When an oxidizing potential is applied,
the surface states shift upward in energy due to the
destabilizing effects from the electrolyte anions, while the
separation of the Dirac point from the bulk bands helps
preserve the band inversion. Conversely, under reduced
potentials, the Dirac-point states are stabilized by the
electrolyte cations. This can lead to hybridization with the
inverted Bi/Sb-p, states when they intersect with the bulk
bands, potentially indicating the loss of topological protection.
It is important to acknowledge that the surfaces of TIs can
undergo significant reconstructions under applied potentials,
particularly at very negative and very positive potentials. Such
reconstructions could influence the evolution of the surface
states, potentially changing the surface stoichiometry. A
detailed investigation into the surface reconstruction effects
on TSSs is planned for future research.

Besides the evolution of TSSs, accurately locating the Fermi
level is also crucial as it determines the electronic states
responsible for donating or accepting electrons in chemical
reactions. In topological catalysis involving T1s, the Fermi level
should ideally be confined within the bulk bandgap. This
confinement necessitates a reasonable range of applied
potentials. The potential windows identified in our study
suggest that Bi,Se; is more suitable for electrocatalytic
oxidation reactions, while Sb,Te; is better suited for catalyzing
reduction reactions.

Our findings underscore the importance of considering the
evolution of TSSs and the position of the Fermi level under
electrochemical conditions when using topological insulators
in electrocatalysis. The rigid band model, lacking the dynamics
of surface states, is inadequate as a descriptor for effectively
evaluating topological electrocatalysis. For the future design of
topological catalysts, it is crucial to achieve a high density of
TSSs and ensure well-separated surface bands from the bulk
bands, particularly for cathodic applications in electrocatalysis.
We believe that this work will provide valuable insights for
simulating electrocatalysis with topological insulators, high-
lighting that the effects of surface charging deserve as much
attention as the presence of defects and adsorbates.
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