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ABSTRACT: The development of suitable approaches for the synthesis of ultrathin transition-metal dichalcogenide (TMD)
catalysts is required to engineer phases, intercoupling between diﬀerent phases, in-plane defects, and edges and hence maximize their
catalytic performance for hydrogen production. In this work, we report a simple one-step hydrothermal approach for the synthesis of
a three-dimensional (3D) network of self-assembled metallic MoS2/MoO3 nanosheets, using α-MoO3 and thiourea (TU) as the Mo
and S precursors, respectively. A systematic structural/property relationship study, while varying the precursors’ molar concentration
ratios (TU/MoO3) and reaction temperatures (TR), revealed a kinetically controlled regime, in hydrothermal synthesis, that enabled
the formation of ultrathin branched MoS2/MoO3 nanosheets with the highest metallic content of ∼47 % in a reproducible manner.
Importantly, the work established that in addition to the rich metallic MoS2 phase (1T), the electronically coupled interfaces
between MoO3 and MoS2 nanodomains, profusion of active sites, and tuned electrical conductivity signiﬁcantly contributed to
hydrogen evolution reaction (HER)-catalytic activity, aﬀording a low overpotential of 210 mV (with respect to the reversible
hydrogen electrode) at a current density of 10 mA/cm2, a small Tafel slope of ∼50 mV/dec, and high stability. Overall, this work
demonstrated a controllable one-step hydrothermal method for the rational design and synthesis of a 3D network of MoS2/MoO3
nanosheets with high 1T-MoS2 metallic yield, simultaneous incorporation of MoO3/MoS2 heterointerfaces, sulfur vacancies, and
tuned electrical conductivity, which are highly beneﬁcial for clean energy conversion applications that can potentially be expanded to
other two-dimensional TMD materials.
KEYWORDS: transition-metal dichalcogenides, molybdenum disulﬁde-layered materials, metallic phase, hydrothermal synthesis,
hydrogen evolution reaction, MoS2/MoO3 heterojunction, sulfur vacancies, MoO3−x

1. INTRODUCTION

Recent innovations have demonstrated that the HER activity
of two-dimensional (2D)-layered transition-metal dichalcogenides (2D-TMDs) can be considerably improved through
transformation of the semiconducting phase to metallic
phase.2−8 A typical representative of 2D-TMDs, MoS 2
possesses diﬀerent phases, originating from the diﬀerent

Electrochemical generation of hydrogen (H2) is considered as
a green and sustainable way for producing clean alternatives for
fossil fuels. Large-scale industrial application of water
dissociation is highly dependent on the development of robust
electrodes, loaded with active catalysts, that can provide large
current densities at low potentials.1 Pt-based catalysts are
undoubtedly the most active for hydrogen evolution reaction
(HER) and thus used as a benchmark; however, the high cost
and scarcity of Pt have greatly impeded their widespread
applications. To this end, many eﬀorts have been devoted to
creating cheaper and earth-abundant alternatives.
Crown © XXXX. Published by American
Chemical Society
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Figure 1. (Top) Schematic diagram of the proposed hydrothermal synthesis of MoS2/MoO3 nanosheets. (Bottom left) List of the samples
synthesized with diﬀerent TU/MoO3 (or S/Mo) molar concentration ratios (M1.5−M7.0). (Bottom right) List of samples synthesized at diﬀerent
hydrothermal reaction temperatures TR (M160−M240). The TR-dependent study was conducted at the optimum precursors’ concentration ratio of
2.5 established from the TU/MoO3 ratio-dependent study.

synthesis process has rarely been investigated with a view of
understanding their formation mechanism.26
From the above discussion, it is implied that both phase and
defect engineering of MoS2 are advantageous for enhancing the
electrocatalytic activity.2,4,6,10−12 Consequently, the synchronized adjustment of the various aspects that control the catalytic
activity could lead to the improved design and performance of
earth-abundant 2D-TMDs. In this regard, it is highly timely to
explore the controlled synthesis of MoS2 to achieve a large
proportion of 1T-MoS2, coupled with the appropriate defect
engineering for boosting HER activity.
In this work, we developed a novel hydrothermal method for
the synthesis of MoS2/MoO3 nanosheets (NSs) from MoO3
and thiourea (TU) precursors. Systematic variation of the
precursors’ molar concentration ratios (TU/MoO3) and
reaction temperature (TR) allowed control over the crystal
phase, enabling the formation of metallic-rich MoS2-branched
few-layered nanosheets incorporating MoS2/MoO3 heterostructures in a consistent manner. We report a comprehensive
study on the atomic structure (utilizing high-resolution
transmission electron microscopy, HRTEM), surface morphology (utilizing ﬁeld emission scanning electron microscopy, FESEM), chemical bonding (utilizing X-ray photoelectron
spectroscopy, XPS), crystalline structure (utilizing X-ray
diﬀraction, XRD), and electrocatalytic performance of MoS2.
This is the ﬁrst time, to the best of our knowledge, that a
synthesis/structure/catalytic function triangle relationship of
three-dimensional (3D) self-assembled MoS2/MoO3 nanosheets is reported, unraveling the evolution of 1T/2H-MoS2
and Mo oxide phases and their synergetic inﬂuence on the
electrocatalytic performance. We found that a TU/MoO3 ratio
of 2.5 and a TR of 200 °C led to the synthesis of MoS2
nanosheets with the highest metallic content of ∼47 %. This
high metallic content together with the synergetic eﬀect of
MoS2/MoO3 heterojunctions, which aﬀorded high electron
transfer as well as the presence of numerous defects such as

coordination of Mo and S atoms, including the thermodynamically stable trigonal prismatic 2H phase and the thermally
metastable octahedral coordinated 1T phase. The 2H-MoS2 is
the most stable but owing to limited unsaturated S active sites9
located at its edges and inherently low electrical conductivity of
the inactive semiconducting basal plane (S sites in the basal
plane are inert), it provides a modest activity for electrochemically catalyzing the hydrogen production. To this end,
various eﬀorts6,10−13 have focused on creating catalytically
active sites on the basal plane by introducing sulfur vacancies/
defects. Such an approach creates gap states close to the Fermi
level and allows hydrogen to bind to the exposed molybdenum
atoms directly.
In contrast to the semiconducting 2H phase, 1T-MoS2
shows metallic characteristics, facilitating fast electron/charge
transfer, leading to signiﬁcantly boosted HER activity.
However, to date, it is highly challenging to directly synthesize
MoS2 with the pure 1T phase due to the high formation
energies involved. Moreover, the 1T phase is metastable and
easily converts into the stable 2H phase at low temperatures.
So far, various strategies2−6,14 have resulted in a limited
portion of the 1T phase, mainly relying on phase transformation of 2H to 1T,2−5 and these include electron beam
scanning, 3 ion intercalation (such as Li + , tert-butyllithium,2,15−20 or NH4+),8,21,22 mechanical strain,4 and element
doping14,23 of 2H-MoS2. However, these tactics relying on
phase transformation of the already formed 2H-MoS 2
ultimately relate to complex multistep processes of controlling
the doping species and defect concentration and, in many
cases, require expensive instrumentation or highly toxic
reaction sources. Bottom-up approaches, where 1T-MoS2 in
the form of nanopetals is directly formed from Mo and S
molecular precursors via low-temperature hydrothermal/
solvothermal methods24,25 in water/ethanol/N,N-dimethylformamide (DMF), have shown promise; however, their detailed
B
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pH changes were exclusively related to the increase in the
thiourea content, which served both as a S source and as a
reducing agent. No additional reducing or oxidation agents
were employed in this work to adjust the pH of the solution
before the reaction. An increase in reaction temperature (TR)
also led to an increment in solution pH, however less
pronounced (from 7.5 at 160 °C to 7.8 at 240 °C; Figure
S1b), and was associated with a more eﬃcient dissociation of
TU and production of ammonia levels at increased temperatures.
Apparent observations were also noted with respect to the
dispersion of the reaction products. Samples synthesized at
high TU/MoO3 ratios (M4.5 and M7.0) or those synthesized
at high TR (M220 and M240) exhibited poor dispersion in
water, which is an indication of the formation of predominant
2H-MoS2 phase.29 Black-colored products were found to settle
at the bottom of the hydrothermal reaction vessel for samples
M4.5, M7.0, M220, and M240. In contrast, for samples
synthesized with low TU/MoO3 ratios (M1.5, M2.5) or low
TR (M160, M180, M200), black-colored particles were found
to be well dispersed in a turbid liquid, indicating hydrophilic
nature, most probably due to the presence of the metallic
phase in the synthesized MoS2 products.30 For visualization
purposes, a comparison of optical photos of M200 and M240
products, which were dispersed in water and left to settle for 1
h, is presented in Figure S2a,b. M240 gives a sediment,
whereas M200 remains well dispersed indicative of their
hydrophobic and hydrophilic nature, respectively.
Hydrothermal synthesis of MoS2 depends on the solubility
of selected precursors at relatively elevated temperature and
high pressure in an aqueous solution, allowing controlled
nucleation and growth of the molybdenum disulﬁde phases.
The orthorhombic α-MoO3 has a layered structure, which is
formed by stacking bilayer sheets of MoO6 octahedra with van
der Waals forces. Orthorhombic α-MoO3 was chosen as the
Mo source due to the fact that MoO3 and 1T-MoS2 share a
similar octahedral crystal structure22,31,32 and has demonstrated potential for increased MoS2 metallic phase. Prior to
hydrothermal reaction, the starting MoO3 platelets in water
formed a white-colored solution indicating the formation of
molybdic acid. Under the hydrothermal conditions of high
temperature and pressure used in this work, the MoO3 was
completely dissolved. Further conﬁrmation is provided from
previous experimental studies,33,34 which have shown that the
solubility of MoO3 increases with increasing temperature,
creating HMoO4− species (MoO3 + H2O ↔ HMoO4− + H+).
It is worth noting that in an experiment, where we stopped the
reaction after 1 h, it resulted in a transparent solution,
suggesting the complete dissolution of MoO3 bulk rodlike
crystals. SEM images presented later (Figures 2 and S3a) show
that the synthesized products do not inherit the rodlike
morphology of the original MoO3 powder. To further conﬁrm
the complete dissolution of MoO3 crystals, we also used
exfoliated MoO3 nanosheets as a precursor. No change in the
morphology and electrocatalytic performance was observed
between the two Mo precursors, which is another proof that
the MoO3 crystals, either in bulk or in nanosheet form, are
dissolved under the high temperature and pressure of the
hydrothermal process.
2.2. Morphology, Chemical Composition, and Phase
Quantiﬁcation. 2.2.1. Morphological Study: SEM. Field
emission scanning electron microscopy (FE-SEM) provided
evidence of self-assembled 3D networks of nanosheets for the

sulfur vacancies, defects created at the boundary between 1T
and 2H nanoscale domains on the basal plane, and oxygen
vacancies in MoO3, contributed positively toward enhanced
HER electrocatalytic performance. This study provides new
insights into rationally designing eﬃcient electrocatalysts via
appropriate modulation of phases and crystalline structures
and integrating diﬀerent functional active sites into material
systems.

2. RESULTS AND DISCUSSION
3D self-assembled MoS2/MoO3 nanosheets (NSs) with mixed
metallic/semiconducting MoS2 (hereafter called 1T/2HMoS2) phases as well as MoO3 phases were obtained via a
simple one-step hydrothermal approach, as depicted in Figure
1 (top panel). A detailed study has been carried out to explore
the role of sulfur-to-molybdenum (S/Mo) molar ratio and
reaction temperature (TR) (listed at the bottom panel of
Figure 1; more details are provided in Table S1, Supporting
Information) on the formation of diﬀerent phases (1T-MoS2,
2H-MoS2, and molybdenum oxide phases, denoted hereafter as
MoOx) and resultant HER electrocatalytic activity in an
aqueous acidic medium (0.5 M H2SO4).
The S/Mo molar ratio was adjusted by varying the
precursors’ molar concentration ratios (TU/MoO3) to 1.5,
2.5, 3.5, 4.5, and 7.0 values. The reaction was carried out at 200
°C for 24 h, and the synthesized samples were labeled as M1.5,
M2.5, M3.5, M4.5, and M7.0, respectively. Since the sample
M2.5 demonstrated the best HER activity, the 2.5 ratio was
chosen for the subsequent TR-dependent study at temperatures
of 160, 180, 200, 220, and 240 °C. The reaction time was kept
at 18 hours, and the samples were labeled as M160, M180,
M200, M220, and M240, respectively.
2.1. Synthesis of MoS2: Reaction between MoO3 and
Thiourea (TU). The mechanism underlying the formation of
MoS2 is associated with the anion-exchange and reduction
reactions described by the following eqs 1−327
NH 2CSNH 2 + 2H 2O → H 2S + 2NH3 + CO2

(1)

H 2S + 2OH− → S2 −

(2)

MoO3 + S2 − → MoS3 (intermediate)
→ MoS2 (1T/2H) MoS2

Article

(3)

At ﬁrst, TU (NH2CSNH2) undergoes decomposition to
produce S2− anions via the hydrolyzation steps, at elevated
temperatures, described by eqs 1 and 2. Subsequently, MoS3
(intermediate byproduct) is formed by a direct anion-exchange
reaction between the O2− anion of α-MoO3 and S2− anions of
sulfur.28 Finally, MoS3 is immediately reduced to 1T and 2H
phases of MoS2 as the ﬁnal product (eq 3).
A number of interesting phenomena were observed during
the synthesis process. Notably, whereas the initial pH of the
solution was found to be within 3.4−3.5 acidic range, the pH
became slightly basic (pH: 7−8) after the hydrothermal
reaction (Figure S1). In particular, the solution pH after the
reaction was found to be sensitive to the precursors’ molar
concentration ratio (TU/MoO3), gradually increasing from 7.2
to 8.3 for M1.5−M7.0 (Figure S1a). Overall, the increase in
pH is most probably associated with the formation of increased
ammonia levels (which is a byproduct of the reaction system,
as described by eq 1) being more pronounced at high TU/
MoO3 ratios. We should note that in our study, the observed
C

https://dx.doi.org/10.1021/acsanm.0c03274
ACS Appl. Nano Mater. XXXX, XXX, XXX−XXX

ACS Applied Nano Materials

www.acsanm.org

Article

2.2.2. Elemental Mapping: SEM Energy-Dispersive X-ray
(SEM-EDX). Energy-dispersive X-ray (EDX) microanalysis in
the form of elemental mapping analysis and line scan-EDX
proﬁle (Figure S4a,b) conﬁrmed the homogeneous distribution of Mo, S, and O elements over the hydrothermally
synthesized nanosheets, indicating the successful formation of
MoS2/MoO3. A considerably intense signal of the O element
suggested the presence of oxide phases.
2.2.3. Crystallinity and Phase Identiﬁcation: XRD Study.
The crystallinity and phase identiﬁcation of the hydrothermally
synthesized MoS2/MoO3 nanosheets were further investigated
by X-ray diﬀraction (XRD) analysis (Figure S5). X-ray
diﬀraction patterns of hydrothermally synthesized samples at
various TU/MoO3 ratios (Figure S5a) and reaction temperatures TR (Figure S5b) demonstrated a few peaks at 2θ angles
of ∼14, ∼32, ∼40, and ∼57°, which originate from (002),
(101/100), (103), and (110) planes, respectively, of the
hexagonal structure of 2H-MoS2 [JCPDS card no: 01-0731508; space group P63/mnc]. The overall broadening and lowintensity peaks are indicative of short structural coherence
length and suggest the presence of nanosized domains of
mixed crystalline phases within the basal plane.36,37 It should
be noted that the XRD measurements were conducted in dry
samples, where only ﬁne diﬀerences can distinguish the
predominance of the metallic over the semiconducting
phase.11,19,38 This is in contrast to XRD measurements
performed on wet samples, where large shifts of the (002)
peak position to lower angles could divulge straightway the
transformation of 2H to 1T phase.22,39 With the increase in the
TU/MoO3 ratio (Figure S5a), from 2.5 to 7, the (002) peak
shifted to higher angles (from 13.45 to 14.04°), indicating a
reduced interlayer spacing and progressive transformation of
1T to 2H phase. At the highest TU/MoO3 ratio, M7.0
demonstrated well-deﬁned (101/100) and (103) peaks,
characteristic of the 2H-MoS2-rich phase.
It is noteworthy that the XRD peaks in Figure S5 became
signiﬁcantly broadened with decreasing reaction temperature,
suggesting a declined crystallinity. Among them, M160 was
highly disordered since only a broad peak at ∼35° could be
observed. With increasing TR to 180 °C, new broad peaks
appeared; however, the (002) peak was still absent. With
further increase in TR, all peaks progressively sharpened,
suggesting enhanced crystallinity and predominance of the 2H
phase at temperatures of 220 and 240 °C (samples M220 and
M240 in Figure S5b). The results are also in agreement with
SEM observations, which revealed nanosheets with sharp welldeﬁned edges at increased reaction temperatures, suggesting
higher crystallinity in the synthesized products.
Taking into account the most intense (002) peak, the
estimated interlayer d-spacing of the hydrothermally synthesized samples was found to be close (∼0.625 nm for M7.0 and
M240) or slightly larger (∼0.66 nm for M2.5 and M200) to
that of bulk MoS2 (∼0.615 nm).40 Apparently, in the reported
literature, the increment in the interlayer spacing is much
larger and has often been attributed to the intercalation of
ammonia or ammonium ions (NH4+) into the adjacent MoS2
layers.41,42 However, in our synthesis method, the intercalation
of NH3 or NH4+ could not be evidenced by the appearance of
any distinctive peaks in the N 1s spectra of the samples (Figure
S6).
The coexistence of 1T/2H-MoS2 and MoO3 phases in M2.5
was conﬁrmed by Raman spectroscopy (λex = 632.8 nm; Figure
S7). Peaks observed at 376.4 and 404.1 cm−1 correspond to

Figure 2. Field emission SEM images of hydrothermally synthesized
MoS2/MoO3 nanostructured products (a−e) produced with diﬀerent
TU/MoO3 molar concentration ratios (samples M1.5−M7.0) and
(f−j) produced at diﬀerent hydrothermal reaction temperatures TR
(samples M160−M240).

hydrothermally synthesized products, as illustrated in Figure 2.
All synthesized products showed similar morphology of
interconnected nanosheets, irrespective of the TU/MoO3
ratio (samples M1.5−M7.0; Figure 2a−e) or applied reaction
temperature TR (samples M160−M240; Figure 2f−j).
Interestingly, for M7.0 (Figure 2e), produced with an excess
of TU precursor, the nanosheets were found to aggregate into
a ﬂower-like or spherule-like morphology. The average
nanosheet thickness of samples M4.5−M7 was found to be
slightly higher (M4.5−M7: 11−13 nm; Figure S3e,f), when
compared to those synthesized with lower TU/MoO3 ratios
(M1.5−M3.5: 7−9 nm; Figure S3b−d). The reaction temperature TR seems to aﬀect the morphology. Samples synthesized
at low TR (M160 and M180) exhibited structures with no welldeﬁned 3D-branched architecture (Figure 2f,g, respectively),
most probably because of insuﬃcient energy. In contrast, at
higher temperatures (samples M200−M240), the edges of
nanosheets became sharper, indicating increased crystallization
(Figure 2h−j). The growth mechanism for the formation of 3D
self-assembled nanostructures is believed to be initiated by
nucleation of an amorphous MoS3 intermediate state, formed
in the solution (described by eq 3) and subsequent outward
growth of the crystalline MoS2 nanosheets via a reduction
process, where TU acted as a reducing agent.26,35
D
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Figure 3. High-resolution XPS spectra of the Mo 3d core level for MoS2/MoO3 nanosheets synthesized with diﬀerent (a) TU/MoO3 molar ratios
(M1.5−M7.0) and (b) reaction temperatures TR (M160−M240). All spectra were deconvoluted to uncover 1T (teal) and 2H (magenta) phase
contributions of MoS2, Mo6+ oxide (orange), and intermediate Mo5+ (blue) oxidation states. (c, d) Relative contribution (%) of 2H-MoS2, 1TMoS2, and Mo oxide phases (MoOx) as a function of (c) TU/MoO3 ratios and (d) TR (derived from (a) and (b), respectively).

the well-known E12g and A1g bands of 2H-MoS2 and are
associated with the in-plane and out-of-plane Mo−S vibration
modes, respectively. Peaks at 146.8 (J1), 236.5 (J2), and 335.8
cm−1 (J3), corresponding to the longitudinal acoustic phonon
modes of the 1T phase, were also evident, conﬁrming the
coexistence of metallic and semiconducting phases.1,43 The
peak at 664 cm−1 corresponds to the characteristic B2g/B3g
mode of MoO3 associated with the asymmetrical stretching
vibration of O−Mo−O bonds.2,44
2.2.4. Element, Phase Identiﬁcation, and Quantiﬁcation:
XPS Study. X-ray photoelectron spectroscopy (XPS) provided
validation and quantiﬁcation of the mixed (1T/2H) MoS217 as
well as molybdenum oxide (denoted as MoOx) phase
formation. The XPS survey scans conﬁrmed the presence of
Mo, S, O, and C elements (Figure S8a,b). The intense O 1s
signal in the XPS survey scan suggests the presence of oxide
phases. Surface elemental composition analysis of the hydrothermally synthesized materials is tabulated in Table S2. A
signiﬁcant portion of the carbon content, most probably,
originates from the decomposition of thiourea. The atomic
concentration of oxygen in the samples was calculated from the
area of O 1s core level spectra. A portion of this oxygen could
be bonded to carbon atoms present on the surface of the
samples and not to Mo. Deconvolution of Mo 3d peaks for
both series of samples revealed the presence of MoOx phases in
addition to metallic (1T-MoS2) and semiconducting (2HMoS2) MoS2 phases. The estimated relative fractional

percentages of diﬀerent phases 1T-MoS2/2H-MoS2/MoOx
are presented in Table S3 and also in Figure 3c,d.
2.2.4.1. Mo/S Ratio. The Mo/S ratio in the samples was
substoichiometric (M1.5: 1.44 ± 0.08; M2.5: 1.86 ± 0.01) at
low TU contents (leading to an initial increase in pH from 7.2
to 7.6) due to insuﬃcient S2− production and partial
conversion to Mo4+ (MoS2). However, the excess of TU
content led to a further increase in pH levels from 7.7 to 8.2
and was accompanied by a stoichiometric or slightly
superstoichiometric Mo/S ratio (M3.5: 2.05 ± 0.07; M4.5:
1.99 ± 0.01; M7: 2.11 ± 0.05) due to adequate S2− production
and conversion eﬃciency of MoO3 to MoS2 (Table S2).
Similarly, at low temperatures in the range of 160−200 °C, the
Mo/S ratio in the samples was substoichiometric (M160: 1.63
± 0.03; M180: 1.64 ± 0.08; M200: 1.865 ± 0.11) due to
ineﬃcient dissociation of TU (pH varied from 7.52 to 7.65).
However, further increase in the reaction temperature led to an
increase in pH from 7.7 to 7.8 and was accompanied by a
stoichiometric or slightly superstoichiometric Mo/S ratio
(M220: 1.99 ± 0.01; M240: 2.11 ± 0.05). The increase in
pH is associated with increased ammonia levels, which indicate
more eﬃcient production of S2− and conversion of MoO3 to
MoS2. The substoichiometric S/Mo ratio observed in samples
M1.5, M2.5, M160, M180, and M200 indicates the presence of
S vacancies, which could be beneﬁcial on HER-catalytic
activity, as suggested by many studies.10,11
2.2.4.2. Phase Identiﬁcation and Quantiﬁcation. Phase
quantiﬁcation analysis was achieved via the high-resolution
E
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The S 2p XPS analysis (Figure S8c,d) was also taken into
account to conﬁrm the phase identiﬁcation of MoS2/MoO3.
Only the samples synthesized with the highest TU/MoO3 ratio
(M7.0) or those synthesized at higher TR (M220 and M240)
exhibited relatively symmetric doublets (S 2p3/2 and S 2p1/2)
due to the spin−orbit coupling of S 2p orbitals. These three
samples (M7.0, M220, M240) clearly showed pure 2H phase
(magenta lines) contributions, around 162.2 eV (S 2p3/2) and
163.3 eV (S 2p1/2), arising from unsaturated and/or terminal
S2−.51 The rest of the hydrothermally synthesized nanomaterials exhibited red-shifted asymmetric peaks due to the
incorporation of the 1T phase into the MoS2 matrix. This
was reﬂected by the appearance of doublets at the lower
binding energy side, located around 161.4 eV (S 2p3/2, teal
line) and 162.6 eV (S 2p1/2, teal line), in addition to the
respective 2H-MoS2 phase (magenta lines).2,15,20,52 Furthermore, an additional high binding energy contribution (blue
line) was also observed around 163.1 eV (S 2p3/2, blue line)
and 164.3 eV (S 2p1/2, blue line) for the samples synthesized
with low TU/MoO3 ratios or low TR due to the intermediate
oxidation state of Mo4+/5+ bonded to the S atoms (MoO3−xSy).
2.2.4.3. Oxygen Content and Molybdenum Oxide Phases
(MoOx). In the TU/MoO3 series, M1.5, M2.5, and M3.5
contained similar and relatively high oxygen atomic concentrations of 20.15 ± 0.84, 19.85 ± 0.37, and 19.07 ± 2.70 at. %,
respectively, whereas M4.7 and M7 possessed reduced O levels
of 14.44 ± 0.08 and 10.70 ± 1.73 at. %, respectively. However,
a systematic decrease was observed on the overall relative
fraction of the Mo oxide phases (calculated from the Mo 3d
spectra) with increasing the TU/MoO3 molar ratio, attaining
levels of 58.2, 34.68, 25.54, 20.13, and 4.6% (Figure S9).
Thiourea served the dual purpose of sulfur source and
reducing agent for the conversion of MoO3 to MoS2. Among
M1.5−M7.0 series (Figure 3a,c), M1.5 synthesized with the
lowest TU concentration contained a very high contribution
from molybdenum oxide (MoOx) phases, which consisted of
MoO3 (Mo6+) and partially reduced (Mo5+, Mo4+) molybdenum oxide (Mo2O5 and MoO2). This is because the
inadequate TU content led to insuﬃcient S2− production
and incomplete reduction of the Mo6+ (MoO3) to the Mo4+
(MoS2).48 Nevertheless, as the TU/MoO3 ratio increased, the
MoOx phase contribution decreased signiﬁcantly (Figure 3c);
however, it did not disappear completely, even for the highest
ratio (M7.0).
Importantly, in the temperature series, the diﬀerent
temperatures control the crystallization process and incorporation of oxygen in the samples. With increasing the reaction
temperature, the reaction process becomes more eﬃcient
(higher production of MoS2), leading to reduced incorporation
of oxygen, as can be seen in samples M220 and M240 (MoOx
level was reduced to 10.61 and 7.27%, respectively). In
contrast, lower temperatures in the range of 160−200 °C
promoted the incorporation of oxygen in the samples.
Importantly, in the temperature series, the diﬀerent
temperatures control the crystallization process in addition to
the incorporation of oxygen in the samples. The degree of
surface oxidation is higher for the lower-temperature, less wellcrystallized, M160, M180, and M200 samples, when compared
to that of higher-temperature (M220 and M240), highercrystalline counterparts. M160, M180, and M200 contained a
similar high oxygen atomic concentration of 19.29 ± 0.04,
21.90 ± 0.12, and 18.79 ± 1.23 at. %, respectively, whereas
M220 and M240 possessed reduced O levels of 8.90 ± 0.08

XPS signals from Mo 3d and S 2p core levels, presented in
Figures 3a,b and S8c,d, respectively. For all samples, the Mo 3d
spectra exhibited doublet characteristics associated with Mo
3d5/2 and Mo 3d3/2 due to the spin−orbit coupling. Notably,
these doublets distinctly shifted to lower energies for both
M1.5−M7.0 (Figure 3a) and M160−M240 (Figure 3b) series,
in comparison to those of α-MoO3. Such red shift clearly
conﬁrms the formation of MoS2 (Mo4+) from the α-MoO3
(Mo6+) precursor.
The α-MoO3 crystals exhibited doublets at 232.9 and 236.1
eV attributed to Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively. In
contrast, Mo 3d spectra of MoS2/MoO3 nanosheets exhibited
multiple and asymmetric features, contributed from the Mo4+
of 2H and 1T phases of MoS2 (presented by magenta- and
teal-colored lines, respectively) and intermediate Mo5+/4+
oxidation states of partially reduced MoO3 (denoted as
MoO3−x).16,45,46 The peaks located at 229.30 and 232.40 eV
correspond to Mo4+ 3d5/2 and Mo4+ 3d3/2 characteristic peaks
of the 2H phase (magenta lines), respectively, while those at
228.50 and 231.60 eV correspond to Mo4+ of the 1T phase
(Table S3). The peaks originating from the 1T phase were
found to be blue-shifted with respect to 2H phase peaks by
around 0.8−0.9 eV, which agrees with the range of 0.5−1.0 eV,
reported in the literature.2,20,21,47 For quantiﬁcation purposes,
the estimated relative fractional percentages of diﬀerent phases
(Table S3), as derived from the respective Mo 3d spectra
(Figure 3a,b), are depicted in Figure 3c,d for the TU/MoO3
and TR sequence of samples, respectively.
Among the M1.5−M7.0 series (Figure 3a,c), the M1.5
synthesized with the lowest TU concentration contained a very
high contribution from MoO3 (Mo6+) or partially reduced
(Mo 5+ ) molybdenum oxide phases (Figure 3a). The
inadequate TU content led to insuﬃcient S2− production,
resulting in an incomplete reduction of the Mo6+ (MoO3) and
its partial conversion to the Mo4+ (MoS2).48 Nevertheless, as
the TU/MoO3 ratio increased, the MoOx phase contribution
decreased signiﬁcantly (Figure 3c); however, it did not
disappear completely, even for the highest ratio (M7.0).
Regarding the M160−M240 series (Figure 3b,d), a similar
trend was observed with increasing reaction temperature. The
contribution of the oxide phases was signiﬁcant for the samples
grown at low temperatures (≤200 °C). However, with further
increase in TR, the conversion rate of MoO3 to MoS2 was
signiﬁcantly improved, as evidenced from the signiﬁcant
suppression of the α-MoO3 phase in Figure 3d. Notably, the
M240 (synthesized at highest TR) did not show complete
removal of the Mo6+ or Mo5+ oxide phases. It should be noted
that the presence of the MoO3 phase could be related to
unintentional oxidation from the exposure of the samples to
the atmosphere,49,50 even though caution was taken to avoid it.
Variations in the TU/MoO3 ratio and TR played a critical
role in the yield of 2H and 1T phases. The initial increase in
the TU/MoO3 ratio from 1.5 to 2.5 resulted in the maximum
contribution of 1T phase of 47% for sample M2.5 (Figure 3c).
However, further increase in TU/MoO3 caused a progressive
dominance of the thermodynamically stable 2H phase over the
metastable 1T phase, with M7.0 displaying almost pure 2H
phase contribution (Figure 3c). The TR series revealed
improvement of the 1T phase content within the narrow TR
range of 160−200 °C, reaching a maximum (47.13%) at 200
°C (M200; Figure 3d). However, above 200 °C, the samples
M220 and M240 were found to possess the pure 2H phase.
F
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Figure 4. (a) Representative high-resolution TEM (HRTEM) image of the M2.5 sample displaying the layer stacking at the edge of nanosheets,
with the estimated number of layer proﬁle (inset, (a, c) lattice fringes). (b) HRTEM image of M2.5; the right-bottom inset represents the selected
area electron diﬀraction (SAED) pattern collected from the region enclosed in a white rectangle on (b). (d, e) Representative inverse fast Fourier
transformation (IFFT) images recorded from diﬀerent regions enclosed in blue and red squares in (b), representing the (d) 2H-MoS2 and (e) 1TMoS2 domains, respectively. Defect sites identiﬁed are enclosed in yellow circles in (b). M2.5 was selected as a representative 1T-MoS2-rich phase.
Comparative (f) low- and (g) high-magniﬁcation HRTEM images of M7.0 synthesized at the maximum TU precursor level; the respective SAED
pattern (inset in (g)) and IFFT image (h) demonstrating typical 2H-MoS2 domains. HRTEM images of (i) M2.5 and (j) M200 conﬁrming the
coexistence of metallic 1T-MoS2 (on the left side of the yellow boundary labeled as “1T/2H-MoS2 interface”) and semiconducting 2H-MoS2
phases (on the right side of the 1T/2H-MoS2 interface) in nanoscale domains.

and 8.88 ± 1.23 at. %, respectively. A similar decreasing trend
was observed on the overall relative fraction of Mo oxide
phases with increasing reaction temperature, obtaining levels of
48.41, 49.28, 35.05, 10.61, and 7.27% (Figure S9). The lower
MoOx levels at higher temperatures are associated with more
eﬃcient dissociation of TU and conversion of MoO3 to MoS2.
Importantly, in the temperature series, the diﬀerent temperatures control the crystallization process in addition to the
incorporation of oxygen in the samples.
2.2.5. Coexistence of 1T/2H-MoS2 and 1T-MoS2/MoO3
Heterojunctions: HRTEM Study. The high-angle annular
dark-ﬁeld scanning transmission electron microscopy
(HAADF-STEM) image of M2.5 and corresponding energydispersive X-ray (EDX) element mappings (Figure S10a)
revealed the uniform distribution of Mo, S, and O elements in

the sample, indicating the coexistence of sulﬁde and oxide
phases, corroborating the ﬁndings by SEM-EDX (Figure S4),
XPS (Figure 3c,d), and Raman analysis (Figure S7).
HRTEM images revealed transparent nanosheets with
wrinkled morphology reﬂecting their ultrathin layered
structure (M2.5 in Figures 4a and S10b; M200 in Figure
S11a). Edge view images demonstrate that the nanosheets are
approximately 5−10 nm thick, consisting of 7−11 layers
(Figures 4a (inset),c, S10c, and S11a (inset)) and are thinning
down to a couple of layers at the very end. It is noticed in
Figure 4c (also Figures S10c and S11a (inset)) that the lattice
fringes along the curled edges are discontinuous, providing
additional edge defects, beneﬁcial for HER. The interlayer
spacing calculated from the line proﬁle plots (Figure S10d) was
found to be 0.653 nm, which corresponds to the (002) plane
G
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Figure 5. (a) HRTEM image of sample M2.5 with (b) and (c) showing zoomed-in areas marked by dotted squares. Lattice planes are labeled,
especially those corresponding to α-MoO3. The presence of the 1T-MoS2/α-MoO3 heterostructure is depicted in (b). Insets in (b) and (c) show
SAED patterns corresponding to areas of (b) and (c).

Figure 6. Electrocatalytic activity of (1T/2H) MoS2/MoO3 electrocatalysts for hydrogen evolution reaction (HER) in an aqueous acidic medium
(0.5 M H2SO4): (a, b) LSV plots (iR-corrected) of electrocatalysts synthesized with diﬀerent (a) TU/MoO3 ratios (M1.5−M7.0) and (b) reaction
temperatures TR (M160−M240) at a potential scan rate of 5 mV/s, with a rotating disk electrode (RDE) rotation speed of 1600 rpm. (c, d)
Comparison of HER activities in terms of the cathodic Tafel slope (bC) and overpotential (η10, estimated at 10 mA/cm2) for (c) M1.5−M7.0 and
(d) M160−M240 electrocatalysts. Respective data measured at the commercial MoS2 powder and Pt/C (20 wt %) electrocatalysts are presented
for comparison. Catalyst mass loading of ≈ 0.283 mg/cm2.

time; M2.5: 24 h and M200: 18 h) and according to XPS
analysis exhibited the maximum 1T phase contribution of ∼47
% (Figure 3c,d). HRTEM analysis of M2.5 and M200 (Figures
4b and S11b, respectively) conﬁrmed the coexistence of
nanoscale domains (3−5 nm) of metallic 1T (indicated by red
squares) and semiconducting 2H phases (indicated by blue
squares) on the basal planes. Inverse fast Fourier transformation (IFFT) micrographs of the region indicated by the
red square revealed trigonal lattices with octahedral coordination of Mo atoms conﬁrming the 1T-MoS2 phase formation
(Figures 4e and S11c). IFFT images (Figures 4d and S9d) of
regions indicated by blue squares displayed a honeycomb
lattice with the trigonal prismatic coordination of Mo atoms
consistent with the 2H-MoS2 phase.8,19 Also, the SAED
pattern (collected on the white rectangle areas of Figures 4b
and S11b) showed two sets of diﬀraction spots, one set of

of MoS2 (Figure 4c), being in agreement with XRD results
(Figure S5).
In comparison, the M7.0 sample synthesized with an excess
of TU precursor displayed a self-assembled ﬂower-like
morphology (Figure 4f) composed of multiple petals
emanating from a central region in agreement with the SEM
ﬁndings (Figure 2e). The petal edges appear curled and
ultrathin in nature (Figure 4f and its top inset). At a hightemperature synthesis of 240 °C, lattice fringes along the edges
displayed fewer defects (Figure 4f), suggesting increased
crystallinity, in agreement with XRD results.
Validation of the successful formation of the 1T/2H phase
in the basal plane was provided through high-resolution
transmission electron microscopy (HRTEM) on M2.5 (Figure
4b) and M200 (Figure S11b) samples. Both samples were
produced under similar conditions (diﬀer only in the reaction
H
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(MoOx), in addition to 1T/2H-MoS2. The estimated relative
fractional percentages of diﬀerent phases 1T-MoS2/2H-MoS2/
MoOx are presented in Table S3 and also in Figure 3c,d.
Concerning the eﬀect of MoOx phases in the HER performance, it is well known that MoO3 (with Mo6+ states) is not
particularly active toward HER,53,54 mainly due to its low
conductivity. However, Mo5+ states give rise to substoichiometric MoO3−x, with metallic conductivity due to the presence
of oxygen vacancies, which are regarded as active sites for
HER. Recently, an increasing number of researchers reported
an enhancement of the HER electrocatalytic activity on MoS2/
MoO3 or WS2/WO3, which was attributed to the H
intercalation in metal oxide layers (MoO3, WO3) and
subsequent spillover to metal disulﬁdes.24,55,56 Additionally,
according to the density functional theory (DFT) calculations,
the coupling of MoO3 with 1T-MoS2 interfaces induces a slight
out-of-plane distortion on the 1T-MoS2 phase, leading to
signiﬁcantly lower hydrogen adsorption free-energy (ΔGH*)
values, favorable for the HER reaction.24 Our HRTEM images
in sample M2.5 (Figure 5) revealed the presence of 1T-MoS2/
MoO3 heterojunctions, suggesting their beneﬁcial role on
HER.
2.3.1.1. HER LSV Performance for TU/MoO3 Series. LSVs
for M1.5, M2.5, and M3.5, appear similar (Figure 6a);
however, a closer look at their electrochemical characteristics
reveals that M2.5 exhibits the best electrocatalytic behavior
among the three samples, followed by M1.5 and M3.5. It is
worth noticing that the behavior of these lower TU/MoO3
ratio samples is markedly better than those at higher ratios
(M4.5 and M7). To explain the relatively similar HER
performance of samples M1.5, M2.5, and M3.5 compared to
those of M4.5 and M7, one should take into account the
following points.
First, the Mo/S ratio in M1.5, M2.5, and M3.5 increases
with the TU/MoO3 molar ratio, obtaining values of 1.44, 1.86,
and 2.05, respectively. The substoichiometric values for M1.5
and M2.5 indicate the presence of sulfur vacancies, which
could have a positive impact on the HER performance.
Second, the yield of the 2H semiconducting phase is similar to
that for M1.5 and M2.5 (20.8 and 18.65%, respectively);
however, it is larger for M3.5 (27.9%). In M4.5 and M7, the
2H phase is dominant, with levels reaching 55.13 and 95.25%,
respectively. Third, the 1T phase has a bell shape, reaching a
maximum for M2.5 (46.66%) and has minima from either side
at M1.5 (21.0%) and M4.5 (24.73%), with M7 been depleted
of any metallic phase (0%). Fourth, the yield (%) of Mo oxide
phases is decreasing with the TU/MoO3 molar ratio, obtaining
levels of 58.2, 34.68, and 25.54% for M1.5, M2.5, and M3.5,
respectively. Among these Mo oxide phases, Mo5+ states give
rise to substoichiometric MoO3−x, with metallic conductivity
and the presence of oxygen vacancies, which are regarded as
active sites for HER. Importantly, the presence of either 2HMoS2/MoO3 or 1T-MoS2/MoO3 heterojunctions can also
enhance the HER via various mechanisms, as stated previously.
So, there are a number of competitive components, such as
the 1T-MoS2 metallic phase, S vacancies in MoS2 and oxygen
vacancies in MoO3, and heterojunctions between 1T-MoS2
and MoO3, all of which contribute positively to HER, vs
semiconducting MoS2, and insulating MoO3 phases with an
adverse eﬀect toward HER. The contribution, positive or
negative, of all of these components gives rise to the relatively
similar performance for M1.5, M2.5, and M3.5 compared to
that for M4.5 and M7.

spots with a sixfold (hexagonal) symmetry rotated at 30°
relative to the second set of spots (insets of Figures 4b and
S11b), indicating the formation of two diﬀerent phases.18
Further evidence was obtained from Figure 4i (M2.5),4j
(M200) that conﬁrmed the coexistence of 1T-MoS2 and 2HMoS2 (with a lattice spacing of 0.27 nm corresponding to the
(100) plane) domains on the basal plane and the formation of
crystalline defects at the 1T/2H boundary (marked by yellow
lines in the ﬁgures). Furthermore, several defect sites were
identiﬁed on the basal planes, marked by yellow circles in
Figures 4b and S11b.
In contrast, samples synthesized with excess TU precursor
(M7.0) or at highest TR (M240) displayed the almost pure 2H
phase (Figure 3c,d), clearly demonstrated by SAED patterns of
a single set of sharp diﬀraction spots with sixfold hexagonal
symmetry (insets of Figures 4g and S11f) or by IFFT images of
only 2H-MoS2 domains (Figures 4h and S11g).
Importantly, the presence of α-MoO3 nanodomains and 1TMoS2/MoO3 heterojunctions in sample M2.5 was conﬁrmed
by HRTEM images presented in Figure 5. As shown in Figure
5b,c, the interplanar distances of 0.27, 0.25, 0.23, and 0.16 nm
were identiﬁed, corresponding to 1T-MoS2 (101), α-MoO3
(041), α-MoO3 (150), and α-MoO3 (081) planes, respectively,
conﬁrming the coexistence of 1T-MoS2 and MoO3. The SAED
patterns presented in the insets match the orthorhombic lattice
of α-MoO3.
In summary, these aforementioned XPS, Raman, and
HRTEM results collectively demonstrate the successful
formation of MoS2/MoO3 hybrid incorporating 1T/2HMoS2 and 1T-MoS2/MoO3 heterostructures as well as MoO3
nanodomains.
2.3. Electrocatalytic Activity for Hydrogen Evolution
Reaction (HER). 2.3.1. HER Activity of MoS2/MoO3 Electrocatalysts. The HER-catalytic performance of MoS2/MoO3
electrocatalysts obtained at various precursor ratios and
reaction temperatures TR is demonstrated in Figure 6. Linear
sweep voltammograms (LSVs; Figure 6a,b) were measured as a
function of potential with respect to the reversible hydrogen
electrode (RHE) in an aqueous acidic medium (0.5 M
H2SO4). For comparison, the HER activities of commercial Pt/
C (20 wt %) and commercial bulk 2H-MoS2 powder are also
presented in Figure 6. All working electrodes (WEs), including
Pt/C and bulk MoS2-based catalysts, were prepared by dropcasting the respective catalyst ink (3 mg/mL in DMF solvent)
on a commercial glassy carbon electrode (GCE) maintaining
the ﬁnal catalyst mass loading around 0.283 mg/cm2 (details in
the Supporting Information, under the Experimental Details
section, Electrochemical Studies subsection).
As revealed from the iR-corrected polarization curves (LSV
plots), the hydrothermally synthesized MoS2/MoO3 hybrids
exhibited HER performances superior to bulk 2H-MoS2,
though still inferior to the Pt/C electrocatalyst. Detailed
analysis of the LSV data, in terms of the onset potential (VOC)
and overpotential (η10) required to get a current density of 10
mA/cm2, disclosed that the rich 1T phase MoS2/MoO3
nanosheets performed much better than their 2H-rich
counterparts (Table S4). M2.5 (Figure 6a) and M200 (Figure
6b) possessing the maximum metallic 1T phase contribution of
∼47 % attained the lowest VOC (around −0.123 V vs RHE)
and the highest current densities (achieving 10 mA/cm2 at η10
of 210 mV) (Figure 6c,d and Table S4).
It is reminded that the deconvolution of XPS peaks for both
series of samples revealed the presence of Mo oxide phases
I
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large amount of oxygen. As a result, crystallinity is an
important factor that should be taken into account, when
comparing samples with either similar or diverse oxygen
contents.
2.3.1.3. Tafel Analysis. The Tafel analysis of the polarization
curves, at low cathodic currents (Figure S13a,b; η (V) vs log(j)
(mA/cm2)), provided two important ﬁgures of merit in HER
electrocatalysis, namely, the cathodic Tafel slope (bC) and
exchange current density (j0). Especially, bC is a valuable
indicator to probe the rate-determining step of H2 evolution
reaction (details in the Supporting Information) and could be
estimated directly from the linear ﬁtting of the Tafel plots
using eq S3. The exchange current density (j0) was obtained by
the intercept of the Tafel plot and increases with a decrease in
the Tafel slope, indicating a faster reaction rate. A low value of
the Tafel slope is indicative of fast kinetics since this is attested
by a reduced overpotential required to achieve appreciable
current density.
Tafel slope decreased from ∼100 mV/dec for the pure 2H
(M7.0, M220, and M240) or highly disordered/poorly
conductive (M160) electrocatalysts to ∼50 mV/dec for the
highly conductive 1T-rich phase (M2.5 and M200) with an
excess of active sites (Figure S13 and Table S4). Additionally,
the increased exchange current density (j0 ∼ 1.3 μA/cm2) and
reduced VOC reﬂect the improved catalytic performance (Table
S4) for the latter. These ﬁndings indicate that for conductive,
1T-rich electrocatalysts with a surplus of defects, hydrogen
desorption is the rate-determining step and HER proceeds
through a combination of Volmer−Heyrovsky and Volmer−
Tafel mechanisms (see the Supporting Information on the
HER mechanisms), whereas hydrogen adsorption (Volmer
reaction) is the rate-determining step in the pure 2H phase or
poorly conductive electrocatalysts.
The HER performance of the rich 1T phase MoS2/MoO3
nanocomposite presented in this work compares favorably to
MoS2 nanoﬂowers,22 oxygen-incorporated MoS2,58 defect-rich
MoS2,36 core−shell MoO3−MoS2 nanowires,59 phase engineering 1T/2H-MoS2,21 1T-MoS2 nanopetals,7 and heterogeneous 1T/2H-MoS2 nanosheets19 (summarized in Table S5)
reported previously.
2.3.2. Electrochemically Active Surface Area (ECSA). The
enhancement in the active site density for highly conductive
1T-rich catalysts (M2.5 and/or M200) was further conﬁrmed
by estimating their eﬀective electrochemically active surface
area (ECSA), using eq S6. The ECSA values were derived from
the respective double-layer capacitance (Cdl), using eq S6, via
conducting cyclic voltammograms (CVs) in a non-faradic
potential region at various scan rates (Figure S14A−C),
following the McCrory et al.’s methodology.60,61 M2.5 and
M200 exhibited the largest Cdl (1.27−1.45 mF) and hence
ECSA values (21.2−24.2 cm2) among the studied catalysts
(Table S4). These maximum values conﬁrm the presence of
high-density catalytic active sites. Similarly, the roughness
factor (RF) values (Table S4), estimated by eq S6, were also
found to be the highest. Table S4 also revealed a dramatic
decrease in Cdl, hence ECSA with an increase in the 2H phase,
indicating a substantial reduction in the active site density,
especially for M7.0 (Cdl ≈ 0.44 mF, ECSA ≈ 7.4 cm2, RF ≈
104.5), M220 (Cdl ≈ 0.25 mF, ECSA ≈ 4.1 cm2, RF ≈ 58.6),
and M240 (Cdl ≈ 0.05 mF, ECSA ≈ 0.8 cm2, RF ≈ 10.7),
which showed almost pure 2H phase. As expected, relatively
low Cdl and ECSA values were also observed for the highly
disordered low-conductivity M160 hybrid.

Besides, the catalytic activity could be correlated to the
oxygen content of the heterophase MoS2/MoO3 nanosheets
(Figure S12). It is noted that the oxygen atomic % (at. %) at
low TU/MoO3 molar ratios (M1.5, M2.5, and M3.5) was
relatively high, obtaining levels of about 19.7 ± 0.6 at. %,
whereas, at higher molar ratios (M4.5, M7), the oxygen atomic
concentration was decreased to levels of 14.5 and 10.7 at. %,
respectively. The boosted HER response and comparable
oxygen concentration for all three M1.5, M2.5, and M3.5
samples reveal that the oxygen has an unambiguously positive
eﬀect on improving the activity of MoS2/MoO3, mainly by
increasing the electrical conductivity, as conﬁrmed by EIS
results (Figure S16). Although the results are in line with the
earlier experimental and theoretical studies, which indicate that
oxygen incorporation can eﬀectively regulate the electronic
structure of MoS2 leading to enhanced intrinsic conductivity,
highly beneﬁcial for HER, the oxygen concentration levels in
the present study are much higher than those reported (2−3.4
at. %) earlier.57
2.3.1.2. HER LSV Performance for the Temperature Series.
In the temperature series, the best HER performance was
observed for M200 followed by M180, M220, M240, and
M160. M160 and M240, with considerably diﬀerent fractions
of phases (1T-MoS 2 /2H-MoS 2 /MoO x for M160 =
34.73:17.07:48.41 and M240 = 0:92.53:7.27), exhibited the
poorest HER activities among the hydrothermally synthesized
electrocatalysts (Figure 6c,d and Table S4).
It is worth noting that M160 and M180 even though they
have similar relative fractions of 1T-MoS2/2H-MoS2/MoOx
(M160 = 34.73:17.07:48.41, M180 = 35.18:15.55:49.28) and
also similar S/Mo ratios (1.63 ± 0.03, 1.64 ± 0.08; 1.86 ±
0.11) exhibit dramatically diﬀerent HER response.
Although one could argue that highly disordered structures
could oﬀer more active sites for HER the electrical
conductivity is another important factor that should also be
taken into consideration. Electrochemical impedance spectroscopy (EIS) (Figure S16) revealed that M160 had a
considerably higher charge-transfer resistance value (2108 Ω)
compared to M180 and M200 (169, 42.1 Ω), indicating that
electron transport was signiﬁcantly hindered. Hence, it can be
concluded that the considerably reduced HER activity of
M160 is associated with the reduced electrical conductivity in
the sample.
It is worth noting that, since the reaction temperature can
signiﬁcantly aﬀect the reduction kinetics of the precursors, the
oxygen level in the produced electrocatalysts changed
drastically with temperature. Our experimental results indicate
that slow reduction kinetics at low reaction temperatures
(M160, M180, M200) led to relatively high oxygen levels of
about 20.0 ± 1.7 at. %, whereas at higher temperatures (M220,
M240), oxygen was decreased to levels of ∼8.9 at. % due to the
eﬃcient transformation of MoO3 to MoS2 (Figure S12).
Although one could argue that high oxygen levels would
contribute positively to HER by increasing the electrical
conductivity, this is not the case for the M160 sample. Both
M160 and M240 with considerable diverse oxygen levels
(19.29 ± 0.04 and 8.88 ± 1.23 at. %) exhibited poor HER
activity due to reduced electrical transport. On the other hand,
M160 and M200 with relatively similar oxygen levels displayed
distinctly diﬀerent HER activities. These contradictions can be
lifted bearing in mind the diﬀerent degree of crystallinity
between M160 and M240. The high degree of disorder in
M160 hinders electron transport, even though it incorporates a
J
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Figure 7. Long-term stability and durability tests in 0.5 M H2SO4 of the M2.5 electrocatalyst with the rich 1T phase. (a) Polarization curves (LSV
plots) recorded before and after the accelerated degradation test (ADT, conducted continuous CV scans at a rate of 100 mV/s up to 2000 cycles
between +0.41 and −0.29 V vs RHE). (b) Chronoamperogram obtained at a static overpotential of −0.22 V vs RHE. The inset displays the H2 gas
bubble formation at the electrode−electrolyte interface during measurement. A graphite rod (Goodfellow, U.K.) was used as the counter electrode
(CE) for all of the stability and durability tests.

2.3.5. Electrochemical Impedance Spectroscopy. Further
investigation with the AC electrochemical impedance spectroscopy (EIS), for the TU/MoO3 series shown in Figure
S16a, revealed that M1.5, M2.5, and M3.5 exhibited the lowest
Rct along with the largest ECSA values (Table S4), which is
consistent with the polarization measurements and respective
Tafel and TOF analysis. In contrast, the 2H-rich M4.5 and M7
samples displayed considerably increased Rct values.
In the temperature series, the highly disordered M160 and
2H-rich M240 samples exhibited the highest Rct values (Figure
S16b), along with the lowest ECSA values, which is in
agreement with the rest of the electrochemical characteristics
of the samples.
2.3.6. HER in Alkaline Electrolytes. HER in alkaline
electrolytes is important in terms of the popular water−alkali
and chlor−alkali electrolyses.63,64 However, MoS2-based
electrocatalysts exhibit limited response in basic solutions
due to the higher activation energy for water dissociation and
the diﬃculty of generated intermediates (OH−) to desorb from
the catalyst surface. M2.5 showed higher electrocatalytic
activity for the evolution of H2 in acidic solution (0.5 M
H2SO4) than in alkaline (1 M KOH). The overpotentials
required to drive hydrogen evolution at −10 mA cm−2 of
current density were −0.293 and −0.210 V when in contact
with 1.0 M KOH and 0.5 M H2SO4, respectively. The
corresponding Tafel slopes were 115 ± 1 mV/dec for the basic
and 50 ± 2 mV/dec for the acidic electrolytes (Figure S17).
2.3.7. Stability and Durability of HER Electrocatalysts. To
establish the potential of any catalyst, besides its electrocatalytic activity, its long-term cycling stability is another key
criterion for practical applications. Here, the M2.5 was selected
for testing since it exhibited the best HER performance.
Initially, the M2.5 catalyst was subjected to accelerated
degradation test (ADT) by performing continuous CV scans
at a potential scan rate of 100 mV/s in 0.5 M H2SO4. Figure 7a
displays the LSV curves recorded before and after 2000 cycles
of continuous CV scans. The negligible diﬀerence between the
LSV curves indicates that the hydrothermally synthesized
MoS2/MoO3 catalyst remained remarkably stable under the
long-term electrochemical process.
Here, it is important to mention that, for all stability and
durability tests, a commercially purchased graphite rod
(Goodfellow, U.K.) was used as the counter electrode (CE).
Use of a Pt wire as CE in ADT experiments of 1000
continuous CV cycles conﬁrmed unwanted Pt electro-

2.3.3. Turnover Frequency (TOF) for TU/MoO3 Series. The
intrinsic activity of the electrocatalysts was studied using the
turnover frequency (TOF), which represents the number of
hydrogen molecules produced per second per active site. In
our calculations, we estimated the number of active sites,
assuming that the sulfur atoms are the only active sites
(Supporting Information provides details on the calculation of
the TOF values).62
Figure S15 shows the TOF values of electrocatalysts
obtained at various TU/MoO3 ratios and reaction temperatures TR, plotted against the applied potential. There is an
overall general agreement in the trends observed between the
HER LSVs and TOF curves. In the TU/MoO3 ratio series, it is
evident that for the 2H-rich samples (M4.5 and M7; see Figure
3c), produced at the higher TU/MoO3 ratios, the turnover
frequencies are more than an order of magnitude lower than
those of samples produced under lower ratios (M1.5, M2.5,
M3.5). These three samples have a lower content of 2H phase
(20.8, 18.7, and 37.9%, respectively) compared to those of
M4.5 (55.1%) and M7 (95.3%). M1.5 and M2.5 have a Mo/S
ratio lower than 2, which indicates the presence of sulfur
vacancies as discussed earlier. It should be noted that M1.5 has
a large content of molybdenum oxide phases (58.2%) of which
11.8% (Mo2O5) could be electroactive. As a result, the
presence of the metallic phase, along with sulfur vacancies and
substoichiometric MoO3−x, contributes positively to the HER
activity.
2.3.4. Turnover Frequency for Temperature Series. In the
temperature series, the TOFs for M160 and M240 are more
than an order of magnitude lower than those of samples
produced at intermediate temperatures (M180, M200, M220),
as shown in Figure S15b. The inferior behavior for M240 is
associated with the highest level of the semiconducting phase
(96%). M160 synthesized at the lowest reaction temperature
possessed a highly disordered structure, which considerably
hindered electronic transport, as conﬁrmed by electrochemical
impedance studies (Figure S16). At a potential of −0.2 V (vs
RHE), the TOF for M200 with the highest metallic phase and
the presence of 1T-MoS 2 /MoO 3 heterojunctions was
estimated as 0.25 H2 s−1, which is approximately 2 orders of
magnitude higher than those of the 2H-rich, M240 and highly
disordered M160 samples with TOFs of about 0.0009 H2 s−1
(Table S4). It should be noted that such calculations
incorporate large errors as it was assumed that the S sites are
the only active sites in the samples.
K
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emanating from the 1T phase, several other key factors were
synergistically regulated and contributed to the HER performance. These include the presence of (i) 1T-MoS2/MoO3
heterostructures, which enhanced the charge transfer between
1T-MoS2 and MoO3 domains; (ii) abundance of sulfur
vacancies in substoichiometric MoS2−x and oxygen vacancies
in substoichiometric MoO3−x, edge sites at the ultrathin
nanosheets (7−11 layers), and defects at the heterojunction
between 1T- and 2H-MoS2 interfaces, all of which act as active
sites for HER. Overall, this work has established a controllable
phase/disorder engineering approach in the 2D layerstructured TMD synthesis, opening a prospect for synergistic
structural and electronic modulations for electrocatalytic
applications. In addition, the work promoted the understanding of synthesis-structure-dependent catalytic relationships, providing new insights into designing eﬃcient electrocatalysts via modulation of multiple phases, their interfaces,
and incorporating diﬀerent functional active sites into material
systems.

deposition on WE, which led to a substantial enhancement in
the HER activity (Figure S18a), obscuring the true
contribution of the hydrothermally synthesized MoS2/MoO3
electrocatalyst.31 As a result, we avoided the use of a Pt wire as
CE in HER for any long-term stability studies. However, when
the HER performance of a hydrothermally synthesized MoS2/
MoO3 electrocatalyst was checked using both Pt wire and
graphite rod as CEs, in two independent LSV runs, no
diﬀerence could be seen in the polarization curves (Figure
S18b).
Another durability test was also conducted on sample M2.5
by performing constant potential amperometry (CPA) at a
ﬁxed overpotential of 0.220 V vs RHE for 5 h. The resulting
chronoamperogram shown in Figure 7b revealed decay in the
HER current density, retaining 66% of the initial value after a 5
h CPA test (Figure S19). Initially, the sample exhibited
intensive formation and release of small H2 bubbles on the
electrode surface. At later stages, the bubbles grew larger,
before detaching from the surface (inset in Figure 7b).
Adherence of bubbles to the electrode surface hindered the
eﬀective contact between the electrolyte and electrocatalyst,
resulting in ohmic losses and reduction of reaction eﬃciency.
Eﬀective removal of bubbles from the electrode surface
represents a critical issue for high-performance electrocatalysis.
Rotating the electrode during the stability measurements is a
popular approach65 for promoting bubble release; however, it
has limited industrial applications since static working
conditions are most favorable. Our stability measurements
were contacted under static conditions, and longer tests up to
10 h led to the formation of a large bubble permanently
attached to the electrode surface, blocking electrolyte diﬀusion,
resulting in a severely compromised performance (maintaining
54% of the current density; Figure S19); bursting of the bubble
resulted in the mechanical delamination of the electrocatalyst
from the electrode’s surface. Future eﬀorts will be focused on
increasing the superaerophobicity of the nanosheets with a
view of decreasing the adhesion force between the bubbles and
electrocatalyst and hence accelerate the bubble departure.66,67

4. EXPERIMENTAL DETAILS
4.1. Hydrothermal Synthesis of MoS2/MoO3 Nanosheets.
The MoS2/MoO3 nanosheets were synthesized by a facile one-step
hydrothermal reaction. The as-purchased molybdenum trioxide (αMoO3, 10 mM) was dissolved in 15 mL of Milli-Q water and
magnetically stirred for 30 min. Then, thiourea (NH2CSNH2 or TU,
15−70 mM) was added as a sulfur source and reducing agent (dual
role), and the solution was stirred for another 15 min. Finally, the
above solution (65% capacity-ﬁlled water) was transferred into a 23
mL capacity Teﬂon-lined autoclave (Parr Instrument), which was
positioned into a temperature-programmed electric oven. The
temperature was increased to a desirable level (160−240 °C) at a
ramping rate of 5 °C/min. After curing at the ﬁnal reaction
temperature for 24 h, the oven was switched oﬀ and allowed to
cool naturally to room temperature. The obtained products were
washed with DI water and anhydrous ethanol three times. The ﬁnal
product was collected by centrifugation at 10 000 rpm (Thermo
Scientiﬁc, U.K.). The sediment was dried by a vacuum oven at 50 °C
for 10 h and immediately used to perform the electrocatalytic studies.
It is important to mention here that the samples were stored in a
water medium prior to examining microstructural and electrochemical
studies.
The as-proposed hydrothermal-based synthesis process was
systematically optimized by tuning either the S/Mo molar ratio or
the reaction temperature (TR), as listed at the bottom of Figure 1
(more details in Table S1, Supporting Information).
The other details, regarding the chemicals used, the physical and
electrochemical characterizations of the synthesized samples, and the
hydrogen evolution reaction (HER) activity measurements, are
described in the Supporting Information.

3. CONCLUSIONS
This is the ﬁrst time that a detailed material synthesis/
structure/catalytic property relationship triangle of selfassembled MoS2/MoO3 nanosheets, produced by a one-step
hydrothermal route using α-MoO3 and thiourea (TU) as Mo
and S precursors, is reported. A complete study of the atomic
structure, chemical bonding, and crystalline quality shed light
on the evolution of 1T/2H-MoS2 and Mo oxide phases by
systematically varying the α-MoO3/thiourea (TU) precursor
ratio and reaction temperature TR and uncovered how the
modulation of their electronic structure relates to the catalytic
activity for hydrogen evolution reaction. The study allowed the
identiﬁcation of a kinetically controlled regime of hydrothermal synthesis that enabled nucleation and growth of a 3D
network of branched few-layered nanosheets consisting of 1T/
2H-MoS2 and 1T-MoS2/MoO3 nanoscale heterostructures,
with a high yield of metallic contribution and defects in a
reproducible manner. We found that 3D networks of ultrathin
nanosheets synthesized at a TU/MoO3 ratio of 2.5 and a TR of
200 °C exhibited the highest metallic 1T phase contribution of
∼47 %, which was directly connected to the best HER
performance, reﬂected by a small overpotential at 10 mA/cm2
(η10) of ∼210 mV and a small Tafel slope of ∼50 mV/dec in
0.5 M H2SO4. In addition to the high metallic content
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