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Eliminating Trap-States and Functionalizing Vacancies
in 2D Semiconductors by Electrochemistry

Jianjian Shi, Xunhua Zhao, Zhiguo Wang,* and Yuanyue Liu*

One major challenge that limits the applications of 2D semiconductors

is the detrimental electronic trap states caused by vacancies. Here using
grand-canonical density functional theory calculations, a novel approach

is demonstrated that uses aqueous electrochemistry to eliminate the trap
states of the vacancies in 2D transition metal dichalcogenides while leaving
the perfect part of the material intact. The success of this electrochemical
approach is based on the selectivity control by the electrode potential

and the isovalence between oxygen and chalcogen. Motivated by these
results, electrochemical conditions are further identified to functionalize the
vacancies by incorporating various single metal atoms, which can bring in
magnetism, tune carrier concentration/polarity, and/or activate single-atom
catalysis, enabling a wide range of potential applications. These approaches
may be generalized to other 2D materials. The results open up a new avenue
for improving the properties and extending the applications of 2D materials.

MX2 by acting as single-atom catalysts for
a variety of reactions.'>" Furthermore,
incorporation of magnetic metal elements
(e.g., Ni, Co) can introduce magnetism
into nonmagnetic MX,, which may be
useful for spintronics.

To eliminate the trap states induced by
vacancies, various approaches have been
explored such as postannealing in chal-
cogen atmospherel*®l and treatments with
molecular healing agents!'’~' or laser.?%
Here we demonstrate a facile approach
that uses water to electrochemically elimi-
nate the trap states of the anion vacancies
(Vx, the most common defects in MX,).
We show that under proper potential, the
O from water can be adsorbed into Vy,

2D transition metal dichalcogenides (MX,, where M represents
a metal element and X denotes a chalcogen) are one of the most
common types of 2D materials and have shown great poten-
tial in electronic and optoelectronic applications.'>! However,
one major challenge that limits their further developments
is the detrimental electronic states induced by vacancies.[*®!
The vacancies create electronic states deep inside the bandgap
that can trap electrons/holes,[®”>1% scattering/recombining
the charge carriers and thus decreasing their mobility and
quantum efficiency. On the other hand, these vacancies may
serve as potential sites for incorporating new elements, i.e.,
forming substitutional defects that may bring in new properties
and functions. For example, Nb/Re substituting W in WSe, can
induce p/n-type doping with long-term stability] compared
with doping by molecule adsorption on the surface. Moreover,
the substitutional metal atoms can activate the basal plane of
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while formation of other adsorbates and

reactions with the perfect part of the mate-

rial are thermodynamically unfavorable.
Since O is isovalent to X, the O adsorption into Vy thus elimi-
nates the trap states (as demonstrated in refs. [9,20]). Therefore,
the Vy is electronically passivated without contaminating the
perfect part. Motivated by this success, we further study the
electrochemical conditions to incorporate other single foreign
atom into the vacancy, which can enable new functions.

A notable feature of electrochemical processes is that the reac-
tions involve electrons/holes whose energetics can be tuned by the
applied potential, which offers facile control over the reactions.
This feature can be utilized to selectively passivate and/or func-
tionalize the vacancies in 2D materials. Figure 1 demonstrates
the feasibility of using OH™ in aqueous solution to passivate Vy
while leaving other parts intact. The calculations are performed
using the grand-canonical density functional theory (DFT)
method??2 as implemented in JDFTx code,?® which captures
the constant-potential effects and thus provides a better descrip-
tion of the electrochemical reactions than the conventional
charge neutral DFT method. More computational details can be
found in the Experimental Section. WSe,, a common 2D semi-
conductor, is used as an example here. The OH™ can react with a
site (denoted as *) and a hole (k) electrochemically through

OH™ (aq)+*+h — *OH 1)

forming an adsorbed OH. We find that this step is downhill in
free energy (G) for * = Vg, with a AG=-040eVat U=0V
versus RHE (reversible hydrogen electrode) and AG = -2.75 eV
at U=1.23 V versus RHE, suggesting that it is thermodynami-
cally favorable for the Vg, to adsorb OH™ from solution coupled
with charge transfer. We choose 0 and 1.23 V as potential limits
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Figure 1. a) Schematic of using aqueous ions (OH™ or metal cations) to
electrochemically passivate chalcogen vacancy (upper panel) or incorpo-
rate foreign metal element (lower panel). Since O is isovalent to X, the
O adsorption into Vy thus eliminates the trap states (as demonstrated
in refs. [9,20]). b) Free energy evolution of WSe, reacting with OH™ in
water at pH = 13. Reactions on perfect site are indicated by filled circles,
and those at Vs, are shown by hollow circles. Blue: 0 V versus RHE; gray:
1.23 V versus RHE. The free energy of OH™(aq) + * system is set to be
zero. ¢) The corresponding structures’ evolution. Note that OOHs, is
unstable and will transform to O—OHys, during structure relaxation.

because a U lower/higher than 0/1.23 would result in split-
ting of bulk water through hydrogen evolution reaction (HER)/
oxygen evolution reaction (OER); pH is set to be 13 in these
calculations as a high concentration of OH™ can facilitate the
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reaction kinetically. A higher potential gives a stronger adsorp-
tion and lower formation free energy (Gy) of *OH because the
hole energy is higher. The *OH may further react with OH~
and h through

*OH+OH (aq)+*+h — *0+H,0 )

Our calculations show that this step is also downhill at both
U=0and 1.23 V for * = Vg, resulting in the passivation of Vg,
(the O in Vg, site is thereafter denoted as Os,). It is possible
that *O may further react with OH™ and h to form *OOH, sim-
ilar to the step in the oxygen evolution reaction under alkaline
conditions; however, we find that the *OOH at Se vacancy is
unstable and will break to *O (at vacancy) and *OH (on the Se
site near vacancy) during structural relaxation (see Figure 1),
with an increase in free energy by 0.90 eV, suggesting that the
Oy, is resistant to OH™ + h. It is also possible that Vs, adsorbs
H through H,0 + * + ¢ — *Hg, + OH(aq), impeding the for-
mation of Og,; however, our calculations show that the Gy (Hg,)
is 0.05 eV at U= 0 and 0.55 eV at U= 1.23 V, and thus the Hg,
is thermodynamically unfavorable to form especially at high
U (note that 0.05 eV (=2kgT) may be not sufficient to prevent
the formation of Hs, at room temperature, thus a higher U is
recommended to avoid its formation). We have also calculated
the G¢ for *O0 at Vg, and find that it is larger than G¢ (Og,)
by > 1 eV even at U = 1.23 versus RHE, indicating it is highly
unfavorable to form. These results suggest that the passivation
of Vg, by O is thermodynamically preferred compared with
other adsorbates.

For * = Se in the perfect part of WSe,, we have also consid-
ered various potential adsorbates, including *OH, *O, *OOH,
*00, and *H, to evaluate the possibility of surface contamina-
tion. The one with lowest Gy is either *OH or *O depending
on the U (Figure 1), while both have a G; > 0 through the
0-1.23 V, indicating that they are unlikely to form on pristine
surface.

These results suggest general criteria of identifying the
proper electrochemical conditions for vacancy passivation
without damaging the perfect part of the material: the pathway
to Ox should be downhill in free energy, while other potential
adsorbates are thermodynamically unfavorable at the vacancy
and on the pristine surface. Based on these criteria, any U
between 0 and 1.23 V should work for WSe,, although a high/
low U may increase the possibility of surface contamination/H
adsorption to V.. We have also studied other MX,, including
WS,, MoSe,, MoS, and MoTe, by calculating the critical poten-
tial (U,) that leads to Gy = 0 for various potential adsorbates
on different sites. The key results are shown in Figure 2.
For all the materials, we find that the U should be < U(Oyg)
(Op represents the configuration of O adsorbed perfect sur-
face) to avoid surface contamination. Since the U, (Oyx) is
always < U, (OHy), a U > U (OHy) leads to a downhill reaction
to Oy. To avoid undesired H adsorption, the U should be larger
than U.(Hs,) since this reaction involves electron in the reac-
tants. Taking these into account as well as the potential limits

to avoid bulk water splitting, the working U range is marked in
Figure 2 by the green arrows.

These results encourage us to explore the electrochemical

conditions for incorporating other elements, such as metal
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Figure 2. Critical potential (U.) at which formation free energy (Gy) of
adsorbate becomes zero. The single-headed arrows point to the poten-
tials that make G¢ < 0 for *OHy and *Oy, while G > 0 for *OH_4 (pft
stands for “perfect”) and *Hy. The blue double-headed arrows mark the
region where the O passivation of Vy is thermodynamically favorable
without undesired side reactions. All the systems shown here are in
aqueous solution with pH =13.

atoms. The metal atoms may be incorporated into vacancies
through

M" (aq)+ne+* — *M (3)

Its feasibility can be evaluated using the formation free
energy of the *M with respect to the reactants. A challenge for
the computation is that the free energy of M"*(aq) is difficult to
calculate directly as it is hard to model a solvated ion accurately.
Here, we utilize the experimental data of the standard electrode
potential (Uy), which is the potential required to achieve the
thermodynamic equilibrium

M"™ (aq)+ ne <> M(bulk) 4)

where M™(aq) is at the concentration of 1 mol L™L. The Uy is
usually referred to the SHE (standard hydrogen electrode) that
has the electron absolute energy of —4.44 eV, therefore, the elec-
tron energy at U, is —4.44 — |¢|U,. The energy of bulk M can be
easily calculated using DFT, thus the free energy of M™** can be
obtained as

G(M" (aq))= G(M(bulk)) ~ n (su ~[e|Us) (5)

After getting the G(M™*(aq)), the G¢{*M) at different poten-
tials and 1 mol L' M"(aq) can be obtained. Here we con-
sider various metal ions that have fixed valence state through
0-1.23 V window. The U, for making G{(*M) = 0 eV at Vy, of
WSe, is shown in Figure 3. We find that the U, for many metal
elements falls within 0-1.23 V, and defines the upper limit of
the working potential (i.e., only the lower potential can drive
the reaction (3)). For Sc, Zn, Mo, and Cd, the U, is < 0V, sug-
gesting that the HER of bulk water should also take place when
these elements are incorporated. While for Ta, the U, is higher
than 1.23 V, thus the formation of Tay should be thermody-
namically favorable through the 0-1.23 V window. We have
also tested other potential adsorbates on Vy, including *H and
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Figure 3. Critical potential (U.) at which formation free energy (Gy) of
adsorbate on Vi, becomes zero. The single-headed arrows point to the
potentials that make G < 0 for metal atoms, while G¢> 0 for *OH and *H.
Green double-headed arrows mark the region where the incorporation of
metal elements into Vy, is thermodynamically favorable without unde-
sired side reactions. All the systems shown here are in aqueous solution
with 1 mol L™" metal ions.

OH*. Their adsorptions are thermodynamically unfavorable
as their U, falls outside of 0-1.23 V (U, = —0.77 V for *H and
1.47 V for *OH). The adsorption of metal atoms on perfect
sits is also unfavorable because the U, is much lower than 0 V.
Taking all these factors into account, the working potential
range is marked in Figure 3 using green arrows.

It is also interesting to explore the applicability of the elec-
trochemical method to incorporate metal atoms into Se vacan-
cies. However, we find that the U, is well below 0 V for all the
metal elements considered here, therefore, they are unlikely to
be adsorbed. The difference in metal incorporation between
Vse and Vy can be explained by the stronger bonding of metal
with chalcogen than the bonding between different metal
atoms.

In summary, we demonstrate a facile approach that uses
water to electrochemically eliminate the trap states of the
vacancies at room temperature and identified the working
potentials using first-principles calculations. Under proper
potentials, the O from water can be adsorbed into Vy removing
the electronic trap states due to the isovalence between O and
X, while formation of other adsorbates and reactions with the
perfect part of the material are thermodynamically unfavorable.
In the same spirit, we studied also the electrochemical condi-
tions to incorporate other single foreign atom into the vacancy,
which can be used to improve and extend the function of 2D
materials.

Experimental Section

To obtain the energetics for electrochemical reactions, we used constant-
potential method?'? as implemented in JDFTx code.?’] We used
Garrity—Bennett—-Rabe—Vanderbilt (GBRV) ultrasoft pseudopotentials,*l
with an energy cutoff of 20 Hartree, and the charge-asymmetric
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nonlocally-determined local-electric (CANDEL)! implicit solvation
model. Using the OH™(aq) + h — *OH as an example, here we show how
to calculate the free energy change (AG) of the reaction. In this example,

AG =G(*OH®?) - G(*?1)- G(OH")(aq) +(Q2— Q1+ 1), 6)

where Q1 and Q2 are the net charges (obtained from JDFTx) on the solid
before and after the adsorption. L is the electron energy and can be
calculated as

He = Hsne ~|e|Usue )
where Usy is the applied voltage versus SHE, and pispe = —4.66 eV (Usye

in the |DFTx is different from the experimentally measured value)
G(OH") is calculated by

G(OH™)=G(H,0)- G(H")=G(H,0)
~[1/2G(Ha(g)) - tsne —0.059 xpH ]

G(*OH®?) and G(*') are calculated by summing the adsorbate
vibration contribution to the free energy with the electronic energy
(obtained from JDFTX), and the G(H,) is calculated by summing the
vibration, translation, and rotation contributions (calculated using
Gaussian software) at standard conditions with the electronic energy.

Similarly, we can obtain AG for other reactions. The formation
free energy of an adsorbate is obtained by summing up AG for all the
reactions along the pathway toward the formation of the adsorbate.
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