
Communication

1804453  (1 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

New Class of Electrocatalysts Based on 2D Transition 
Metal Dichalcogenides in Ionic Liquid

Leily Majidi, Poya Yasaei, Robert E. Warburton, Shadi Fuladi, John Cavin, Xuan Hu, 
Zahra Hemmat, Sung Beom Cho, Pedram Abbasi, Márton Vörös, Lei Cheng,  
Baharak Sayahpour, Igor L. Bolotin, Peter Zapol, Jeffrey Greeley, Robert F. Klie,  
Rohan Mishra, Fatemeh Khalili-Araghi, Larry A. Curtiss,* and Amin Salehi-Khojin*

DOI: 10.1002/adma.201804453

electrochemical reactions.[1–11] In par-
ticular, molybdenum disulfide (MoS2) 
and a few members of transition metal 
dichalcogenides (TMDCs) in contact with 
ionic-liquid (IL) electrolyte have recently 
shown a great promise to overcome fun-
damental electronic and thermokinetic 
limitations for CO2 reduction reaction, 
as well as the oxygen reduction and evo-
lution reactions (ORR/OER).[7–10] These 
studies have been conducted on a limited 
number of TMDCs, and the majority of 
other TMDCs with a wide range of elec-
tronic and potentially catalytic proper-
ties have not been investigated. In this 
study, we report synthesis and charac-
terization of a wide range of TMDCs 
including sulfides, selenides, and tel-
lurides of group V and VI transition 
metals and study their electrochemical 
performance in aprotic medium with Li 
salts. We employ a wide suite of charac-
terization techniques, such as scanning 

transmission electron microscopy (STEM), energy dispersive 
spectroscopy (EDS), Raman spectroscopy, X-ray photoelec-
tron spectroscopy (XPS), ultraviolet photoelectron spectros-
copy (UPS), dynamic light scattering (DLS), and atomic force 

The optimization of traditional electrocatalysts has reached a point where 
progress is impeded by fundamental physical factors including inherent 
scaling relations among thermokinetic characteristics of different elemen-
tary reaction steps, non-Nernstian behavior, and electronic structure of the 
catalyst. This indicates that the currently utilized classes of electrocatalysts 
may not be adequate for future needs. This study reports on synthesis 
and characterization of a new class of materials based on 2D transition 
metal dichalcogenides including sulfides, selenides, and tellurides of 
group V and VI transition metals that exhibit excellent catalytic perfor-
mance for both oxygen reduction and evolution reactions in an aprotic 
medium with Li salts. The reaction rates are much higher for these mate-
rials than previously reported catalysts for these reactions. The reasons for 
the high activity are found to be the metal edges with adiabatic electron 
transfer capability and a cocatalyst effect involving an ionic-liquid electro-
lyte. These new materials are expected to have high activity for other core 
electrocatalytic reactions and open the way for advances in energy storage 
and catalysis.
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Within a broad space of materials that have been explored for 
electrocatalytic applications, several 2D and quasi-2D struc-
tures have recently been reported to exhibit superior prop-
erties for the hydrogen evolution reaction and other core  
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microscopy (AFM), as well as computational simulations, to 
elucidate structural, atomic, and electronic characteristics of 
the synthesized materials.

Bulk TMDCs were synthesized through a direct reaction of 
pure elements followed by a chemical vapor transport (CVT) 
process in an evacuated quartz ampule at high temperatures. 
The powders of the transition metals and chalcogens were 
mixed in desired stoichiometric ratios and loaded in quartz 
ampules. The ampules were then evacuated, sealed, and placed 
in a two-zone furnace for the crystal growth process. Details of 
the material synthesis are provided in the Experimental Section 
and Section S1 of the Supporting Information. Figure 1a shows 
the schematic of the crystal growth process. After the synthesis 
process, a powder of TMDC single-crystalline flakes is usu-
ally obtained (Figure 1b) in the hot zone of the ampule. In the 
cold zone, single-crystalline chunks of the TMDC are formed 
through a direct transport of vaporized precursers (Figure 1c). 
Optical images of the synthesized materials in both zones show 
sharp geometrical features, implying that the reaction products 
are highly crystalline.

To prepare TMDC nanoflakes suitable for electrochemical 
experiments, a liquid-phase exfoliation technique was used (see 
the Experimental Section), which results in uniform disper-
sions of atomically thin nanoflakes in the solvent. For ease of 
exfoliation, we used the powders obtained in the hot-zone of the 
growth ampule. The material obtained in the cold zone usually 
requires further processing, i.e., grinding, to facilitate the liquid 
exfoliation. Figure 1d shows a photograph of sample dispersions 
of MoS2, MoSe2, and MoTe2 in isopropyl alcohol (IPA) after 
sonication, centrifugation, and supernatant collection. In all 
the samples, the color of the dispersion is primarily determined  

by the chalcogen type with minor variations due to different 
transition metals.

Raman spectroscopy was used to verify the successful 
synthesis of TMDCs. Figure  1e shows the sample Raman 
spectra of all 15 synthesized TMDCs studied in this report, 
indicating distinct peaks associated with different vibra-
tional modes of the TMDC crystals. For instance, the 
major representative Raman peaks of WS2 are observed 
at 296.6, 350.5, 355.6, and 420.2 cm−1 where the first two 
peaks match 2LA(M)–2E2g

2(M) and 2LA(M), respectively, 
and the third and fourth peaks represent E2g

1 and A1g.[12] 
Raman spectrum of TaSe2 indicates the main peaks at 137.6, 
207.3, and 234.5 cm−1 which correspond to E1g, E2g

1, and 
A1g, respectively.[13] WTe2 Raman peaks are also shown at 
79.6(A1), 88.3(A2), 111.5(A2), 115.9(A2), 131.2(A1), 138.9(A1), 
162.59(A1), and 209.7(A1) cm−1.[14–16]

Figure 1f shows atomic-resolution high angle annular dark 
field (HAADF) images of selected five materials with simu-
lated crystal structures (inserted). We find NbTe2, TaTe2, VTe2 
samples are in their 1T′ phase (C2/m, monoclinic) from side 
and top views, while MoTe2 is in its 1T′ phase (P21/m, mono-
clinic), and WTe2 is in its Td phase (Pmn21, orthogonal) from 
side views. X-ray EDS was carried out to probe the chemical 
composition of the nanoflakes and to determine the presence 
of impurities (Figure S1, Supporting Information). XPS was 
also utilized to evaluate the chemical states of synthesized 
TMDCs. Section S3 in the Supporting Information presents 
the corresponding XPS spectra for all of the synthesized 
TMDCs.

The liquid exfoliated dispersions were characterized by 
DLS and AFM to determine the lateral size and thickness 
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Figure 1.  Summary of crystal synthesis and structural characterizations. a) Schematic of the crystal synthesis method including a tube furnace with 
hot and and cold temperature zones (TH and TC). b) Optical microscopy image of the powder crystals formed at the hot zone. Scale bar is 25 µm. 
c) Optical microcopy image of the larger crystals formed at the cold zone through direct transport of the precursor vapors. Scale bar is 25  µm.  
d) Photograph of the synthesized solutions of MoS2, MoSe2, and MoTe2 through liquid-phase exfoliation in IPA followed by centrifugation and super-
natant collection. e) Raman spectra of all the group V and VI TMDC crystals studied in this report. f) Atomic-resolution TEM images of the transition 
metal tellurides with different crystalline faces. Insets show the FFT patterns. Scale bar is 1 nm.
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distributions of the exfoliated materials (as a representative, 
see Figures S6 and S7 in the Supporting Information). DLS 
results indicate an average size of 140–240  nm for all the 
TMDCs dispersions. AFM height measurements obtained 
from 30–40 randomly selected exfoliated flakes show the 
thickness ranging from 2 to 44 nm with an average of about 
15–24 nm.

UPS was used to measure work functions of the synthesized 
TMDCs. The work function has been shown previously to be a 
good descriptor for catalytic activity in metal catalysts.[17] More-
over, it was shown that for MoS2, MoSe2, WS2, and WSe2 nano-
flakes, the catalytic activity for CO2 reduction increases with 
decreasing work function.[10] Figure 2a shows the comparison 
among the obtained work functions of the synthesized TMDCs 
through UPS experiments and their theoretical values calcu-
lated using density-functional theory (DFT) within the gener-
alized gradient approximation of Perdew–Burke–Ernzerhof 
(PBE).[18] As shown in Figure  2a, the UPS-measured work 
function values for these materials range from 2.95 to 5.14 eV. 
The lowest measured work function values were recorded for 
WTe2 (2.95 eV) and TaTe2 (3.11 eV). Figure 2a also shows the 
DFT-calculated work functions of the TMDCs. The color gra-
dient bars in Figure  2a highlight semiconducting materials 
and their predicted range of possible work functions. These 
ranges correspond to the energies between the valence band 

maximum (VBM) and conduction band minimum (CBM). 
While the PBE exchange-correlation functional satisfactorily 
calculates the energy levels of the occupied states including 
the VBM, it underestimates the energy of the empty states, 
such as the CBM.[19] Hence, it leads to bandgaps in semicon-
ductors that are smaller than the experimental value.[20–22] To 
avoid this issue for the four semiconducting TMDCs (MoS2, 
MoSe2, WS2, and WSe2), we have used the experimental value 
of the bandgap to determine the position of the CBM[23] from 
the calculated VBM. In general, we find that for each family 
of TMDCs corresponding to a particular transition metal, the 
work function decreases from ≈6 to 4.5 eV as the mass of the 
chalcogen atom increases. For a given chalcogen atom though, 
we find a less dramatic change in the work function on var-
ying the transition metal atom. However, we find a discrepancy 
between the experimental and theoretical values for MoTe2, 
WTe2, and the TaX2 compounds. Discrepancies in work func-
tions can possibly be attributed to a small oxidation of the sur-
face that was observed in STEM EDS experiments. Formation 
of a very thin oxide layer, for instance on tantalum, has been 
shown to reduce its work function.[24] Nevertheless, the calcu-
lated trends for all the compounds are in excellent agreement 
with the experiments.

To understand how the composition of a TMDC affects 
its work function and if there is any correlation with catalytic  

Adv. Mater. 2019, 31, 1804453

Figure 2.  Experimental and theoretical work function and electronic structure of bulk MX2. a) The experimental and calculated work function of the 
15 MX2 TMDCs. The calculated work function of semiconducting materials is shown as a range representing a tunable region bounded by the valence 
band maximum and the conduction band minimum measured from the vacuum level. b) Comparison of atom-projected densities of states (DOS) for 
the transition metal and chalcogen atoms in MoS2, MoSe2, and MoTe2. Energies are relative to the vacuum level. On moving from S to Se to Te, both 
the semi-core states of the chalcogens (shaded) and the Fermi level shift to higher energies. This corresponds to a decrease in work function with 
increasing chalcogen mass. c) The atom-projected DOS for MoS2, WS2, VS2, NbS2, and TaS2. The sulfur semi-core states and the work function show 
little variation other than from one transition metal group to another.
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activity, we have calculated the electronic structure of the TMDCs 
with selective variation of either the chalcogen or the transition 
metal. Figure  2b shows the atom-projected density of states 
(DOS) for MoS2, MoSe2, and MoTe2, where the energy is normal-
ized with respect to the vacuum level. We observe that the semi-
core s-states of the chalcogen atoms, indicated by the shaded 
region, shift to higher energies for heavier chalcogens. This trend 
is similar to the reduction in the work function for heavier chal-
cogens. Figure 2c, on the other hand, shows the atom-projected 
DOS of MoS2, VS2, NbS2, WS2, and TaS2. The semi-core s-states 
of the sulfur atoms do not show any appreciable variation. Like-
wise, we found that the work functions of the five compounds do 
not indicate much variation either, except when there is a transi-
tion from metal (Group V cation) to semiconductor (Group VI 
cation). We conclude that the work function reduction found in 
TMDCs with heavier chalcogens is directly correlated to the shift 
in the chalcogen semi-core states to higher energies.

After thorough characterization of the synthesized TMDCs, 
we examined their catalytic performances by carrying out 
electrochemical cyclic voltammetry (CV) experiments during 
ORR and OER. The dispersed TMDCs in IPA were used to 
prepare the cathodes through layer by layer coating on gas 
diffusion layer (GDL) substrates. The CV experiments were 
performed in a three electrode cell within a nonaqueous 
oxygen saturated electrolyte, containing 0.1 m lithium 
bis(trifluoromethanesulfonyl)imide salt and a hybrid electrolyte 

of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) 
ionic liquid and dimethyl sulfoxide (DMSO) with a volumetric 
ratio of 1 to 3, respectively, which produces the maximum ORR 
and OER among other compositions.[7] In our three-electrode 
cell experiments, the synthesized TMDC catalysts on GDL were 
used as the working electrode and lithium chips (99.9%) as the 
auxiliary and reference electrodes. The CV experiments were 
performed in the potential range 2.0–4.2 V versus Li/Li+ with a 
scan rate of 20 mV s−1.

Figure 3a,b demonstrates the obtained current density results 
for all the synthesized TMDC catalysts for ORR and OER at 
potentials of 2.0 and 4.2  V versus Li/Li+, respectively. This set 
of results depicts the catalytic activity of various TMDC chem-
istries toward ORR and OER, which had not been considered 
previously. There are four catalysts among the synthesized 
TMDCs which show remarkably high activity in both ORR  
and OER: MoS2, NbS2, VS2, and VSe2. Figure  3c,d compares 
the electrochemical performance for these bifunctional catalysts 
with the state of the art catalysts in aprotic media such as 
noble metals (i.e., Pt),[25–28] metal oxides (i.e., Mn3O4),[29,30] 
perovskite (i.e., La0.5Sc0.5CoO2.91),[31] and doped carbon 
nanomaterials (i.e., N-doped graphene).[32] The data were 
extracted from various references and the current density 
values were normalized based on the geometrical surface area 
of the cathode.[25,29–32] At a potential of 2.0  V, NbS2 presents 
the best ORR performance with a high current density of  
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Figure 3.  a,b) Performance comparison of synthesized TMDC catalysts in IL/DMSO mixture electrolyte for the oxygen reduction reaction (ORR) 
(a), and oxygen evolution reaction (OER) (b). c,d) ORR and OER of NbS2, MoS2, VS2, VSe2 and other reported catalysts in aprotic media with 
Li salt.[25–27,29–32,45] The Y axis labels in (c) and (d) are the same as in (a) and (b). e,f) TOF of NbS2, MoS2, VS2, VSe2 at different applied overpotentials 
during ORR and OER, respectively.
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47.39 mA cm−2, which is ≈15 times higher than that of Au, Pt, 
or commonly used oxides (i.e., Mn3O4)[29] at the same potential. 
NbS2 also shows a current density of 5.22 mA cm−2 at a potential 
of 4.2 V during OER, which is higher than the best reported cat-
alyst (mesoporous La0.5Sr0.5CoO2.91)[31] in aprotic media for OER 
(current density of 4.5  mA cm−2, Figure  3d) obtained through 
rotating-disk electrode measurement in 1 m solution of LiPF6 in 
ethylene carbon/dimethyl carbonate electrolyte. It is worth men-
tioning that the mesoporous La0.5Sr0.5CoO2.91 catalyst shows an 
onset potential of ≈4.0 V during OER, which is much higher than 
the TMDC materials reported in this work. This would increase 
the energy efficiency in TMDC compared to La0.5Sr0.5CoO2.91 cat-
alyst. VS2 exhibits a current density of 39.72 and 7.17 mA cm−2, 
respectively, for the ORR and OER. VSe2 and MoS2 also have 
high current densities for both ORR and OER indicating a 
bifunctional behavior with remarkable performance for both 
ORR and OER in aprotic media. However, comparing Figure 2a 
with Figure 3a,b, we clearly see that lower work functions do not 

correlate with higher ORR/OER activity, as was seen for CO2 
electroreduction.[10] Furthermore, in order to explore the intrinsic 
activity of our catalysts, a roughness factor technique[8–10,33,34] 
was used to measure the number of active sites and turn over 
frequency (TOF) values for MoS2, NbS2, VS2, and VSe2. TOF 
of these catalysts were calculated based on the current densi-
ties recorded at different overpotentials during ORR and OER. 
As depicted in Figure 3e, all of the four catalysts show similar 
TOF values during ORR where VSe2 reaches the highest TOF of  
3.28 s−1 at the overpotential of 950 mV. Figure 3f shows the TOF 
values of these four catalysts during OER. At the overpotential 
of 800 mV, VSe2 shows the highest TOF number of 0.7 s−1. (see 
Section S8 of the Supporting Information).

To better understand the mechanisms of ORR and OER on 
TMDC nanoflakes, we carried out more detailed computations 
using DFT and classical molecular dynamics (MD) simulations. 
In particular, MD simulations were used to determine distri-
bution of electrolyte at the MoS2–solution interface. Figure 4a 
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Figure 4.  Molecular dynamics simulation results. a) Density profile of the EMIM+/BF4
−/DMSO mixture at its interface with metal-terminated sheets 

under an applied voltage bias obtained from molecular dynamics simulations. Inset represents the density profiles under equilibrium condition. The 
blue curve represents the density profile of sulfur atom of DMSO molecule, the green curve represents the density profile of boron atom of BF4

− , and 
the orange curve represents the density profile of the carbon atom of EMIM+, which is shown in (b). b) Snapshot of the simulation system showing 
60 Å of the mixture near the metal-terminated surface, and molecular structure of the simulated ionic liquids and DMSO. c) The angle distribution 
of EMIM+ cations with respect to the MoS2 sheets obtained from molecular dynamics trajectories. Inset shows the defined vector along the length of 
EMIM+ cations.  d) Snapshots of the metal–mixture interface from different viewpoints showing the orientation of interacting molecules.
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shows the density profile of EMIM+, BF4
−, and DMSO mole

cules across the simulation box normal to the MoS2 surface. 
Under equilibrium conditions, mostly DMSO and BF4

− mole
cules are interacting with the MoS2 surface, due to the posi-
tive charge density of the surface, while EMIM+ cations are 
forming the dense wall a bit further away from the surface 
(inset of Figure  4a). Application of an electric field normal to 
the MoS2 surface (as described in Section S9 of the Supporting 
Information) forces BF4

− anions away from the surface 
and makes it accessible to EMIM+ molecules (Figure  4a,b). 
Figure  4c,d shows the orientation of EMIM+ cations near the 
Mo terminated MoS2 sheets. As shown in Figure  4c,d, the 
majority of EMIM+ molecules lie parallel to the interface, align 
with MoS2 sheets, and lie between two adjacent sheets. A frac-
tion of EMIM+ cations are positioned at a ≈50°–60° angle with 
respect to the surface, with the ring closer to the surface and 
the carbon tail further away and making a ≈30°–40° angle with 
each MoS2 sheet.

Constrained density functional theory (CDFT) calculations 
were then carried out on MoS2 and WS2 to investigate the 
nature of the electron transfer in the ORR and OER mecha-
nisms to obtain insight into the high electrocatalytic activity 
of these materials. The presence of diabatic electron transfer 
during ORR or OER would involve direct electron hopping, 
as opposed to electron transfer upon adsorption/desorp-
tion, between the catalyst and O2 or Li2O2, i.e., adiabatic elec-
tron transfer. CDFT is used here because it allows for proper 
charge localization between groups of atoms corresponding to 
the donor (D) and acceptor (A) states during charge transfer. 
Further, this enables calculation of electronic couplings (Hab) 
between initial and final electronic states, in order to gain 
insights into the kinetics of electron transfer, i.e., through 
Marcus theory for diabatic charge transfer.[35]

The catalytically active sites of MoS2 and WS2 are typically 
at the edges,[36] which STEM experiments have determined to 
be metal-terminated for this particular synthesis process.[10] 
We applied a cluster model with periodic boundary conditions  

(shown in Figure  5a), modified from the one used previ-
ously by Huang et  al.[37] to expose a metal-terminated edge 
with adsorbed (EMIM+ + e−) pairs, which bind strongly to the 
cathode.[8] The edges are passivated with 0.5 ML of the chalco-
genide ion (sulfur in this case), with an additional sulfur ion 
positioned at the free corner (opposite side of cluster from 
adsorbed EMIM+ ions and active metal site, Figure  5a). This 
ensures that unpaired electrons on the isolated metal site of 
the flake edge represent the highest occupied molecular orbital 
(HOMO) of the system. For ORR, we consider charge hop-
ping from the flake to an O2 molecule, leading to superoxide 
ion (O2

−) formation (Figure 5b). The subsequent reaction with 
Li+ ions to form the Li2O2 in the EMIM+/BF4

− solvent is facile, 
as shown previously.[8] OER, however, involves the oxidation of 
the O2

2− anions in Li2O2. As a model for the onset of OER, we 
introduce a hole onto the catalyst, corresponding to electron 
removal from the flake HOMO, which is calculated to be ther-
modynamically favorable under OER conditions (Figure S7, 
Supporting Information). We then consider the transfer of an 
electron from a neutral Li2O2 monomer to fill the induced hole 
on the flake, such that the O2 anion in Li2O2 is oxidized from 
O2

2− (peroxide) to O2
− (superoxide), as shown in Figure 5c.

A summary of the Marcus rate parameters for ORR and OER 
is included in Table 1. The electronic couplings are exponential 
in distance between the donor and acceptor (rD–A) due to the 
exponential decay of wave functions as a function of separation. 
A regression of the CDFT-calculated couplings is used to fit 
Hab to the form: exp

2
ab D A

α= −



−H A r , where A is a pre-exponential 

factor and α is the decay rate. In general, we found that the 
Hab decays more slowly for ORR, in comparison to OER, by 
approximately a factor of two. The reorganization energies (λ) 
for OER, largely due to relaxation of the O2

− anion in Li2O2, 
are considerably larger than for ORR. The consequence is that 
the lower λ for ORR, in combination with a more unfavorable 
driving force (ΔG) for charge transfer, makes the activation 
energy (Eact) for this proposed diabatic charge hopping process 
prohibitively high. The O2 binds to TMDC nanoflake edges very 
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Figure 5.  Molecular cluster models used for constrained density functional theory (CDFT) calculations. a) M15X29 cluster with two (EMIM+ + e−) pairs 
adsorbed on the metal-terminated edge, where M represents the metal cations and X represents the chalcogen anions. The isolated metal site between 
the EMIM+ molecules represents the active site for electron transfer during oxygen reduction and evolution. b) Charge hopping from [M15X29] to convert 
O2 to O2

− (superoxide ion) during ORR. c) Charge hopping from Li2O2 monomer to [M15X29] with a hole localized on the activate site, converting the 
Li2O2 (peroxide anion) to Li2O2

− (superoxide anion).
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strongly,[8] however, whereupon it is likely to be reduced adi-
abatically due to the large ground state charge transfer associ-
ated with binding to the nanoflake edge. With a higher λ for 
OER, the Eact for diabatic charge transfer is reduced. Moreover, 
it is unlikely that O2 anions bound to Li+ ions will be stable at 
the catalyst edge, based on calculated binding energies and 
reduction potentials (see discussion in Section S11 of the Sup-
porting Information). It is therefore reasonable that the OER 
may proceed via diabatic charge transfer from the Li2O2 charge 
product, which may also help explain why OER rates are con-
siderably lower than ORR rates for these materials. The adi-
abatic nature of the ORR can explain the high electrocatalytic 
activity for ORR.

In summary, we synthesized 15 members of TMDC family 
through CVT method and explored their potential for electroca-
talysis applications such as ORR and OER. Various characteriza-
tion techniques were employed to understand the electronic and 
structural properties of these materials. It was shown that most 
of the tested catalysts exhibit bifunctionality for ORR and OER, 
four members including NbS2, MoS2, VS2, and VSe2 depicted 
excellent performances, exceeding those of the well-known cata-
lysts in aprotic media for both of these reactions. These results 
show a great potential to seek highly efficient bifunctional cata-
lysts among TMDCs which have been rarely studied for electro-
chemical reactions beyond hydrogen evolution.

Experimental Section
Crystal Growth: A total of 1 g of precurser powders of transition 

metal and chalcogen with a 1:2 stochiometric ratio were loaded in an 
evacuated and sealed quartz ampule. The ampule was then placed in a 
two-zone furnace and the temperature of the both zones was raised to 
1080  °C in one day. The temperature of the empty part of the ampule 
(cold zone) was then gradually cooled down to 950 °C in four days, while 
the other end was maintained at 1080 °C. The system was then slowly 
cooled down to room temperature in one day.

Synthesis of TMDC Nanoflakes: TMDC nanoflakes were synthesized 
using a liquid exfoliation method by sonicating a solution containing a 
mixture of 300  mg of the TMDC powder dispersed in 60  mL IPA. The 
sonication was carried out for 30 h using a probe sonicator (Vibra Cell 
Sonics 130 W). The resultant dispersions were centrifuged for 60 min at 
2000 rpm, and the supernatant was collected.

Raman Spectroscopy: The Raman spectra were obtained using 
a  Horiba LabRAM HR Evolution confocal Raman microscope  using a 
532 nm laser wavelength and 50× objective with Horiba Andor detector.

XPS: A Thermo Scientific ESCALAB 250Xi instrument was used to obtain 
XPS results. All spectra were calibrated based on the CC bond binding 

energy at 284.8  eV. Thermo Avantage software was 
used to anaylze and process each element’s data.

AFM: A Bruker ICON Dimension was used 
to obtain the topography maps of drop-cast 
flakes which are analyzed to get the statistical 
flake thickness distributions. Exfoliated TMDC 
dispersions in IPA were drop-cast on silicon 
substrates. The substrates were carefully washed 
by acetone, IPA, and deionized water before 
experiment to remove the solvent residues.

DLS Measurement: Flake size measurements 
were carried out using the Malvern Zetasizer Nano 
ZSP system at 25  °C. The instrument includes 
a 10  mW semiconductor laser with 633  nm 
emissions. TMDC NFs dispersed in IPA were used 

for the mesurements.
Transmission Electron Microscopy (TEM): Aberration corrected JEOL 

ARM200CF (S) TEM microscope, equipped with a cold field emission 
gun allowing for 0.8Å spatial resolution and an Oxford X-max 100TLE 
windowless X-ray detector, was utilized for atomic resolution imaging and 
EDS. HAADF detector with 90 mrad inner-detector angle and 22 mrad 
probe convergence angle was utilized to obtain Z contrast images.

UPS: The UPS experiment was performed with He I UV source and in 
ultrahigh vacuum with the pressure of 8.0 × 10−10 mbar. A silver metal was 
used to first calibrate the analyzer based on the metal Fermi edge, and a 
bias of −10 V was applied in all cases to distinguish the sample energy 
cut-off from the cut-off of the spectrometer. Thermo Avantage software 
was used to anaylze and process each synthesized material’s data.

Electrochemical Experiments: The catalytic activity of the synthesized 
TMDCs nanoflakes for ORR and OER were studied by electrochemical 
experiments in a standard three-electrode cell (Section S7 of the 
Supporting Information). To prepare the cathode electrode, 100  mg of 
catalyst was coated onto a 1 cm2 carbon paper (TGP-H-030, purchased 
from FuelCellsEtc) as a gas diffusion layer and dried overnight in an 
argon filled glove box.

Constrained DFT Calculations: To assess charge hopping rates (kCT) 
between nanoflakes and reaction intermediates, CDFT calculations were 
performed,[38,39] as implemented[40,41] in the QUANTUM-ESPRESSO 
code.[42] The generalized gradient approximation of PBE as the exchange-
correlation functional was used.[18] The core states were treated using 
the optimized norm-conserving Vanderbilt pseudopotentials with a wave 
function kinetic energy cutoff of 80 Ry (1088 eV).[43,44]

Supporting Information
Supporting Information is available from the Wiley online library or the 
author.

Acknowledgements
The work of A.S.-K., R.F.K., L.M., P.Y., Z.H., X.H., P.A., and B.S. 
was supported by the National Science Foundation DMREF Grant 
1729420. X.H. and R.F.K. also acknowledge funding from the National 
Science Foundation (Grant No. DMR-0959470, DMR-1626065) for the 
acquisition of the UIC JEOL JEMARM200CF with the Gatan Quantum 
GIF EELS spectrometer. The work at Washington University (J.C., S.B.C., 
and R.M.) was supported through NSF DMREF Grant 1729787.  This 
work used the computational resources of  the Extreme Science and 
Engineering Discovery Environment (XSEDE), which was  supported 
by National Science Foundation grant number ACI-1053575, Bebop, 
a high-performance computing cluster operated by the Laboratory 
Computing Resource Center at Argonne National Laboratory, and 
the National Energy Research Scientific Computing Center (NERSC). 
The work of F.K.-A. and S.F. was supported by the National Science 
Foundation (Grant No. EFRI-1542864) and University of Illinois 

Adv. Mater. 2019, 31, 1804453

Table 1.  Driving forces (ΔG), reorganization energies (λ), activation energies (Eact), 
and electronic coupling pre-exponential (A) and decay rate (α) regression fit parameters for 
charge hopping ORR and OER mechanisms.

Transition ΔG [eV] λ [eV] Eact [eV] A [eV] α [Å−1]

ORR: [Mo15S29]0[O2]0 → [Mo15S29]+[O2]− 2.94 0.39 7.14 325 1.61

[W15S29]0[O2]0 → [W15S29]+[O2]− 2.85 0.44 6.14 92 1.35

OER: [Mo15S29]+[Li2O2]0 → 

[Mo15S29]0[Li2O2]+
0.87 1.01 0.87 20 541 2.49

[W15S29]+[Li2O2]0 → 

[W15S29]0[Li2O2]+
0.96 0.98 0.96 50 681 2.58
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