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ABSTRACT: 2D materials have attracted tremendous interest as functional materials
because of their diverse and tunable properties, especially at their edges. A material’s work
function is a critical parameter in many electronic devices; however, a fundamental
understanding and a path toward large alterations of the work function in 2D materials still
remain elusive. Here, we report the first evidence for anisotropy of the work function in 2D
MoS2 from first-principles calculations. We also demonstrate large work-function tunability
(in the range of 3.45−6.29 eV) choosing the 2H phase of MoS2 as a model system by
sampling various edge configurations. We furthermore reveal the origin of this work function
anisotropy and tunability by extending the existing work function relation to the local dipole
moment at surfaces of 3D materials to those at edges in 2D materials. We then use machine-
learning approaches to correlate work function with edge structures. These results pave the
way for intrinsic edge engineering for electronic and catalytic applications.

Atomically thin two-dimensional (2D) materials ranging
from metallic graphene, semiconducting transition-metal

dichalcogenides (TMDCs), to highly insulating hexagonal
boron nitride have attracted widespread research interest over
the past decade.1−4 Because of their exceptional physical and
chemical properties, they have been widely used as
components in various electronic devices.5−8 Work function,
which is the minimum energy needed to remove an electron
from a solid to a point in the vacuum immediately outside the
solid surface, is a crucial parameter for the design of electron
emitters, photovoltaic devices, and electrocatalysts.9−13 Con-
sequently, numerous research efforts have been made to
modify the work function of 2D materials to improve device
performance.14−17 For example, by immersing the graphene
films into AuCl3 solution, the work function of graphene was
adjusted by 0.5 eV, allowing the power conversion efficiency of
the photovoltaic device to be improved by 40 times.18 In
addition, by varying the environment from vacuum to O2, a
work function variation of 0.43 eV in MoS2 monolayer was
achieved, thereby enabling a high-quality homojunction diode
with partial passivation.19 However, fundamental understand-
ings of factors that control the work function in 2D materials,
the degree of tunability of work function at the 2D limit, as
well as practical ways of achieving this tunability for various
nanoscale applications/devices remain to be developed.
The work function (W) of a 3D material can be written asW

= −eΦ − EF, where the first term is precisely the energy to
overcome the surface dipole barrier, approaching a constant at
distances far from the surface, and the second term is the
energy of the Fermi level of the bulk, from which the electron
is removed.20 The surface dipole barrier is formed because of
(a) the redistribution of the electron density on the surface due

to the termination of periodic boundary condition and (b)
ionic reconstruction of the surface that gives rise to a different
atomic arrangement on the surface compared to the bulk;
hence, the surface dipole barrier is naturally different for
different surfaces or surface reconstructions, both for metals
and semiconductors. It is well-known that the work function of
3D materials is surface-dependent and anisotropic, although
the variability that one can obtain is not too high.21−23 The
definition of work function in 3D materials is immediately not
evident in 2D materials, because there is no clear distinction
between bulk and surface atoms in 2D materials. It is also not
clear what will be the 2D limit of the work function anisotropy,
where two types of surfaces (2D planar surfaces and 1D edges)
coexist.
We assume that edge atoms in 2D materials are analogous to

surface atoms in 3D materials, while surface atoms in 2D
materials are analogous to bulk atoms in 3D materials. On the
basis of this interpretation, the work functions of edges in 2D
materials can be obtained. In addition to the conventional
zigzag or armchair edges common to hexagonal 2D materials,
more complex edge reconstructions have been synthesized and
demonstrated to show functional properties.24,25 We have
shown that there is indeed a wide family of synthesizable,
reconstructed edges in 2D TMDCs, with many potential
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nanoscale applications.26,27 Therefore, the edge reconstruc-
tions of 2D materials may offer a new opportunity for work
function modification as a result of the possibly different
barrier energies at the edges. In this work, using first-principles
density functional theory (DFT), we attempt to investigate if
the work function of 2D materials can be effectively tuned by
edge reconstructions, to what degree it can be tuned, and what
underlying mechanism is responsible for this tunability. We
choose the well-studied 2H MoS2 as a representative example
to explore this question. The approach of investigation we lay
out in this Letter can be straightforwardly expanded to other
2D materials in the future. We first study the anisotropy of the
work function in the pristine MoS2 nanoribbons. Next we
investigate the 3 most stable reconstructed edges at different
Mo/S ratios (Mo-rich, stoichiometric, and S-rich) and then
screen a wide structural space with 625 edge configurations. At
last, we reveal the origin of the work function anisotropy and
tunability.
To understand the anisotropy of the work function in 2D

materials, we used a nanoribbon model with metallic zigzag
edges constructed based on the well-studied 2H MoS2. We
computed the work function by comparing the vacuum level

with the Fermi level, namely, W = EVAC − EF. For the same
nanoribbon, the Fermi level is a constant, so the work function
depends on the local vacuum level. The local vacuum level can
be obtained from the electrostatic potential energy that uses an
electron as the test charge. We plotted the plane-averaged
electrostatic potential energy of a pristine 2H MoS2 nano-
ribbon with 6 pairs of Mo and S rows (width ≈ 14.55 Å). We
found that the work function is 5.34 eV along the normal
direction (Figure 1a). However, along the width of the ribbon,
the work function is 4.45 eV at the Mo side and 5.87 eV at the
S side (Figure 1b). This indicates that the work function of 2D
materials is orientation-dependent, similar to that of 3D
materials as noted above. The anisotropy of the work function
in 2D materials has been conventionally overlooked. In most
cases only the work function along the normal direction has
been considered, while experimental advances in making
devices with stacked 2D materials make studying the
anisotropy highly relevant. Indeed, 2D TMDC films with
vertically aligned layers have been successfully synthesized,
showing improved field emission, gas adsorption, and catalytic
properties.28−31 A modulation of work function as large as 0.89
eV (5.34 eV − 4.45 eV) is realized simply by changing the

Figure 1. Plane-averaged electrostatic potential energy of a pristine MoS2 nanoribbon (a) along the normal direction and (b) along the in-plane
direction. The Fermi level (EF, which is set at 0 eV) and the work function perpendicular to the ribbon (WP), the work functions along the width of
the ribbon at the Mo side (WMo), and at the S side (WS) are indicated by the dashed line and red, blue, and green double-headed arrows,
respectively. The structure of the nanoribbon is also shown (Mo, cyan; S, yellow).

Figure 2. (a) Work functions along the width of the ribbon at the Mo and S sides as a function of the ribbon width in terms of the number of Mo
and S pairs. (b) Bader charges on the edge Mo and edge S as a function of the ribbon width. Dashed lines indicate the Bader charges for Mo and S
atoms in 2H MoS2, i.e., bulk of 2D monolayer material.
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orientation of a single 2D MoS2 nanoribbon. It is noteworthy
that the difference in the work function between the two edges
is even larger with a value of 1.42 eV (5.87 eV − 4.45 eV).
It is known that the width of the nanoribbon plays an

important role in its electronic structure.32−34 Therefore, we
investigate how the work function of the MoS2 nanoribbon is
affected by the ribbon width. Figure 2a shows the work
functions along the width of the ribbon at the Mo and S sides
as a function of the ribbon width. It is noted that the Fermi
level of the nanoribbon changes when the ribbon width
changes, and the work functions were obtained by comparing
the vacuum level with the Fermi level for each individual
nanoribbon. As one can see, the work functions at both sides
are converged (within 0.015 eV) when the ribbon width is
larger than 5 pairs (∼11.82 Å). Effects of local atomic
relaxations at the edges are observed to be relevant mainly for
the S side and also converge quickly with the size of ribbon
width. This indicates that the interactions between the two
sides of the ribbon are very weak when the ribbon width is
larger than 11.82 Å. We also calculated the Bader charges on
the edge Mo and edge S atoms (Figure 2b), which turn out to
be also converged (within 0.02|e|) at the same ribbon width.
Compared to the values for the 2D monolayer, the Bader
charges of Mo and S atoms at the edges are slightly reduced in
magnitude but remain to be positively and negatively charged
as a result of their different electronegativities. Thus, the reason
behind the significant difference in the work function at the
two edges of the nanoribbon as shown above can be explained
by their charge distributions. Although the Fermi level is
constant throughout the nanoribbon, the negatively charged
edge S leads to a negative dipole (pointing inward) and a larger
work function at the S edge, while the positively charged edge
Mo causes a smaller work function at the Mo edge.
Next we turn to nanoribbons with reconstructed edges, as

studied earlier in various experiments as well as computa-
tions.24−26,35 Here we mainly consider edge reconstructions at
the Mo side, but the methodology developed here for the Mo
side can be easily extended to the S side, which would be also
of interest to study in the future. We set the ribbon width to 5
pairs to avoid strong interactions between the two sides of the
ribbon (Figure 2a). Following our previously developed
workflow,26 we generated 625 edge configurations from tiling

the triangular lattice. It is noted that with edge reconstructions
all the nanoribbons remain metallic (at the edges), with 41
nanoribbons becoming half-metallic. The metallic/half-metallic
characters of the edges can increase the electrical conductivity
in electrocatalysis and photocatalysis. In addition, the highly
localized electron states at the edges have the ability to donate
and accept electrons and thus can act as catalytic sites just like
ordinary metal surfaces. This could be of general importance,
providing a route for the hydrotreating catalysis.36

We first illustrate the effect of edge reconstructions with the
most stable Mo-rich, stoichiometric, and S-rich reconstructed
edges. The geometric structures and plane-averaged electro-
static potential energies of the three nanoribbons are shown in
panels a and b of Figure 3, respectively. The edges are labeled
based on the orientation and composition of the outermost
termination group, with the percentage of Mo in each
nanoribbon shown in the bracket. We find the work functions
at the S side of the 3 ribbons are the same (5.87 eV), owing to
the large distance and negligible interactions between the two
sides of the ribbons, and thus unchanged local dipole moment.
As such we use the vacuum level of the S side of the ribbon as a
reference as shown in Figure 3b. We find the reconstructed
stoichiometric edge ZZMo-MoS2 has a work function of 5.19
eV, followed by the S-rich edge ZZMo-S4 (4.34 eV) and the
Mo-rich edge ZZMo-Mo2 (3.68 eV). Compared with the
pristine edge, the work function can be tuned by +0.74 eV
(5.19 eV − 4.45 eV) in the case of ZZMo-MoS2 and by −0.77
eV (3.68 eV − 4.45 eV) in the case of ZZMo-Mo2. Then we
extend this analysis to all of the 625 reconstructed edges. The
histogram of the work functions at the Mo side is shown in
Figure 3c. Excitingly, we find that a wide range of work
functions from 3.45 to 6.29 eV can be achieved from the 625
edge configurations, with almost ∼3 eV of tunability. This is
the largest difference ever reported, indicating that the work
function can be effectively tuned by edge reconstructions.
Histograms of the work function at the S side and along the
normal direction for the 625 structures examined here are
shown in Figure S1. As one can see, the work function at the S
side remained practically unchanged owing to the large ribbon
width.
To explore the potential relationships between the chemical

properties of the edges and their work function, we first

Figure 3. (a) Geometric structures of three MoS2 nanoribbons with reconstructed edges at the Mo (left) side. Mo, cyan; S, yellow. (b) Plane-
averaged electrostatic potential energy of the nanoribbons. The Fermi level (EF, which is set at 0 eV) and the work function of ZZMo-Mo2, ZZMo-
MoS2, and ZZMo-S4 are indicated by the dashed line and green, red, and blue double-headed arrows, respectively. (b) Histogram of the work
function at the Mo side along the width of the ribbon for the 625 nanoribbons.
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computed the formation energies. We find 267 reconstructed
edges are thermodynamically stable (highlighted in a red box
in Figure 4a), and these stable edges possess work functions
spreading from 3.59 to 6.29 eV, with no discernible relation
between the two quantities. Furthermore, no correlation could
be found by plotting the stoichiometry versus work function
(Figure 4b). The absence of a correlation between either
stability or composition with the work function suggests
additional influences, possibly from the geometric config-
urations of the edges. To investigate this, we compute
structural features of the 2D MoS2 and analyze them with t-
SNE, a well-established method for mapping high-dimensional
data.37 We start by using a simple atom-counting representa-
tion, where each edge is represented by four values each
representing a layer of the edge region. Within each layer, the
Mo and S atoms are summed by their formal charges +4 and
−2, respectively. The t-SNE plot of the atom-counting
representation in Figure 4c (with points color-coded by work
function) shows a surprisingly clear clustering of structures for
many low work function cases, which are circled in pink. These
clusters are grouped for their structural similarity and are
characterized by edges with terminal Mo atoms and S
underneath. The clustering is less clear for high work function
cases. We next turn to a state-of-the-art representation using
many-body tensors in Figure 4d, which incorporate a much
higher degree of structural fidelity in the features.38 Once

again, similar groupings of low work function cases with
terminal Mo with a high concentration of subedge S can be
seen. Additionally, groups of high work function edges can also
be identified, which all feature terminal S atoms with Mo
directly underneath. These results are consistent with the prior
observation that positively charged Mo at the edge leads to a
low work function, as the presence of multiple coordinating S
below the Mo edge is responsible for withdrawing the charge
from Mo.
We next seek to derive the correlation of work function and

edge property more strictly. If the direction along the width of
the ribbon is set as y, the plane-averaged charge density ρ(y)
can be written as

∫ ∫ρ ρ=y
A

x z( )
1

d d (x, y, z)
(1)

where A is the area of the ribbon in the xz plane. Then the
edge dipole moment can be calculated from this plane-
averaged charge density as its first moment:

∫ ∫ρ ε= = − ∂
∂

P y y y
A

y( )d y
V(y)
y

d
b

b

b

b 2

2
0 0

i
k
jjjjj

y
{
zzzzz (2)

Here the Poisson’s equation was used to relate the plane-
averaged electronic charge density to the plane-averaged
potential V(y), defined as

Figure 4. (a) Work function as a function of the formation energy for the 625 nanoribbons. Different colors of data points are assigned based on
their formation energies. Data points for 267 thermodynamically stable reconstructed edges are enclosed in the red box. (b) Work function as a
function of the stoichiometry for the 625 nanoribbons. Stoichiometric structures where S:Mo = 2 are indicated by a vertical dotted line. (c) The t-
SNE plot of the atom-counting representation (with points color-coded by work function). (d) The t-SNE plot of the state-of-the-art many-body
tensor representation (MBTR).
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∫ ∫=V y
A

x zV x y z( )
1

d d ( , , )
(3)

In our calculations, the center of the ribbon was set as b0,
and b corresponds to the center of the vacuum in the supercell.
Integrating by parts, we obtain the relation between the dipole
moment and the plane-averaged potential to be

∫ε
= = −P

V y V b V bd ( ) ( ) ( )
b

b

0
0 (4)

If the value of the Fermi level (EF) is set equal to zero,
−eV(b) is equal to the edge work function; therefore

ε
= − −W eV b

eP
( )0 (5)

This expression is similar to that of 3D materials,39 but it is
now shown to be valid for edges, relating the work function
explicitly to the edge dipole moment. We can clearly see a
larger dipole moment will result in a smaller work function. To
see this explicitly in our calculations, we can plot the work
function versus the dipole moment. To eliminate the ambiguity
in the choice of b0, we plot the difference between W and W0,
where W0 is the work function of the pristine Mo edge, which
becomes

ε
− = −

−
W W

e P P( )
0

0
(6)

where P0 is the dipole moment of the pristine edge. Equation 6
demonstrates that the change in the work function will be
proportional to the change in the edge dipole moment. We
thus understand the tunability of the work function in 2D
nanoribbon edges to arise from intrinsic changes in the in-
plane polarization due to edge reconstruction, in the limit that
the two edges of a nanoribbon do not interact with each other
(valid for wide nanoribbons such as ours as shown in Figure
2a).
In Figure 5, we plot the change in the work function (W −

W0) versus the change in the edge dipole moment (P − P0) for

the 625 nanoribbons. The work function was computed by
comparing the vacuum level with the Fermi level for each
ribbon, and the edge dipole moment was computed by eq 2. A
linear correlation between the change in the work function and
the change in the dipole moment was observed. To guarantee

that a reconstructed edge with specific work function is stable,
we have replotted Figure 5 with only the 267 stable edges. As
shown in Figure S2, a linear correlation with less scattering was
observed for the stable edges. This is similar to 3D metals,39

but here it is demonstrated for the first time to hold true in the
2D limit for nanoribbons. We have established that in the 2D
limit the change in the work function is related to the change
in the intrinsic polarization. Where does this change in
polarization come from? From eq 2, it is known that the
polarization is the first moment of the charge density, and
therefore, the change in the charge density is the main cause.
Figure S3 shows the charge density difference plots for ZZMo-
S4 as an example. First, it confirms that the S side is not
affected by the edge reconstruction at the Mo side. Second, the
charge depletion on the outmost S atoms explains the relatively
low work function of ZZMo-S4 (4.34 eV).
Compared to the previous method, the predominant

advantage of edge reconstructions studied in the present
work is the large tunability of the work function for 2D
materials. Edge reconstructions can achieve a tunability of
about 2.7 eV, while external doping, immersing into solutions,
and varying the environment can so far modify the work
function by only about 0.5 eV. In addition, edge
reconstructions allow people to tune the work function in
2D materials intrinsically based on only the two constituent
elements, as opposed to the conventional Edisonian manner of
using extrinsic dopants or overlayers. With the large tunability
of the work function, the performance of 2D materials can be
further improved. For example, the MoS2 nanoribbon with
metallic edge can be treated as a metal like graphene, and it can
be combined with n-Si to form a Schottky barrier solar cell.
Ideally the open-circuit voltage, as well as short-circuit current
and power conversion efficiency will increase as the work
function and Schottky barrier height increase.40 The output
characteristics of the photovoltaic device will also be affected
by other factors such as the carrier concentration and
resistance of the edges. Nonetheless, there is a direct influence
of work function on the performance which provides a strong
motivation for work function tuning.
Our study of the work function in 2D MoS2 presents several

important implications. First, it indicates that 2D thin films
with vertically aligned layers, thereby maximally exposing the
edge sites, have different work function from their laterally
aligned counterparts exposing the basal planes. In addition, the
vertically aligned layers with different edge terminations will
also have distinct work functions and functional properties. For
example, the photoelectric effect would be different on
different edges, and so would be the thermionic emission for
these metallic nanoribbons with different edges. In our current
model, the interaction between nearby nanoribbons was not
considered. A previous study shows that MoS2 nanoribbons
with pristine edges are held together through weak vdW
interaction with no strong interactions between the neighbor-
ing nanoribbons.41 However, interactions between nanorib-
bons with reconstructed edges and how that affects the work
functions at the edges are of great interest to be investigated in
the future. Our study also implies that band offsets will be
different at the two different edges in 2D lateral hetero-
structured devices, consequentially affecting electron transport
through the nanoribbon. Thus, combining vertical and lateral
2D heterostructures, which show different interface electronic
properties, and can lead to unique applications.42 Second, it is
known that the work function is a critical parameter for

Figure 5. Linear correlations between the change in the work function
(W − W0) and the change in the edge dipole moment (P − P0) at the
Mo side. Different colors of data points are assigned based on their
work function.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.1c00278
J. Phys. Chem. Lett. 2021, 12, 2320−2326

2324

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00278/suppl_file/jz1c00278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00278/suppl_file/jz1c00278_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00278?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00278?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00278?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00278?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.1c00278?ref=pdf


catalysis, and therefore, reconstructed edges, which possess a
wide range of work function, are promising catalyst candidates
for various reactions such as hydrogen evolution reaction
(HER),43 oxygen reduction reactions (ORR) in fuel cells,44

and hydrodesulfurization in the petroleum industry.45,46 For
example, it is shown that the catalytic activities of TMDC
edges for CO2 reduction increase as the work function
decreases.47,48 Thus, reconstructed edges which have lower
work functions than the pristine edge can be more active for
CO2 reduction. Last but not least, because the change in the
work function is linearly correlated to the change in edge
dipole moment, it is expected that the dipole moment could be
a promising new type of catalytic descriptor. Indeed, a recent
machine learning study has demonstrated that a dipole-related
descriptor can be used to accurately predict the key parameters
of surface−molecular adsorbate interactions such as molecular
adsorption energy and transferred charge.49

To summarize, we have investigated the work function of 2D
MoS2. We find that for a MoS2 nanoribbon with metallic zigzag
edges, the work function is 5.34 eV along the normal direction,
while 4.45 eV (Mo side) and 5.87 eV (S side) along the in-
plane direction, indicating that the work function of 2D MoS2
could also be anisotropic like 3D materials that display surface-
dependent work functions. By examing 625 MoS2 nanoribbons
with reconstructed edges at the Mo side, we find that the work
function can be dramatically modified by edge reconstuctions.
A wide and continuous range of work functions (from 3.59 to
6.29 eV) has been achieved within the 267 themodynamically
stable edge configurations, making them promising for
applications such as electron emitters, photovoltaic devices,
and electrocatalysts. Finding no discernible relationship
between stability or stoichiometry with the work function,
we map out the 625 nanoribbons based on structural features
and find the work function could be closely related to the
presence of positive Mo or negative S at the edges. We derive
the edge dipole moment as a key quantity which captures the
charge distributions of the edge atoms and which directly
correlates to the work function. Our work elucidates and
numerically demonstrates for the first time the anisotropy of
the work function in 2D materials and paves the way to
effectively tune the work function without external doping.
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