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1. Introduction

Transition metal dichalcogenides (TMDCs), such as MoS2, are 
2D materials with exciting perspectives for application in (opto-)

The electronic structure of mono and bilayers of colloidal 2H-MoS2 nanosheets 
synthesized by wet-chemistry using potential-modulated absorption spec-
troscopy (EMAS), differential pulse voltammetry, and electrochemical gating 
measurements is investigated. The energetic positions of the conduction and 
valence band edges of the direct and indirect bandgap are reported and observe 
strong bandgap renormalization effects, charge screening of the exciton, as well 
as intrinsic n-doping of the as-synthesized material. Two distinct transitions in 
the spectral regime associated with the C exciton are found, which overlap into 
a broad signal upon filling the conduction band. In contrast to oxidation, the 
reduction of the nanosheets is largely reversible, enabling potential applications 
for reductive electrocatalysis. This work demonstrates that EMAS is a highly 
sensitive tool for determining the electronic structure of thin films with a few 
nanometer thicknesses and that colloidal chemistry affords high-quality transi-
tion metal dichalcogenide nanosheets with an electronic structure comparable 
to that of exfoliated samples.
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electronic devices[1] or catalysis.[2] Within 
the three known polytypes (1T, 2H, and 
3R)[3] of this material, 2H-MoS2 is of par-
ticular interest due to its semiconducting 
nature and thickness-dependent band 
gap.[4] Apart from the established synthetic 
pathways toward 2H-MoS2 with defined 
layer thickness, including mechanical[5] or 
liquid[6] based exfoliation and chemical[7] 
as well as physical vapor deposition,[8] wet-
chemical techniques affording colloidally 
stable TMDCs have recently emerged,[9–12] 
which are based on principles originally 
developed for the synthesis of colloidal 
quantum dots.[13] Some advantages of wet-
chemically synthesized TMDCs are their 
scalability, relative ease of purification, 
and solution-processability, which render 
them particularly suitable for application 
in LEDs[14] or solar cells.[15] For these appli-

cations, detailed knowledge of the electronic structure, such as 
the exact position of the band edges, is crucial to design effi-
cient device stacks, in which the layers of several materials, for 
example, electron-/hole-conducting and blocking layers, as well 
as the active layer, are electronically matched. Standard elec-
trochemical investigations, such as cyclic voltammetry (CV)[16] 
or differential pulse voltammetry (DPV), can provide such 
information, which is much easier and usually faster to per-
form compared to ultraviolet photoelectron spectroscopy[17] or 
scanning tunneling spectroscopy[18] investigations. However, a 
shortcoming of standard electrochemical techniques is the lack 
of differentiation between band edges and trap states, which 
is only afforded by combining electrochemistry with optical 
spectroscopy. Such spectroelectrochemistry detects changes in 
the absorption or luminescence of a sample upon oxidation or 
reduction. This way, the band edges or energy levels involved 
in a specific optical transition can be identified by determining 
the potential at which this transition bleaches, either due to 
electron injection into the final state (reduction) or depletion of 
electrons in the initial state (oxidation). In contrast, reducing or 
oxidizing trap states will have a minor effect on the absorption 
spectrum, allowing for the distinction between band edges and 
trap states.

While the limited sensitivity of standard spectroelectrochem-
istry may be problematic for the investigation of thin films with 
few nanometer thicknesses,[19–21] Hickey et al. introduced poten-
tial-modulated absorption spectroscopy (EMAS),[22] which is sen-
sitive enough to study monolayers of CdSe quantum dots.[23]
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Using EMAS, DPV, and electrochemical gating (ECG)[24] 
experiments, we present here the electronic structure of col-
loidal 2H-MoS2 nanosheets with a thickness of 1–2 monolayers 
and lateral size of 20–25  nm. We demonstrate that the novel 
wet-chemical pathway affords 2H-MoS2 nanosheets of the 
same quality and unique electronic features as those previ-
ously described for 2H-MoS2 films obtained by liquid exfolia-
tion,[25] namely a direct bandgap, intrinsic n-doping, as well as 
strong bandgap renormalization upon doping.[26] We determine 
the exact energetic positions of the band edges involved in the 
direct transition, as well as those constituting the indirect tran-
sition in bilayers. We find strong indications for two distinct 
band nesting transitions and report the energetic position of 
the points in the conduction band edge involved in these. While 
oxidation of the 2H-MoS2 is irreversible, we observe a mostly 
reversible reduction even for potentials far above the conduc-
tion band edge, rendering this material suitable for reduc-
tive electrocatalysis, for example, for electrocatalytic hydrogen 
evolution.

2. Results

2.1. Potential-Modulated Absorption Spectroscopy

Compared to standard spectroelectrochemistry, the lock-in 
amplifier-based EMAS technique achieves excellent sensi-
tivity allowing to study thin films of 4 nm thickness or less. A 
more in-depth description of this measurement principle can 
be found elsewhere.[23,27] In short, a constant potential, located 
in the band gap at the open circuit potential (OCP), is applied 
to the transparent working electrode coated with the sample. 
This constant potential is modulated with periodic rectangular 
square pulses, such that a periodic redox potential is applied 
to the sample given by the amplitude of the square pulse. 
Simultaneously, the transmission of monochromatic, visible 
light through the working electrode is measured with a pho-
todiode located behind the sample. A lock-in amplifier tuned 
to the frequency of the square pulse determines the potential-
dependent absorption of the sample, from which the absolute 
value of a potential-dependent change in absorption (|∆A|) 
is obtained after subtracting the absorption at the OCP. Ana-

lyzing the phase relation between modulated potential and |∆A| 
gives access to the sign of ∆A and allows identifying potential-
dependent bleaches (∆A < 0) or induced absorptions (∆A > 0; 
see Figure S1, Supporting Information, and the associated text 
for details).

To facilitate this assignment, it is often useful to com-
pare the EMAS spectrum with the steady-state absorption 
spectrum. Figure 1a depicts the steady-state absorption spec-
trum of colloidal 2H-MoS2 nanosheets with a lateral size of 
20–25 nm and a thickness of 1–2 monolayers deposited on a 
fluorine-doped tin oxide (FTO) substrate. For better visibility 
of the main optical transitions, we also plot the second deriv-
ative of the data. The A and B excitonic transitions are vis-
ible at 658 (1.88 eV) and 610 nm (2.03 eV), respectively. The 
prominent C exciton (or band nesting transition) occurs as a 
broad signal at 433  nm (2.86  eV) and a shoulder at 388  nm 
(3.20 eV). Utilizing the empirically found correlation between 
the number of monolayers per sheet N and A exciton wave-
length λA,[6] N   =  2.3 × 1036 × exp(−54888/λA), we anticipate 
an average layer thickness of 1.36 layers, which is in accord-
ance with the TEM measurements in Figure 1b. Further com-
plementary characterization of the 2H-MoS2 nanosheets is 
provided in ref. [10] (X-ray diffraction, electron diffraction, 
FT-IR spectroscopy, photoelectron spectroscopy, and transient 
absorption), as well as by Raman spectroscopy in the Sup-
porting Information. The clearly visible E1

2g and A1g Raman 
peaks indicate the 2H-phase of MoS2, while their separation 
with a median of 21.7  cm−1 suggests a sample composed of 
few (mono-, bi-, or tri-) layer sheets of MoS2 considering the 
1 cm−1 energy resolution of this measurement.
Figure 2 displays the EMAS data of the same 1–2 mono

layer 2H-MoS2 nanosheets with an average film thickness of 
138  nm on FTO measured in the reductive direction in 0.1  m 
n-Bu4NPF6/CH3CN (the data of 4, 15, and 78 nm films is shown 
in Figures S4–S6, Supporting Information). Figure 2a–c shows 
linecuts of the wavelength-dependent ∆A at different reductive 
potentials, while Figure  2d depicts the whole dataset as a 2D 
spectrum. For better visibility of the changes at small poten-
tials, Figure 2a–c shows the same data from the OCP at −0.5 V 
versus the Ferrocene/Ferrocenium redox couple (Fc/Fc+) until 
a minimum potential of −1.1, −1.7, and −2.9  V versus Fc/Fc+, 
respectively (from here on, all potentials are reported against  

Small 2023, 19, 2207101

Figure 1.  a) UV–vis spectrum of a 2H-MoS2 nanosheet film deposited on FTO (red curve) and the second derivative of the data (green curve).  
b) TEM image of lying 2H-MoS2 nanosheets. The lateral size is indicated by the red bars. The inset shows a picture of standing 2H-MoS2 nanosheets.
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Fc/Fc+). It should be noted that the FTO working electrode 
exhibits a potential-dependent ∆A itself (most notably at  
λ  > 750  nm), but its magnitude is negligible compared to the 
EMAS signal of thick 2H-MoS2 nanosheet films (cf. Figure S2, 
Supporting Information). We find a bleach of the A and B exciton 
as soon as the potential is increased above the OCP toward more 
reductive potentials (Figure  2a,b), where the bleach of the B 
exciton appears more pronounced than that of the A exciton. Fur-
ther notable features for this reductive scan include the bleach of 
the C exciton and its shoulder (390–430 nm), an induced absorp-
tion at 700 nm, as well as a strong induced absorption between 
the C and A/B excitonic transitions. The maximum of this last 
signal shifts toward higher energies with more reductive poten-
tials. Upon increasing the reductive potential above |−1.2 V|, the 
formerly clearly separated bleaches of the A/B exciton broaden 
and dissolve into a single feature (Figure 2c,d). We find that the 
change in ∆A is non-monotonous, which is why we depict the 
potential-dependent ∆A for selected wavelengths in Figure 3a. 
Most notably, the bleach of the A- and B-exciton exhibits two 
relative maxima at roughly −1.5 and −2.4  V. These maxima are 
even more clearly observed for thinner films, such as 15  nm 
(Figure  3b). The corresponding data of 78 and 4  nm films are 
shown in Figure S7, Supporting Information. Similar obser-
vations hold true for the bleach of the C exciton, as well as the 
induced absorption between the C and B excitons. The induced 
absorption at around 700 nm reaches a maximum of −1.1 V, after 
which it decreases again. We observe a small broad bleach with 

a minimum at 735–740 nm for potentials of −1.3 to −1.7 V, which 
transitions into a weak induced absorption for reductive poten-
tials > |−2 V|.

In Figure 4, we scan a similar 138  nm thick 2H-MoS2 
nanosheet film on FTO in 0.1  m n-Bu4NPF6/CH3CN into the 
oxidative direction from the OCP at −0.5 V toward +1.8 V and 
display the EMAS signal in the same manner as for the reduc-
tive direction in Figure  2. The most striking result is that the 
qualitative EMAS response is mostly inverse to the observations 
during the reductive scan. With increasing potential, slightly 
blue-shifted (∆λ  = 2  nm) induced absorptions of equal inten-
sity are seen for the A and B excitons. The C exciton shows a 
redshifted induced absorption at 434  nm, which is less pro-
nounced compared to the signal in the reductive direction. Fur-
ther notable features are a broad bleach with two components 
between the C and B exciton, a strong bleach at 690 nm, as well 
as another bleach between the A- and B-exciton. At wavelengths 
around 400 and >830  nm, the underlying signal of the FTO 
(cf. Figure S3, Supporting Information) substrate precludes an 
unambiguous analysis.

In Figure 5, we display the corresponding linecuts of ∆A 
versus the applied oxidative potential at the wavelength maxima 
of the A- and B-exciton. The trends are characteristic of all other 
features described above, as well as for films of varying thick-
nesses (see Figures S8–S11, Supporting Information). The ∆A 
changes immediately upon leaving the OCP and reaches a max-
imum at +1 V after which it monotonously decreases.

Small 2023, 19, 2207101

Figure 2.  EMAS measurement of a 2H-MoS2 nanosheet film with 138 nm average thickness in the reductive direction. Panels (a–c) depict the data until 
a minimum reductive potential of −1.1, −1.7, and −2.9 V versus Fc/Fc+. Potentials are indicated by the color code. In (d) the whole dataset is shown as 
a contour plot whereby the change in absorbance is given by the respective color on the logarithmic color scale.

 16136829, 2023, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202207101 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

2207101  (4 of 11) © 2023 The Authors. Small published by Wiley-VCH GmbH

2.2. Electrochemical Properties

To aid the interpretation of the EMAS experiments, we perform 
DPV and ECG measurements on the same colloidal 2H-MoS2 
nanosheets. DPV gives insights into the exact position of elec-
tronic states within the material including conduction/valence 
band and trap states. ECG allows drawing conclusions about 
the type of states (distinguishes between trap states and band 
edges) by measuring simultaneously the electrochemical den-
sity of states and the conductivity as a function of the applied 
potential.

2.2.1. Differential Pulse Voltammetry

Figure 6 depicts the DPV of the nanosheets in 0.1 m n-Bu4NPF6/
CH3CN on a Pt disc electrode (blue curves) against the back-
ground of the bare Pt electrode (orange curves). All measure-
ments are initiated at the OCP of the uncoated electrode at 
−0.2 V and the electrochemical measurement window for this 
electrolyte is +1.8 to −2.8  V. In both scan directions, the cur-
rent already starts to increase/decrease slightly in the vicinity 
of the OCP. In the oxidative direction, we observe a broad peak 
at 0.77 V including a shoulder at 0.37 V. At even more oxidative 

Small 2023, 19, 2207101

Figure 3.  Linecuts of ΔA at different chosen wavelengths versus applied potential. In (a) for the reduction data of the 2H-MoS2 nanosheet film with 
138 nm average thickness shown in Figure 2 and in (b) for a film with 15 nm average thickness. The whole dataset of (b) is shown in Figure S5, Sup-
porting Information.

Figure 4.  EMAS measurement of a 2H-MoS2 nanosheet film with 138 nm average thickness in the oxidative direction. While both panels display the 
whole dataset, in (a) the potentials for the ΔA-spectra are indicated by the color code, where (b) shows a 2D contour plot comparable to Figure 2d.
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potentials, the current increases further, however without a dis-
tinguishable feature. In the reductive direction, we find a small 
peak at −1.18 V and a prominent peak at −1.83 V. The intensity 

of the second peak continuously drops toward more reductive 
potentials, but with a much flatter flank compared to the onset, 
suggesting that further reductive processes are buried within 
this signal.

2.2.2. Electrochemical Gating

ECG determines the potential-dependent conductivity, the dif-
ferential capacitance, and the total injected charge. By meas-
uring the amount of charge injected or withdrawn from the 
film within every single potential step, the differential capaci-
tance contains information about the density of states. At the 
end of each potential step, the steady-state conductivity is meas-
ured, which allows the distinction between mobile or trapped 
charge carriers. The accumulated charge is determined by 
integrating the differential capacitance over the whole potential 
scan range, providing information on the reversibility of the 
charge injection.
Figure 7 shows the result of an ECG experiment for 161 nm 

thick 2H-MoS2 nanosheet films deposited on Pt interdigitated 
electrodes and measured in 0.1  m n-Bu4NPF6/CH3CN. Fresh 
films were prepared for each scan in the oxidative, as well as 
the reductive, scan direction. The left column (Figure  7a–c) 
shows two scans towards different reductive potentials, and the 
right column (Figure 7d–f) depicts one oxidative scan. The dif-
ferential capacitance is shown in Figure  7a,d, the steady-state 
conductivity in Figure  7b,e, and the accumulated charge in 
Figure  7c,f. Forward scans, that is, measurements starting at 
the OCP at −0.5 V toward reductive or oxidative potentials, are 
shown as solid lines in each graph. The respective backward 
scans starting from the reductive or oxidative potential and 
going back to the OCP, are presented as dotted lines. For oxida-
tive scans, we observe that both, the differential capacitance and 
the steady-state conductivity, change immediately. The differen-
tial capacitance starts to increase directly (Figure 7d), indicating 
an immediate removal of electrons, while the conductivity 
decreases (Figure  7e). At a potential of 0.25  V, the differential 
capacitance passes through a maximum and the conductivity 
drops more sharply. The differential capacitance continues to 
drop steadily up to higher potentials, while the conductivity 
falls almost to zero above the potential of about 0.8 V. During 
the back scan, we see clear signatures of an irreversible elec-
trochemical process, specifically the negligible conductivity 
(Figure  7e, dotted line), a sluggish decrease in the number of 
the accumulated charge (Figure 7f, dotted line), and an unsym-
metric differential capacitance compared to the forward scan 
(Figure 7d).

We find a fundamentally different behavior in the reduc-
tive direction. For maximum potentials below |−2.08  V|, a 
comparison of forward and backward scans suggests full elec-
trochemical reversibility (Figure  7a, blue curve). Scanning to 
even more reductive potentials shifts the drop of the differen-
tial capacitance to higher potentials with each subsequent scan 
(see the shoulder forming in the red curve, which is a meas-
urement that was performed after the film was reduced below 
−2.08 V several times), which is mirrored by the same behavior 
in the respective back scans (Figure 7a). In addition, the meas-
urement at highly reductive potentials exhibits a shoulder at 

Small 2023, 19, 2207101

Figure 5.  Linecuts of ΔA at different chosen wavelengths versus the 
applied potential for the oxidative EMAS scan of the 2H-MoS2 nanosheet 
film with 138 nm average thickness shown in Figure 4.

Figure 6.  DPV measurements of the uncoated Pt disc electrode (orange) 
and the drop casted 2H-MoS2 nanosheet film (blue) in the reductive and 
oxidative direction. The inset shows a photograph of the coated electrode.
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approximately −2  V in the forward and backward scans. We 
find comparable signs for electrochemical reversibility until 
−2.08 V in the steady-state conductivity (Figure 7b).

Identical to the oxidative scan direction, the samples exhibit 
an intrinsic conductivity at the OCP, which continuously 
increases with increasing reductive potential. Beyond −2.08 V, 
similar shifts of the onsets occur as in Figure  7a in conjunc-
tion with a notable overall increase in the conductivity by 
approximately doubling it. Analogous to the course of the dif-
ferential capacitance, a shoulder arises at approx. −2 V versus 
Fc/Fc+. During the back scans (dotted lines), the conductivity 
is smaller and no longer mirrors the forward scan. The accu-
mulated charge (Figure 7c) also reflects this analysis. For reduc-

tive potentials below |−2.08 V|, the forward and back scans are 
identical, while a hysteresis occurs for more extended reductive 
scan windows. Comparable oxidative and reductive ECG scans 
of uncoated Pt IDE measured in 0.1 m n-Bu4NPF6/CH3CN can 
be found in Figure S12, Supporting Information.

3. Discussion

Our comprehensive (spectro-)electrochemical analysis of col-
loidal 2H-MoS2 nanosheets with a thickness of 1–2 layers and a 
lateral size of 20–25 nm affords the electronic structure shown 
in Figure 8. To approximate the corresponding energy values 

Small 2023, 19, 2207101

Figure 7.  Electrochemical gating experiments of 161 nm thick 2H-MoS2 nanosheet films deposited on Pt interdigitated electrodes in the reductive (left 
column) and oxidative (right column) scan direction. Forward scans are shown as solid and backward scans as dotted lines. Panels (a,d) depict the 
differential capacitance, panels (b,e) the steady-state conductivity, and panels (c,f) the accumulated charge. In the case of the reductive scan direction, 
one scan with a minimum reductive potential above (blue curve) and one below (red curve) −2 V versus Fc/Fc+ are shown.
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with respect to the vacuum level, the reference value for the 
Ferrocene/Ferrocenium redox couple needs to be subtracted 
from the reported potentials. While different suggestions for 
this reference level exist,[28] we recommend the widely used 
value of −5.1 eV.

3.1. Determination of the Conduction Band Edge

We identify the potential of the conduction band edge with 
−1.2  V. This is inferred from the inflection point in EMAS at 
this potential (Figure 3) for the traces of the A- and B-exciton, 
as well as the first reductive peak in the DPV scan at −1.18  V 
(Figure  6). Utilizing points of inflection in EMAS for band 
edge localizations has been discussed before for CdSe quantum 
dots,[23,27] and the relatively weak DPV signal at the conduction 
band edge can be understood in terms of the low density of 
states at the K-point of the conduction band shown in previous 
theoretical calculations for monolayers.[29] Our assignment of 
the conduction band edge is also supported by the differential 
capacitance which exhibits reducible states at around −1.2  V 
(Figure 7a). The fusion of the formerly clearly resolved A- and 
B-exciton signals into a single broadband at −1.2 V (Figure 2d) 
is further evidence for reaching the band edge as a result of 
enhanced coulomb scattering of the excitons with free charge 
carriers.[30] We note that the conduction band edge for bulk 
2H-MoS2 at the K-point has been reported with −4.25 eV, which 
translates into approx. −0.85 V on the Fc/Fc+ scale.[43]

3.2. Doping and Bandgap Renormalization

We note that the position of the OCP at −0.5  V, that is, only 
0.7  V below the conduction band edge, indicates substantial 
n-doping of the nanosheets, which is supported by the imme-
diate decrease of the steady-state conductivity upon oxidation 
(Figure  7e). We stress that bleaches of the A, B, and C exci-

tons are instantaneously formed in the reductive EMAS scans 
upon departing from the OCP (Figure 2) even for potentials far 
below the conduction band edge. The bleaching below −1.2  V 
is therefore not caused by band filling but rather a sign of 
bandgap renormalization, previously observed in TA measure-
ments,[10,31,32] by chemical doping[33] and by spectroelectrochem-
istry of 3-layer, 150 nm large 2H-MoS2 nanosheets produced by 
liquid-based exfoliation.[25] Briefly, upon electron injection into 
2H-MoS2 nanosheets the self-energy of the electron and hole 
states decreases due to many-body effects, and this decrease is 
typically larger for the electron states.[26,30,34] If the concomitant 
decrease in excitonic binding energy (due to increased charge 
screening) is smaller than this band gap renormalization, a net 
red shift in absorption results from increased n-doping. Like-
wise, a net blueshift is expected for lowering the Fermi level. 
We, therefore, attribute the blue-shifted induced absorptions 
near the A/B-excitonic transitions during oxidation in Figure 4 
to the same bandgap renormalization effect, given that it occurs 
immediately upon departing from the OCP.

3.3. Determination of the Valence Band Edge

Localizing the potential of the valence band edge is more chal-
lenging in view of the irreversible oxidation found for this 
material, which prevents an unambiguous determination 
of an inflection point in EMAS (Figure  5). Irreversible oxida-
tion of 2H-MoS2 has previously been reported,[16,35,36] and is 
most likely due to oxidation of Mo4+ to Mo6+.[37] We interpret 
the pronounced oxidation peak in the DPV measurement at 
0.77 V (Figure 6) as the valence band edge. This interpretation 
is further supported by the results of Padilha et  al. who have 
shown that the valence band edges for monolayer and bilayer 
2H-MoS2 at K and Γ points, respectively, consist preferentially 
of contributions from the Mo d orbitals.[43] We hypothesize that 
the oxidation potential of holes in the valence band is strong 
enough to invoke the Mo4+  → Mo6+  + 2 e− oxidation. This 
agrees with the potential of 0.8  V during the oxidative ECG 
scan (Figure  7e) at which the conductivity vanishes almost 
completely. This finding can be rationalized with a compen-
sation of the n-dopants, as well as the oxidative degradation, 
once the valence band edge is reached. It is also in reasonable 
agreement with the EMAS traces in Figure 5, considering that 
upon reaching the valence band, one would expect competition 
between induced absorption (due to band gap renormalization) 
and bleaching of the excitonic transitions (due to band filling).

3.4. Excitonic Binding Energy

From these considerations, we infer an electrochemical 
bandgap of ≈1.95 eV, which is less than 0.1 eV larger than the 
optical gap (note: the electrochemical bandgap is the difference 
of the potentials at which we find the oxidation of the valence 
band or reduction of the conduction band). Although this exci-
tonic binding energy appears low for 2H-MoS2, it is in line 
with the strong dependence of the excitonic binding energy on 
the dielectric constant of the surrounding medium.[38] In the 
present case, we may approximate the environment with pure 

Small 2023, 19, 2207101

Figure 8.  Energy scheme of mono and bilayer 2H-MoS2 nanosheets 
together with their direct (A and B excitons) and indirect bandgap EI, 
respectively. All indicated potentials are taken from the (spectro-)elec-
trochemical analysis in this work. The OCP can be interpreted as the 
Fermi level.
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acetonitrile, which exhibits a very large dielectric constant of 
≈35,[39] and thus, exerts strong dielectric screening for the elec-
tron–hole pair, which decreases the binding energy.

3.5. Location and Splitting of the C-Exciton

We find that the electrochemically induced bandgap renor-
malization probed for the A- and B-exciton (Figure 3, red and 
green trace) is also reflected in the potential-dependent absorp-
tion of the C-exciton (Figure  3, blue trace). While this may 
be fundamentally expected, it has not been previously dem-
onstrated, and we speculate that its observation is facilitated 
by the much higher absorption intensity of the C transitions 
compared to the A and B transitions[6] in the laterally smaller 
20–25  nm large 2H-MoS2 nanosheets used in our experi-
ments (e.g., compared to ref. [25]). Moreover, we find clear 
signs of two separate bleaches for the C-exciton between 390 
and 430 nm (Figure 2a,b), which merge into a broad bleach at 
roughly −1.2 V. This is evidence for the theoretical prediction of 
two distinct band nesting features in MoS2,[40] which has pre-
viously been confirmed for bulk 2H-MoS2,[41] but, to the best 
of our knowledge, not for monolayer 2H-MoS2. First insights 
in higher energy transitions of various monolayer TMDCs are 
reported by Hong et al., but no distinction between different 
contributions to the C band in 2H-MoS2 was given.[42]

Although Figure  3 and the seemingly identical inflection 
points for the bleaching of the A/B- versus the C-excitons at 
−1.2  V may suggest that the involved electron states are iden-
tical, this is fundamentally impossible. The A/B excitons 
require a point in the Brillouin zone for which ∇k EC = 0, while 
the definition of band nesting is ∇kEC ≠ 0 (and ∇k EC = ∇k EV).[40] 
Therefore, the involved electron states of the A/B-excitons  
versus the C-excitons must be located at different points in the 
Brillouin zone, but at roughly the same energy. Note that the 
corresponding hole state of the C excitons would be expected 
at a potential of >+1.7 V, which prevents its determination here 
due to the rapid degradation at such potentials.

3.6. Conduction and Valence Band Edges of the Indirect 
Transition

The analysis of the weak bleach at 735–740  nm in the poten-
tial range of −1.3 to −1.7  V (Figure  2 c,d) is complicated due 
to the adjacent induced absorption caused by the red-shifted 
A-exciton and overlapping induced absorption of FTO at wave-
lengths >750  nm. The most likely explanation for this EMAS 
band is the indirect transition inherent to 2H-MoS2 with more 
than one monolayer.[25] Since we determined the average thick-
ness of the nanosheets studied here with 1–2 monolayers, it is 
reasonable to assume that a significant portion of the sample 
will exhibit such an indirect transition. Computational studies 
have shown that for two layers of 2H-MoS2, the electron state 
involved in the indirect transition is the same as that occupied 
by the A/B excitonic transitions.[41] The identical reductive 
potential at which we observe the bleaching of the A/B exci-
tons and the transition at 730–740 nm, therefore, supports the 
assignment of the latter as the indirect transition. If this is cor-

rect, one would expect the corresponding hole state involved 
in the indirect transition at roughly +0.4  V. We note a small 
shoulder in the DPV measurement at 0.37 V (Figure 6), as well 
as a maximum in differential capacitance at 0.25 V in the for-
ward scan of the ECG experiment (Figure 7d), which are both 
in line with this assignment. The energy difference between 
the direct and indirect transition of roughly 0.4 eV found here 
is in good agreement with the value predicted for bilayers by a 
computational study.[43]

Alternative explanations for the EMAS signal at 730–740 nm  
involve the formation of a trion,[44] as well as another direct 
transition at the H point, sometimes referred to as the  
AH-exciton.[41] We argue that a trion is less likely here since its 
energy difference to the neutral exciton would be much larger 
than the previously measured value of 80 meV.[44] Similarly, the 
AH-exciton would be expected to occur at an energy larger than 
the A-exciton, which is not the case here.[41]

3.7. Reversibility of Electrochemical Reduction

The colloidal 2H-MoS2 nanosheets exhibit high stability under 
reductive conditions. For reductive potentials ≤  |−1.8  V|, the 
S-shape of the EMAS signal (Figure 3a), as well as the mostly 
hysteresis-free ECG data (Figure  7a–c), indicate almost com-
plete electrochemical reversibility even for potentials that reach 
far out into the conduction band. The EMAS data contains a 
second inflection point at −2 V, which—once exceeded—marks 
a critical reductive potential beyond which some hysteresis 
becomes immanent in the ECG data (compare blue with red 
data in Figure 7). Specifically, the conductivity (Figure 7b) and 
the density of states (Figure  7a) at lower reductive potentials 
increase in the next cycle. These are indications for the begin-
ning of an irreversible reduction at a potential of −2 V, which are 
further corroborated by the strong reductive peak at −1.83 V in 
the DPV measurements (Figure 6). Similar steps under reduc-
tive scanning have been observed by Carroll et al. for 2H-MoS2 
obtained by liquid exfoliation, however with much weaker 
signal intensity and substantially thicker films.[25] We suspect 
that sufficiently thin films and the high sensitivity of EMAS 
are necessary to observe these additional reductive processes. 
This is reflected by our thickness-dependent data in Figure  3 
and Figure S7, Supporting Information, in which thinner film 
thicknesses lead to clearer trends in the reductive scans. Based 
on previous reductive experiments with 2H-MoS2 in water, we 
hold either the reduction of Mo4+ ions or a phase transition to 
the 1T phase[35,45] as the most likely cause for the reduction 
at −2  V. Sulfur vacancies are often found in 2H-MoS2

[46] and 
n-type behavior (as found here) is attributed to such sulfur defi-
ciency,[47] or more precisely, interstitial Mo or Mo occupying S 
sites.[48] Therefore, such interstitial or antisite Mo4+ is a likely 
candidate to be involved in the reduction at −2  V. This inter-
pretation is supported by the increased conductivity in the ECG 
scans once a previous scan exceeded this threshold potential 
(Figure 7b). However, a phase transition to the metallic 1T allo-
trope would also explain the increase in conductivity.

For reductive potentials > |−2.3 V|, the decrease of all before-
mentioned EMAS features indicates the electrochemical degra-
dation of the 2H-MoS2 nanosheet films.

Small 2023, 19, 2207101

 16136829, 2023, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202207101 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [24/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

2207101  (9 of 11) © 2023 The Authors. Small published by Wiley-VCH GmbH

4. Conclusion

We have determined the electronic structure near the band 
gap of colloidal 2H-MoS2 nanosheets with a thickness of 1–2 
monolayers by a combination of EMAS, ECG, and DPV. We 
identified the edges of the conduction and valence band of the 
direct transition in the monolayers at −1.18 and 0.77  V versus 
Fc/Fc+ respectively, yielding a band gap of 1.95  eV, that is, an 
excitonic binding energy of less than 0.1 eV in the high dielec-
tric environment of 0.1 m n-Bu4NPF6/CH3CN. For the bilayers, 
we found an indirect band gap of 1.55 eV with the valence band 
edge located at 0.37 V. The as-synthesized 2H-MoS2 nanosheets 
are n-doped and show strong bandgap renormalization effects 
upon electrochemical oxidation and reduction. We identified 
two separate band nesting transitions that utilize points in the 
conduction band with roughly the same energy as the conduc-
tion band edge (−1.2  eV). While the oxidation of the valence 
band is irreversible, we find the reduction of the conduction 
band to be mostly reversible over a large potential range. These 
results indicate that colloidal chemistry affords high-quality 
2H-MoS2 nanosheets with a well-preserved electronic struc-
ture and potential applications in reductive electrocatalysis, for 
example, for the electrocatalytic hydrogen evolution reaction.

5. Experimental Section
Synthesis of 2H-MoS2 Nanosheets: Colloidal 2H-MoS2 nanosheets 

were synthesized based on the previously reported protocol[10,11] to 
obtain mono and bilayers with a lateral dimension of ≈20–25 nm. The 
Mo-precursor was prepared by dissolving molybdenum(V)-chloride in a 
mixture of oleylamine and oleic acid of 10:1 by stirring inside a glovebox 
for 2 days. The concentration of the precursor was set to 240 mm. For 
the nanosheet synthesis, elemental sulfur (87.5  mg, 2.73  mmol) and 
17 mL oleylamine were added to a three-neck flask and degassed under 
vacuum from an oil pump for 30  min at 85 °C. During this step, the 
sulfur dissolved, and the solution turned dark. The flask was then put 
under inert gas (Argon) and HMDS (250 µL, 1.22 mmol) was added via 
a syringe before the reaction was heated to 320 °C. During the heating 
process, the solution changed color from dark brown to clear red.

After a constant temperature was reached, the molybdenum 
precursor (1.15 mL, 276 µmol) was added over 30 min using a syringe 
pump. After the first drops of precursor were added, a final color 
change to opaque black was immediately visible. The synthesis was 
continued at the same temperature for 30 min after the addition of 
the precursor and then quickly cooled to room temperature. After the 
reaction, the synthesized 2H-MoS2 nanosheets were precipitated by 
the addition of 16 mL hexane and centrifugation at 3300 rcf for 10 min. 
The precipitate was redispersed in hexane and the centrifugation step 
was repeated two times. The entire precipitation was performed under 
inert conditions and the sample was then stored dispersed in hexane 
and under nitrogen.

Chemicals for Electrochemical Experiments: All chemicals used for 
electrochemical experiments were stored and handled under an inert 
atmosphere. Dry and degassed CH3CN was obtained by three times 
distillation of HPLC-grade solvent over P4O10 followed by three freeze-
pump-thaw cycles. Afterward, the acetonitrile was stored over a 3  Å 
molecular sieve, which was activated at 220 °C and 2–3 mbar for 48 h 
beforehand. Prior to use, the electrolyte n-Bu4NPF6 (98%, Alfa Aesar) 
was recrystallized five times from 3:1 EtOH/H2O followed by drying at 
105 °C and 2–3 mbar for 6 days. Purity was checked by 1H-, 13C-, 19F-, and 
31P-NMR spectroscopy. Before preparing fresh electrolyte solutions for 
each experiment, the stored CH3CN was run over a column of neutral 
alumina, priorly activated at 220 °C and 2–3  mbar for 6 days. AgClO4 

(≥97%, anhydrous, Alfa Aesar) and Ferrocene (98%, Acros Organics) 
were used without further purification.

Differential Pulse Voltammetry: DPV measurements were controlled 
by using a CHI760E Bipotentiostat (CH-Instruments). Experiments were 
performed in a glovebox under a nitrogen atmosphere and additionally, 
the used full-glass gas-tight electrochemical cell was placed in a faraday 
cage for better electrical shielding. A three-electrode arrangement 
was employed: A 3  mm diameter Pt disc electrode (Metrohm part no. 
6.1204.310) as a working electrode, a 1 mm diameter coiled platinum wire as 
a counter electrode , and a Haber–Luggin double-reference electrode[49,50]  
composed of an Ag/Ag+ system (1 mm diameter silver wire in a 0.01 m 
AgClO4 solution in 0.1 m n-Bu4NPF6/CH3CN) capacitively coupled (10 nF) 
to a Pt wire which was immersed into the electrolyte next to the capillary 
opening. To avoid any contamination of the electrolyte within the sample 
chamber by the reference electrode solution, or vice versa, an additional 
frit filled with 0.1 m n-Bu4NPF6/CH3CN was inserted between the Haber–
Luggin capillary and the reference electrode compartment.

Measurements were carried out starting at the OCP of the bare Pt 
electrode of −0.2 V versus Ag/Ag+ to −2.8 V in reductive, and to 2 V in 
oxidative direction. Scans were performed with a potential step width 
of 4 mV, 50 mV amplitude, 0.06 s pulse width, 0.02 s sampling width, 
and a 0.5 s pulse period at a measurement sensitivity of 10 µA V−1. DPV 
measurements were iR-compensated by the integrated positive feedback 
function of the CHI760E. The potential values of all measurement data 
were converted to the formal potential of the external redox couple 
Ferrocene/Ferrocenium (Fc/Fc+), which was measured at 0.082 V versus 
Ag/Ag+ within the same setup used for DPV measurements.

The sample chamber of the electrochemical cell was filled with 12 mL 
of 0.1 m n-Bu4NPF6/CH3CN. At first, background electrolyte scans were 
performed with a freshly polished Pt disc electrode. Afterward, 30 µL of 
a 10 mm 2H-MoS2 solution in hexane were drop casted on the working 
electrode, dipped in a 3% ethane-1,2-dithiol solution in acetonitrile for 
a few minutes, and afterward, washed with acetonitrile. Then, sample 
measurements were performed five times in a row with the same 
parameters as for the respective background scan. Freshly prepared 
2H-MoS2 layers were either used for reductive or oxidative scans, not for 
both measurement directions.

Electrochemical Gating and Potential-Modulated Absorption Spectroscopy 
Sample Preparation: Before film preparation, both substrates used for 
ECG and EMAS were cleaned as follows: A Pt interdigitated electrode 
with a gap width of 5  µm (Metrohm G-IDEPT5) was rinsed several 
times with H2O and MeOH. FTO-coated glass (Solaronix TCO22-15)  
was sonicated for 15  min each in acetone, hexane, and 10% solution 
of Extran MA01 (Merck) and H2O. From here on, both substrates were 
treated identically. To ensure good contact with the substrate, not the 
entire substrate surfaces were coated, but mainly the part that is in 
contact with the electrolyte later on. (3-mercaptopropyl) trimethoxysilane 
(MPTMS) treatment was performed by placing the substrates in a stirred 
3% MPTMS toluene solution at 50 °C for 90  min followed by rinsing 
with toluene. Afterward, the substrates were placed in a 4 mm 2H-MoS2 
nanosheet solution in hexane for 22 h, which was sonicated for 15 min 
beforehand. Film preparation happened by precipitation of the long-
term unstable colloidal solution. For the thinner EMAS samples, the 
film preparation times were 30 min, 5 min, and 30 s. To further stabilize 
and interlink the prepared 2H-MoS2 layers, the substrates were placed 
in a stirred solution of 3% ethane-1,2-dithiol in acetonitrile for 30  min 
followed by five times dipping in acetonitrile.

ECG Measurements: The measurement setup for ECG measurements 
was basically the same as for DPV scans. Measurements were 
performed under the same inert conditions in the same full-glass-cell 
with the same electrolyte solution, counter and reference electrode, 
only the working electrode was different: A beforehand mentioned Pt 
interdigitated electrode with a gap width of 5 µm between the electrode 
arrays and total channel length of 3.373  m (Metrohm G-IDEPT5) was 
used. Both arrays were independently controlled by the two working 
electrode channels of the CHI760E bipotentiostat. All measurements 
were initiated at the OCP at −0.4 V versus Fc/Fc+. Before the 2H-MoS2 
nanosheet-coated interdigitated electrodes were measured, an uncoated 

Small 2023, 19, 2207101
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sample was investigated with the same parameters to check whether 
there were any contaminations in the electrolyte solution.

Differential capacitance was determined via chronoamperometry 
(CA) by measuring in 20  mV steps toward the respective reductive or 
oxidative direction. At each of these steps, which were applied to both 
working electrodes simultaneously, the current was detected over 5 s 
and the amount of flowed charge was determined via integration. The 
capacitive current was extracted from the total measured current by 
background correction (assuming the Faraday current exhibits Cottrell 
behavior). At the end of such a 20 mV step, the final potential was held 
and the steady-state conductivity was measured by means of CV. The 
potential of the first working electrode was held constant while the 
potential of the second working electrode was scanned ±10 mV around 
this constant potential. In case a conductive channel was present 
between both working electrode, the current detected on both working 
electrode channels was the same magnitude, but had different signs. 
The steady-state conductivity was calculated from the slopes of the  
iV-curves. Then, the next 20  mV step was applied to both working 
electrode by means of CA, and the differential capacitance was 
calculated again, and so on. This combination of CA and CV was done 
until the final reductive or oxidative potential was reached. Then, the 
scan direction was reversed and measurements back to the OCP were 
performed. The accumulated charge was calculated by integrating the 
differential capacitances until the potential of interest.

CA measurements were performed in 20 mV steps with a 5 s pulse 
width and 1 ms sample interval. CV measurements were conducted with 
a scan rate of 10 mV s−1 and a 1 mV sample interval. The measurement 
sensitivity of both techniques was set to 10 µA V−1. As for DPV, all CA 
and CV measurements were iR-compensated, and the potentials were 
converted to the Fc/Fc+ redox couple as described above.

EMAS-Measurements: A detailed schematic illustration of the EMAS 
setup, including the model number of each component, is shown 
in Figure S15, Supporting Information. For EMAS measurements, a 
home-built spectroelectrochemical transmission cell, equipped with a 
1  mm diameter Ag wire pseudoreference electrode, a 1  mm diameter 
coiled platinum wire counter electrode, and a fFTO-coated glass as the 
working electrode were used. The working electrode was either coated 
with 2H-MoS2 nanosheets as described above or uncoated for reference 
measurements. The measurement cell was filled with 6  mL 0.1  m 
n-Bu4NPF6/CH3CN and assembled within a glovebox. For the actual 
measurements, it was afterward transferred outside of the box and 
placed in a faraday cage.

Using the CHI760E bipotentiostat, a constant potential at the OCP 
of approximately −0.5  V versus Fc/Fc+ was applied to the working 
electrode. Then, a rectangular-shaped modulated potential, produced 
by a Waveform generator (PSG9080, Joy-IT), with a modulation 
frequency of 37  Hz and a variable amplitude as an offset was 
superimposed. Meanwhile, the working electrode was transilluminated 
by monochromatic light generated by an Apex2 QTH lamp (Oriel 
Instruments) and selected using a Cornerstone 130 (Oriel Instruments) 
monochromator. Above 600 nm, a 570 nm long-pass filter was introduced 
into the beam path to block components with a higher diffraction order. 
The transmitted light was detected at a DET36A Si-biased detector 
(Thorlabs), and the signal was passed to an MFLI lock-in amplifier 
(Zurich Instruments). In parallel, the lock-in amplifier received the 
modulated potential generated by the signal generator as a reference 
signal and searched for a modulated component in the optical signal 
that oscillated at the same frequency. Considering the phase relationship 
between the modulated potential and the modulated component in the 
optical signal, it was determined whether the measured signal was an 
induced absorption or a bleach (see Figure S1, Supporting Information, 
and the accompanied text).

During the EMAS measurement, the modulated potential component 
was applied to the sample in such a way that the total potential signal 
always oscillated between OCP and a corresponding reductive or 
oxidative potential. At the beginning of the measurement, the peak-to-
peak amplitude was 60 mV. With an appropriate offset, the signal was 
then shifted to positive or negative values, so that the potential was then 

modulated between OCP and OCP ±60 mV. At this potential, a complete 
spectrum from 350 to 860 nm was scanned in 3 nm steps. Afterward, the 
peak-to-peak amplitude was increased by 60  mV, the signal offset was 
adjusted accordingly, and a complete spectrum was recorded again. This 
was done until the final corresponding oxidative or reductive potential 
was reached and a complete data set was recorded.

During the EMAS measurement, iR-compensation by the integrated 
positive feedback function of the CHI760E was activated and the 
measurement sensitivity of the bipotentiostat was set to 0.1 mA V−1. The 
AC-coupled signal input of the lock-in amplifier was set to 10 MΩ with 
an input range of 10 mV. Incoming signals were processed by a 6th-order 
low-pass filter having a time constant of 100 ms. The resolution of the 
monochromator was set to 3–4  nm by adjusting the input and output 
slit width. The potential of the measured data was also converted to the 
formal potential of the external redox couple Ferrocene/Ferrocenium 
(Fc/Fc+), which was measured at 0.32  V versus Ag pseudoreference 
electrode within the same setup.

Other Experimental Techniques: UV–vis spectra were recorded using 
a Cary 5000 UV–vis-NIR spectrophotometer from Agilent Technologies. 
As samples, the 2H-MoS2 nanosheet-coated FTO windows, previously 
employed for EMAS measurements, were used. The same samples were 
also used for SEM measurements that were performed using a Hitachi 
SU 8030. Information about the height of the 2H-MoS2 nanosheet 
films on FTO glass and Pt-interdigitated electrode substrates was 
obtained using a Bruker Dektak XT-A stylus profilometer measuring 
over the edge of the film coating over a distance of 1000 µm using a 
tipforce of 1 mg. For identifying the layer thickness and the lateral size 
of the 2H-MoS2 nanosheets, the colloidal solution was dropcast onto 
a carbon-coated copper grid (Quantifoil) and measured by TEM with 
a Tecnai G2 F20 TMP microscope (FEI) with an acceleration voltage 
of 200 kV.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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