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Designing Metallic MoO2 Nanostructures on Rigid Substrates for
Electrochemical Water Activation

Vivek Ramakrishnan, C. Alex, Aruna N. Nair, and Neena S. John*[a]

Abstract: In situ growth of metallic MoO2 films on fluorine-
doped tin oxide (FTO) and MoO2 powder in solution was
achieved simultaneously by a simple hydrothermal process
employing citric acid as the surfactant. The growth mecha-
nism of MoO2 nanostructures (NSs) at the heterogeneous in-

terface and in homogeneous medium proceeds in a different
manner in which seeds grow in a preferred orientation on

FTO, whereas they propagate in all directions in solution.

The high lattice matching of FTO and MoO2 favours the film
growth which could not be obtained on other conventional

substrates. The disc morphology of MoO2 nanostructures
was changed to other diverse morphology by varying the

synthesis conditions, particularly by the addition of nitric

acid. A competitive effect of nitric acid and citric acid on the
structure direction produced various shapes. The electro-
chemical water activation studies show that hydrogen-an-

nealed MoO2 is an excellent hydrogen evolution reaction
(HER) catalyst with good stability. H-MoO2 film/FTO displays

a low onset overpotential of72 mV with a Tafel slope of
84.1 mV dec@1, whereas the powder form exhibits an onset

overpotential of 46 mV with a Tafel slope of 71.6 mV dec@1.

The large active surface area, exposure of fringe facets of
(110) and the lesser electrochemical charge-transfer resist-

ance offered by the hydrogen-annealed MoO2 NSs play a
major role in the enhanced HER activity.

Introduction

There is a growing demand for new pathways to produce a

clean, renewable and sustainable energy source as an alterna-
tive to fossil fuels that are quickly getting depleted and that

are detrimental to the environment. From this perspective, the
use of hydrogen could be the best possible solution if hydro-

gen could be produced, stored and utilized in a cost-effective
way. Electrocatalytic water splitting is one of the most power-

ful routes to produce hydrogen.[1] Even though platinum is still

the benchmark catalyst for hydrogen evolution reaction (HER)
because of an almost zero overpotential, high cost and paucity
drive the search for alternative HER catalysts.[2]

Transition-metal oxide-based systems with desirable struc-
ture, morphology, orientation, dimensionality and bandgap
tunability have attained significant interest in recent years be-

cause of potential applications ranging from microscopic to
macroscopic real-world devices arising from their diverse cata-
lytic, magnetic, optical, semiconducting and other superior
properties.[3] Molybdenum dioxide-based systems are shown to
have a wide variety of applications as such or when coupled

with metal chalcogenides.[4] MoO2 is a promising functional
material reported to have metallic as well as semiconducting

properties depending on the preparation method and subse-
quent treatment.[5] MoO2-emanated systems have found di-

verse applications in catalysis,[6] light-emitting diodes,[7] sen-

sors,[8] batteries,[9] fuel cells, photo- and electrocatalysts,[10, 11]

and photochromic and electrochromic[12] systems owing to its

structure-, size- and shape-dependent properties. MoO2-based
systems show high metallic electrical conductivity (8.8 V

105 W cm@1 at 300 K in bulk samples),[5b] melting point, density
(6.5 g cm@3),[13] and high chemical stability.[14] Many approaches

have been reported for the preparation of MoO2 micro-nano

structures, namely, hydrothermal,[14] chemical vapour deposi-
tion,[15] electron beam-[16] and laser beam-induced deposi-

tion,[17] microwave irradiation[18] and so on. MoO2 is reported to
have three polymorphic forms: thermodynamically stable mon-

oclinic (P21), tetragonal (P42/mnm) and hexagonal (P63/mmc).[9]

Monoclinic MoO2 has lattice parameters a = 5.6068 a, b =

4.8595 a and c = 5.5373 a. In this structure, O atoms are closely
packed into octahedrons, and Mo atoms occupy half the space
of the octahedral void. The reverse edge-sharing MoO6 octahe-

dra connect with each other to form a deformed rutile struc-
ture (Figure 1a). When compared with MoO3, MoO2 contains

two kinds of Mo@Mo metallic bonds with different bond
lengths (Mo@Mo bond distances of 0.25 and 0.31 nm), which

renders good electrical conductivity—the conductivity is

almost 3 times higher than MoO3.[5a,c]

Recent works indicate that MoO2 could be a potential candi-

date as an electrocatalyst for HER. Jin and Shen reported HER
electrocatalytic performance of nanoflower-like MoO2 in alka-

line electrolytes.[14] Hierarchically structured 1D MoO2 also
showed superior electrocatalytic activity and long-term stabili-
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ty for HER, as reported by Li et al.[19] However, the achieved
HER electrocatalysts based on MoO2 are still less satisfactory,

and hence, improved synthesis strategies to enhance their HER
properties are worth exploring.

The controlled synthesis of metallic and semiconducting

nanomaterials as thin films on substrates holds substantial in-
terest for many applications. In a recent study, Symes and co-

workers reported the hydrothermal assisted growth of Co-
doped MoS2 on fluorine-doped tin oxide (FTO) for HER.[20] Even

though there are numerous reports on the synthesis and elec-
trocatalytic activity of nanostructured MoO2 in the powder

form, to the best of our knowledge, the current study is the

first attempt at growing uniform metallic MoO2 film on a rigid
conducting substrate. The systematic study of several factors

affecting the structure, composition, shape and morphology of
MoO2 nanostructures (NSs) is presented along with the HER ac-

tivity.

Results and Discussion

Microstructure of MoO2 film

The synthesis scheme for obtaining MoO2 film on FTO and

MoO2 powder from solution by employing 0.02 m ammonium

heptamolybdate tetrahydrate (AHM) and 0.1 m citric acid (CA)
at 200 8C for 12 hours is shown in Figure 1b. The X-ray diffrac-

tion (XRD) pattern of the black film and the powder are given
in Figure 2a. The major peaks correspond to (110), (020), (200),

(220), (211), (310) and (202) of monoclinic MoO2 (JCPDS #65-
5787) in the case of both the film and powder. The peaks due

to FTO are marked with an asterisk (*). From XRD, it can be de-
duced that the formed MoO2 is devoid of its polymorphs or

other forms of molybdenum trioxides.
In the case of FTO, a few peaks due to the substrate are

merged with MoO2 peaks. For clarification, zoom-in views of

the plot are shown in Figure S1. In addition, the MoO2 film on
FTO has a preferred orientation with the (200) plane, whereas

the powder form consists of NSs with the (110) plane showing
high intensity.

Figure 2b shows the Raman spectra of the MoO2 NSs on FTO

and the powder, which matches very well with the reported
data.[5a, 14, 21] The fingerprint bands due to phonon vibration

modes of MoO2 are observed at 486, 346, 284 and 198 cm@1

for both film and powder. Vibration modes at 991 and

818 cm@1 are attributed to stretching of n(Mo-O-Mo) and
n(Mo=O), respectively.[22]

The morphology of the as-synthesized MoO2 film on FTO
and the powder were examined by field emission scanning

electron microscopy (FESEM). The top view of the MoO2 film
on FTO is shown in Figure 2c. The film consists of densely

grown disc-shaped NSs on FTO. The average area of the parti-
cles was calculated to be 0.03 mm2. The black powder retrieved

from the solution under the same reaction conditions con-

tained micron-sized spheres consisting of crystallites growing
in all directions (Figure 2d). Energy dispersive spectroscopy

(EDS) analysis shows that the sample consists of Mo and O
(Figure S2). The NSs obtained on FTO clearly depict heteroge-

neous nucleation at the FTO/solution interface, whereas that
obtained from solution indicates homogeneous nucleation in

all directions.

MoO2 NSs formed on FTO were also examined by trans-
mission electron microscopy (TEM). The low-resolution TEM
image shown in Figure 3a confirms the disc-shaped morpholo-
gy. The selected area electron diffraction (SAED) pattern of

MoO2 NSs (Figure 3b) shows diffraction due to (110) and (200)
planes.

The chemical composition of MoO2 NSs was investigated by
X-ray photoelectron spectroscopy (XPS). As shown in Figure S3,
there are five peaks in the survey spectra of the MoO2, which

can be indexed to Mo 3d (232.1 eV), C 1s (283.8 eV), Mo 3p
(396.4 and 414.4 eV) and O 1s (529.2 eV). Deconvoluted Mo 3d

spectra (Figure 3c) show distinct peaks at 229.5 and 232.7 eV
that can be assigned to Mo 3d5/2 and Mo 3d3/2 of the Mo4 +

state, respectively.[5a, 14] The low-intensity peaks corresponding

to the binding energies 231.2 and 234.7 eV are consistent with
Mo 3d5/2 and Mo 3d3/2 of the Mo5 + state arising from the sur-

face hydrated species of MoO3@x.
[23] The XPS spectra of O 1s is

given in Figure 3d, and it indicates the presence of three types

of oxygen species corresponding to molybdenum oxides, sur-
face-adsorbed oxygen from the surfactant and surface -OH

Figure 1. Schematic diagram of (a) the unit cell of monoclinic MoO2 and
(b) hydrothermal synthesis.

Figure 2. (a) XRD pattern, (b) Raman spectra, and FESEM images and zoom-
in views (inset) of hydrothermally grown MoO2 NSs (c) on FTO and (d) in so-
lution prepared by using 0.02 m AHM and 0.1 m CA at 200 8C for 12 h.
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groups with binding energy values of 530.1, 531 and 532.3 eV,

respectively.[14, 23a]

Thermogravimetric analysis (TGA) and differential thermal

analysis (DTA) measurements of MoO2 powder were carried

out under nitrogen and air. In air (Figure S4a), an exothermic
peak appeared at &400 8C in DTA, accompanied by an increase

in weight percentage in TGA. This can be associated with the
conversion of MoO2 to MoO3 as a result of oxidation by corre-

lating the molecular weight of MoO2 and MoO3 to the initial
and final weight percentage.[24] XRD and FESEM reveal that

monoclinic MoO2 converted to a-MoO3 during annealing

under air at 400 8C, in agreement with the results of the TGA/
DTA (Figure S5). The above phase transition is further substan-

tiated by the absence of an exothermic peak during heating
under nitrogen, and a gradual decrease in the weight percent-

age is seen, indicating the retention of the monoclinic phase
of MoO2 (Figure S4b).

Effect of synthesis parameters on MoO2 film/FTO

The effects of various synthesis parameters (such as reaction
temperature and time, surfactant concentration, type of Mo

precursor, surfactant, substrate and also addition of nitric acid)
on the structure, chemical composition and morphology were

systematically studied, and the results are summarized in Ta-

bles S1–S5 and Table 1.

Effect of temperature

Monoclinic MoO2 with disc-shaped morphology was obtained
at the standard reaction temperature of 200 8C. At lower tem-

perature, 120 8C, a reaction did not happen. At 150 8C, mono-
clinic MoO2 with almond-like morphology was obtained (Fig-
ure S6 and Table S1).

Effect of reaction time

After the saturation time of 12 hours, further increase in time
did not have much influence on the shape and crystal struc-

ture of the individual NSs. XRD and Raman spectra show that

the MoO2 phase was still preserved (Figure S7a,b). However,
the crystallites constituting the films seem to have grown fur-

ther with a change in the orientation with longer reaction
times. Accordingly, we see a change in the intensity maximum
from the (200) to (110) peak in the XRD pattern. The size of
MoO2 NSs seems to have increased for the 48 hour reaction

and is evident from the FESEM images (Figure S7c,d and
Table S2). The calculated area of the particles for the 30 hour
reaction and the 48 hour reaction are 0.03 and 0.1 mm2, respec-

tively.

Effect of CA concentration

CA is found to have a crucial role in MoO2 formation in the re-
duction of MoVI to MoIV, as well as in defining morphology and

size, as evident from FESEM analysis. The reaction did not
happen in the absence of CA. When the concentration of CA

was varied from 0.1 m to 0.2 m, the morphology changed from

disc to dome-like (Figure S8a and Table S3). Moreover, the
MoO2 NSs were found highly oriented in the (110) direction as

the concentration of CA was doubled (Figure S8c). When the
concentration was further increased to 0.4 m, the morphology

changed to smaller particles forming a thin film (Figure S8b). In
the XRD pattern, the high intensity of the FTO peaks masks

the peaks due to polycrystalline MoO2 nanoparticles (Fig-

ure S8c). Raman spectroscopic analysis further confirmed the
presence of monoclinic MoO2 (Figure S8d). When the CA con-

centration was increased, it acted more like a capping agent,
causing size reduction and therefore smaller particles. Fig-

ure 2c and Figure S8 clearly show that the particle size is de-
creasing with the increase in the concentration of the surfac-

tant. The adsorption of the surfactant molecules on the nano-
particles hinder further growth.[25]

Figure 3. (a) Low-resolution TEM image, (b) SAED pattern and XPS spectra of
(c) Mo 3d and (d) O 1s from MoO2/FTO prepared by using 0.02 m AHM and
0.1 m CA at 200 8C for 12 h.

Table 1. Effect of variation of HNO3 concentration.

No. AHM [m] HNO3 [mL] CA [m] Water [mL] Temp. [8C] Time [h] Result Chemical & physical composition

1 0.02 1 (1 m) 0.1 40 200 12 black film MoO2/monoclinic/fiber-covered discs
2 0.02 3 (1 m) 0.1 40 200 12 black film MoO2/monoclinic & hexagonal/distorted rectangular rods
3 0.02 6 (1 m) 0.1 40 200 12 black film MoO2/monoclinic/pseudo-hexagonal rods
4 0.02 1 (1 m) 0.1 40 150 12 black film MoO2/monoclinic & hexagonal/particulate film
5 0.02 1 (1 m) 0.1 40 120 12 white film MoO3/hexagonal/hexagonal rods
6 0.02 5 (concd) 0.1 40 200 12 white film MoO3/alpha/rods
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Effect of Mo precursor

The growth of MoO2 NSs was carried out by substituting the
Mo precursor AHM with MoCl5 and bis(acetylacetonato)dioxo-

molybdenum(VI) (MoAcac). Interestingly, the NSs formed in
these cases also appeared in the form of a uniform black film

characterized as monoclinic MoO2 (Figure S9a,b). However, the
morphology of MoO2 is different in each case: disc-shaped

morphology from AHM, rod-like structure from MoCl5 and ag-
gregated particles from MoAcac (Figure S9c,d and Table S4).

Effect of surfactant

To understand the effect of the surfactant type, CA was re-

placed by ascorbic acid (AA) in the standard reaction. Even
though the morphology was entirely different from that of CA-
induced MoO2 NSs (Figure S10a), the monoclinic phase and
chemical composition were conserved as shown by XRD and

Raman spectroscopic analysis (Figure S10b,c and Table S5). The
film obtained in this case consisted of aggregated nanoparti-

cles.

Effect of substrate

Another important factor is the substrate effect. Experiments

were carried out by placing different substrates (like glass, Si,
SiO2 and FTO) in the same reaction pot. Interestingly, there

was hardly any MoO2 growth on the other substrates except
for FTO. The obvious reason for MoO2 growth observed on

FTO is because of the high lattice matching.[26] The major

planes of FTO (110), (200) and (211) and that of MoO2 have
closely matching d spacing values (JCPDS #01-077-0452).

Effect of HNO3

The addition of HNO3 was found to have a crucial role on the
morphology as well as on the crystal structure. The amount of

HNO3 was varied as 1, 3 and 6 mL (0.021, 0.023 and 0.025 m)
using a stock solution of 1 m HNO3 (Table 1). Even this slight

change in concentration of 4 mm caused a drastic change in
the morphology ranging from fibre-covered disc-shaped parti-

cles to distorted rectangular rods to pseudo-hexagonal rods
for 1, 3 and 6 mL samples, respectively (Figure 4a–c). The size

of the MoO2 crystallites obtained also seems to increase from
nanoparticles to micron-sized cylinders with the increase in the
amount of HNO3. The crystal structure remained unchanged as

monoclinic for the 1 and 6 mL samples, whereas the 3 mL
sample was found to be a mixture of monoclinic and hexago-

nal crystallites as evident from the XRD analysis (Figure 4e).
The (100) and (102) planes of hexagonal MoO2 are the major

peaks in the 3 mL samples (JCPDS #500739) in addition to the

(110) plane, which corresponds to monoclinic MoO2. Raman
spectra further confirmed the formation of MoO2 in all cases of

1 m HNO3 addition (Figure 4f). With the addition of 1, 3 and
6 mL of 1 m HNO3, the pH of the system was found to vary as

2, 1.75 and 1.45, respectively. However, when the reaction was
performed using concentrated HNO3 under standard condi-

tions with AHM and CA at 200 8C, the thermodynamically
stable phase of a-MoO3 nanorods was obtained (Figure S11

and Table 1). This is expected because the large amount of H+

ions favours the formation of MoO3, overshadowing the effect
of the reducing surfactant CA.[27]

Pseudo-hexagonal morphology formed by monoclinic MoO2

from 6 mL of 1 m HNO3 is of particular interest, and we further

looked at the crystal structure using TEM. The SAED pattern
shows the prominent peak of the monoclinic phase (110) con-

sistent with the XRD analysis (Figure 4d). However, the pres-

ence of vivid split spots in the SAED pattern indicates the pres-
ence of twin domains arising from separate reflections of adja-

cent domains (inset of Figure 4d). The pseudo-hexagonal mor-
phology could be arising from a twinning effect.[28] These

MoO2 pseudo-hexagons could be formed as a result of six-fold
twinning, with six triangular domains touching at the centre of
the crystal, which also suggests that twinning might have al-

ready occurred at the initial stages of nucleation.[29] We also
observed a branched growth of fused pseudo-hexagons, fur-
ther suggesting the presence of twinning fault lines (inset of
Figure 4c).

We also varied the reaction temperature in the above experi-
ments with 1 mL of 1 m HNO3. When the temperature was low-

ered to 150 8C, MoO2 was still obtained (Figure S12a,c,d), and
interestingly, these samples were found to be a mixture of
both hexagonal and monoclinic MoO2. Further lowering of the

temperature (120 8C) was found to favour metastable hexago-
nal MoO3 (h-MoO3) as shown in Figure S12b and confirmed by

XRD (Figure S12c) and Raman spectroscopy (Figure S12d).

Mechanism of MoO2 NSs formation

To understand the growth mechanism, the time-dependent

growth of MoO2 NSs was monitored in solution and on FTO.
The standard reaction using 0.02 m AHM with 0.1 m CA at

200 8C was performed in a sealed vessel and quenched at par-
ticular time intervals (45, 90, 120 and 180 minutes), and the re-

Figure 4. FESEM images and zoom-in views (inset) of hydrothermally grown
MoO2/FTO NSs prepared by using 0.02 m AHM and 0.1 m CA at 200 8C for
12 h and by varying the 1 m HNO3 amount: (a) 1 mL, (b) 3 mL and (c) 6 mL.
(d) SAED pattern and zoom-in view (inset) of pseudo-hexagonal-shaped
MoO2/FTO NSs (1 m HNO3, 6 mL). (e) XRD pattern and (f) Raman spectra of
MoO2/FTO NSs (1 m HNO3, 1, 3 and 6 mL).
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action was freshly performed in each case. The resulting prod-
ucts were characterized by FESEM, XRD, and Raman and infra-

red (IR) spectroscopy (Figure 5 and Figure 6). At 45 minutes, a
pale-bluish precipitate was obtained in solution as well as on

FTO. XRD and Raman spectra did not give any signatures cor-
responding to intermediate oxides of molybdenum (Figure 5b–

e). Various bluish-colored intermediates have been reported for
Mo-based systems when reduced under acidic conditions

(pH<2)[30] and do not represent a definite oxidation state or a

unique compound.[30] The morphology of the film on FTO and
the pale-bluish precipitate formed in solution showed a very
smooth texture with no features (Figure 5a(i,vi)). IR spectra of
the precipitate obtained in solution indicates the presence of
citric acid, and a redshift in the C=O stretching frequency indi-
cates its coordination with Mo ions (Figure 6a,b).[31] Hence, we

propose that at 45 minutes, AHM coordinated with CA mole-
cules were possibly formed. At 90 minutes, black film and

powder were obtained, and the Raman spectra clearly indicate
the formation of MoO2 particles. FESEM images (Figure 5a) also

show the presence of nanoparticles in both the powder and
film. At more than 90 minutes of reaction time (i.e. , at 120 and

180 min), the particles increased in size, and crystallinity im-
proved with the appearance of distinct peaks due to monoclin-

ic MoO2 in the XRD patterns. Time-dependent IR spectra (Fig-

ure 6a) shows that the amount of CA present in the product
decreases with reaction time, indicating that CA molecules are
used up in a reduction reaction forming MoO2 NSs.

A change in the morphology of MoO2 particles constituting

the film and powder is seen at 90 minutes of reaction, indicat-
ing that growth proceeds differently at a heterogeneous inter-

face and in homogeneous environment. In solution, sheets of

MoO2 oriented to form flower-like nanostructures are seen at
90 minutes (Figure S13), whereas on FTO, spherical nucleates

on sheet structures are observed. Further reaction in solution
for 120 and 180 minutes results in the growth of sheets in all

directions due to homogeneous nucleation and flower-like
nanostructures transform to microspheres that consist of MoO2

nano-discs. On FTO, the spherical NSs on sheets grow further

to form well-developed discs with preferred (200) orientation
for 120 and 180 minutes duration of reaction (Figure 5a,b).

Time-dependent studies also indicated faster reaction kinetics
in the case of FTO, in which MoO2 crystalline peaks started to

originate even at 120 minutes but in-solution peaks originated
only at 180 minutes, which evidently gives an insight into the

crucial role of FTO (Figure 5b,c). However, Raman spectroscopic

analysis shows that even the spherical agglomerates formed in
solution at 90 minutes correspond to MoO2 NSs (Figure 5d,e).

We also tried to understand the role of CA in the formation
of MoO2 NSs. CA plays a significant role as a reducing agent

for reducing Mo ions that exist in the higher oxidation state in
the precursors employed for the reaction. CA can also act as a

surfactant in stabilizing the NSs obtained. The time-dependent

FTIR spectra shown in Figure 6 provide evidence for the coor-
dinating nature of CA to MoO2. Strong absorption peaks are

observed at 3500 and 1718 cm@1, attributed to the stretching
of the hydroxyl group and carboxyl group, respectively (Fig-

ure 6a). The intense band at 1740 cm@1 observed for the free
CA molecule, as a result of the carbonyl stretching vibration

(n(C=O)), is shifted to &1718 cm@1 as the reaction proceeds
(Figure 6b). The shift towards a lower wavenumber arises as a
result of the weakened C=O bond due to its interaction with

the MoO2. It has been reported that CA molecules may coordi-
nate to metal oxide NSs by adsorption through at least one

carboxylate group.[32]

To further account for the existence of CA molecules inter-

acting with the crystal lattice, we analyzed the TGA results of

MoO2 NSs under nitrogen, which gave three distinct steps
during the thermal decomposition process (Figure S14). The

first step (up to 150 8C) is attributed to the removal of water
molecules, whereas the second (150–300 8C) and third steps

(300–500 8C) are ascribed to the loss of surface-[31] and lattice-
adsorbed organic moiety (CA), respectively. These observations

Figure 5. Time-dependent growth of MoO2 NSs on FTO and in solution
monitored by (a) FESEM, (b,c) XRD and (d,e) Raman spectra.

Figure 6. (a) Time-dependent growth of MoO2 NSs in solution monitored by
IR spectroscopy. (b) Expanded view showing the shift of C=O stretching with
time due to coordination with the metal (Mo) ion.
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match those of previous reports.[33] To show that the MoO2

phase is retained during the thermal decomposition, a set of

annealing experiments (100, 200, 300 and 400 8C) were con-
ducted under nitrogen. From the FESEM, XRD and Raman

spectroscopic analyses given in Figures S15 and S16, we can
clearly assimilate that the morphology, chemical composition

and monoclinic phase remained intact until 300 8C. Annealing
at 400 8C under inert conditions transformed the disc-shaped

morphology to rectangular morphology (Figure S15d), albeit

the chemical composition and monoclinic phase remained un-
altered. IR spectra of 400 8C-annealed samples showed com-

pletely diminished peaks due to CA (Figure S17a), indicating
the removal of citric acid at this stage. 13C NMR spectroscopic

analysis of MoO2 NSs before and after annealing under inert at-
mosphere shows the disappearance of CA molecules at 400 8C

annealing (Figure S17b). The removal of CA molecules could

be causing the change of morphology from disc to basic mon-
oclinic rectangular shape. Such a type of structure direction

and stabilization of nanoparticles by CA molecules have been
reported for ZnO nanorods in which the structure collapses to

polygon granules upon annealing.[34] In work reported by
Wang et al. , CA molecules play the crucial role in tuning the

morphology of NiO nanofibers by calcination at different tem-

peratures.[35] These reports complement our results in which
CA molecules are coordinated to MoO2 and are removed only

above 300 8C. In the literature, there are numerous reports for
CA-assisted inorganic syntheses of various nanostructured ma-

terials.[36]

Another important aspect of MoO2 NSs formation is the key

role of HNO3. The lower-temperature (120 8C) reaction was do-

minated by HNO3, and the higher-temperature reaction was
dominated by CA. At lower temperature, there was no reaction

with CA alone, whereas in the presence of HNO3, h-MoO3 was
formed. Monoclinic MoO2 was favoured at higher temperatures

with CA alone as well as with CA and HNO3. From these re-
sults, we can elucidate that CA is active only above 150 8C, and
the activity of 1 m HNO3 is prominent below 150 8C.

If concentrated HNO3 is used as such, then irrespective of
temperature and CA concentration, the former has the crucial
role in leading to the formation of a-MoO3. Under the standard
reaction conditions, when a small amount of HNO3 is added,
there is competition between HNO3 and CA molecules.[27b] In
the presence of HNO3, H+ ions and NO3

@ ions can also interact

with MoO6 growth units, interfering with CA coordination and
causing morphological changes and the formation of larger
crystallites (Figure 4a–c).

Metallic properties of MoO2 film

To measure the conductivity of the as-prepared MoO2 films,

they were etched from the FTO substrate using HF and trans-
ferred onto a glass substrate. Current-voltage (I-V) characteris-

tics were determined by a two-probe method. Figure 7 shows
that I versus V is symmetrical and linear, in agreement with

Ohm’s law and indicating the metallic nature of the film. The
resistance of the film was 840 W.

Electrochemical studies of MoO2 film and powder

The electrocatalytic activities of the as-synthesized MoO2/FTO

films as well as the powder were investigated by linear sweep

voltammetry (LSV) measurements in 0.5 m H2SO4. The number
of active sites and conductivity are major factors that deter-

mine the HER performance of the catalyst. Hydrogen annealing
has proven to be an effective strategy to expose more active

sites.[14] Hence, MoO2 powder and MoO2 film/FTO were an-
nealed under hydrogen at 400 8C for 1 hour to improve activity

towards HER. The samples (H-MoO2 powder and H-MoO2 film/

FTO) were characterized to determine any morphological and
structural changes after hydrogen annealing. FESEM analysis

(Figure 8) shows that there is a change in the morphology. The
discs are seen to fuse and grow bigger with a change in the

orientation of the crystallites. In the case of MoO2/FTO, many
of the edge facets are exposed after annealing. The crystal

structure and chemical nature of the hydrogen-annealed sam-

ples remain unaltered as supported by XRD and Raman spec-
troscopic analysis (Figure S18).

However, a change in the preferred orientation of MoO2 film
on FTO from (200) to (110) is noticeable from the XRD pattern,

in accordance with the change in crystallite orientation in the
FESEM analysis. The intensity of the (110) plane has also in-

creased in the hydrogen-annealed MoO2 powder. XPS analysis

indicates that there are slight changes in the surface oxygen
species due to hydrogen annealing (Figure S19). The obtained

Mo 3d spectra (Figure S19b) is almost similar to that of the un-

Figure 7. I-V characteristics of MoO2 NSs film.

Figure 8. FESEM images showing the effect of hydrogen annealing on MoO2

NSs (a,b) film on FTO and (c,d) powder from solution (a,c) before and (b,d)
after annealing.
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annealed MoO2, in which peaks due to Mo4 + appear at 229.4
and 232.6 eV corresponding to Mo 3d5/2 and Mo 3d3/2 and di-

minished peaks from Mo5 + situated at 231.1 and 235.4 eV, re-
spectively. O 1s spectra (Figure S19c) of H-MoO2 shows that

there is a slight decrease in the surface-adsorbed oxygen
(530.7 eV) and accordingly an increase in -OH species

(532.1 eV) after annealing under hydrogen.
Figure 9a,b shows the LSV curves and Tafel plots of the as-

synthesized MoO2 NSs. The LSV curves and the Tafel plots of

MoO2 NSs were compared with that of the benchmark catalyst
Pt/C (20 wt. %). H-MoO2 powder and H-MoO2 film/FTO have
lower onset potentials and higher current densities than those

of the as-synthesized MoO2. H-MoO2 powder exhibits the high-
est HER activity with an onset potential of about 46 mV. To

obtain cathodic current densities of 10 and 20 mA cm@2, over-

potentials of about 123 and 158 mV are required, respectively.
In the case of H-MoO2 film/FTO, an onset potential of 72 mV

was observed, and also overpotentials of 171 and 243 mV
were needed to achieve cathodic current densities of 10 and

20 mA cm@2, respectively. The Tafel slope of 71.6 mV dec@1 was
obtained for H-MoO2 powder, whereas a slope of

84.1 mV dec@1 was obtained for H-MoO2 film/FTO. Commercial

20 wt. % Pt/C catalysts showed a Tafel slope of 29.2 mV dec@1.
The electrocatalytic activity of MoO2 NSs is in the order of H-

MoO2 powder > H-MoO2/FTO > MoO2 powder > MoO2/FTO.
The Tafel slope obtained for MoO2 NSs indicates that HER

proceeds by a Volmer–Heyrovsky mechanism, whereas the
benchmark catalyst Pt/C follows a Volmer–Tafel mechanism.[37]

By using the extrapolation method on the Tafel plots, the ex-
change current densities were calculated as 0.36 mA cm@2 for
H-MoO2 powder and 0.16 mA cm@2 for H-MoO2 film/FTO. The

stability of both samples was tested by applying a constant
potential for 12 hours at 10 mA cm@2 cathodic current density

(current vs time, i–t curve in Figure S20a,b) and performing
LSV for 2000 cycles (Figure S20c,d). It can be clearly seen that

H-MoO2 powder and H-MoO2 film/FTO have superior stability

towards long-term HER. H-MoO2/FTO showed excellent stability
even after 12 hours of testing. Figure S21 shows the Raman

spectroscopic and XRD analysis of samples before and after
HER. It is evident that MoO2 did not undergo any chemical

modification after HER measurements. A comparison with liter-
ature data demonstrates that the synthesized MoO2 powder in

this work is one among the best reported Mo-based electroca-
talysts (Table S6), emphasizing its promising application as a
HER catalyst. The hydrogen gas (a confirmation test for the
evolved hydrogen gas was carried out by a squeaky pop test)

evolved in the case of H-MoO2/FTO was collected by water dis-
placement method in an inverted graduated tube over the

electrode.[38a] The faradaic yield was estimated to be &80 %
from the ratio of the amount of hydrogen collected for
12 hours when subjected to potentiostatic electrolysis in 0.5 m
H2SO4 at 10 mA cm@2 cathodic current density to the calculated
theoretical value assuming all electrons passing through the
circuit participate in the reduction reaction.

Electrochemical impedance spectroscopy (EIS) measure-

ments were carried out to study the kinetics of various MoO2-
modified electrodes towards HER in the frequency range of 106

to 0.1 Hz. Figure 10 shows the Nyquist plots of MoO2/FTO and

MoO2 powder at 250 mV. The first semicircle in the higher fre-
quency region is related to bulk resistance arising from the

substrate/catalyst interface and internal resistance of the elec-
trocatalyst. The lower resistance value for MoO2/FTO compared

to that of the MoO2 powder/glassy carbon electrode (GCE) is

attributed to the preparation of the film sample on FTO ach-
ieved by in situ chemical growth, which causes effective elec-
tron transport yielding low substrate/electrocatalyst resistance
corresponding to non-faradaic processes. The lower-frequency

semicircle corresponds to charge-transfer resistance (Rct) be-
tween electrocatalyst/electrolyte interfaces associated with

HER kinetics.[38] The faradaic nature of Rct is confirmed by the
potential-dependent nature as shown in the impedance meas-
urements carried out at different HER potential regions (Fig-

ure S22). Thus, H-MoO2 powder with the lowest Rct among the
various samples shows the highest HER activity. The electro-

chemical surface area determined from the double-layer capac-
itance measurement (Figure S23) is higher for the H-MoO2

powder, leading to faster reaction kinetics.[39]

We have tried to understand the drastic improvement in the
HER activity after hydrogen annealing. It has been reported

that during hydrogen annealing of MoO3, hydrogen interca-
lates into the layers to form HxMoO3, which slowly decomposes

into MoO2.[14, 23a] Hydrogen annealing of WO3 has been shown
to form WO2.9, which is highly active for HER. In this case, hy-

Figure 10. Electrochemical impedance spectra of MoO2 NSs on FTO and GCE
before and after hydrogen annealing.

Figure 9. (a) LSV curves and (b) Tafel plots of MoO2 film/FTO and MoO2

powder in 0.5 m H2SO4 aqueous solution.
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drogen treatment caused local atomic structure modulation,
creating active W sites energetically favorable for the adsorp-

tion of H.[40] In our study, the superior HER activity and stability
of H-MoO2 could be due to a combined effect of various fac-

tors. Foremost, we have observed from XRD analysis that the
preferred crystallite orientation of MoO2 changes to (110) after

hydrogen annealing (Figure 2 and Figure S18). A significant im-
provement in the (110) intensity (&30 % to &60 % in the case
of the film) is observed, and accordingly, electrochemical activi-

ty is doubled. The overpotentials required for 10 and
20 mA cm@2 cathodic current densities are nearly halved after
hydrogen annealing. The crystal facets can have direct influ-
ence on HER activity because of the energetics involved in H

adsorption. This has been well-studied in the case of Pt, of
which (110) planes are shown to be more active.[41] In the case

of Co3O4, the abundance of Co3 + on (110) planes are shown to

be responsible for high oxygen evolution reaction (OER) and
HER.[42] In the present case, the exposure of (110) facets of

MoO2 might also result in the generation of energetically favor-
able active sites for HER. Further, the morphology of the

sample indicates flashing of fringe facets or edge states after
hydrogen annealing. In addition, as seen from the XPS spectra

and impedance analysis, MoO2 offers less charge-transfer resist-

ance after hydrogen annealing, and this may be a result of the
removal of lattice-incorporated water and the reduction of sur-

face oxide species. Experiments are now in progress to obtain
direct evidence for HER activity dependent on the morphology

and crystal plane.

Conclusion

MoO2 NSs with monoclinic crystal structure were successfully
synthesized both in solution and on a rigid substrate (FTO)

through a hydrothermal process involving CA as the surfactant.

The film on FTO consisted of disc-shaped nanostructures,
whereas the powder form contained microspheres formed by

disc-shaped NSs. Interestingly, both FTO and solution-phase
MoO2 NSs were devoid of any other polymorphic forms. A sys-

tematic growth study performed by varying the synthesis con-
ditions indicated that a slight variation in temperature and pH

led to the formation of different polymorphs and diverse mor-
phology of MoO2 NSs ranging from disc, flower and hexagonal

shapes to square rods and so on. The metallic nature of the
film was revealed from I-V measurements. IR and NMR spectro-
scopic studies revealed the role of CA as a reducing agent and

as a structure-directing agent. A time-dependent study
showed faster reaction kinetics for MoO2 formation on FTO

than that in solution. The electrochemical studies revealed that
MoO2 NSs are excellent candidates for hydrogen evolution re-

action catalysts. HER catalytic activity including the onset po-

tential, current density and Tafel slope of MoO2 NSs are effec-
tively improved by hydrogen annealing, and this can be attrib-

uted to the combined effect of factors such as an increase in
active sites, exposure of (110) facets, reduction of surface

oxides and less charge-transfer resistance at the MoO2/electro-
lyte interface.

Experimental Section

Materials

AHM (EMPARTA), CA (C6H8O7, anhydrous, 99.5 %), concentrated
nitric acid (69 %) and HF (48 % GR) were purchased from Merck. AA
and MoAcac were purchased from Sigma-Aldrich, and MoCl5

(99.8 %) was purchased from Alfa Aesar. All other reagents were of
analytical grade and used without further purification. All aqueous
solutions were prepared with Milli-Q water. An aqueous solution of
0.5 m H2SO4 (Sigma–Aldrich, 99.95 %) was prepared from deionized
water for use as electrolyte in the electrochemical measurements.

Synthesis of MoO2 films and powder

MoO2 NSs were grown by hydrothermal synthesis on FTO glass
substrates (1 V 1 cm), which were ultrasonically cleaned for 15 min
prior to the synthesis with trichloroethylene, acetone and metha-
nol, and then further dried under a nitrogen stream and on a hot
plate at 80 8C. In the standard reaction defined above, FTO sub-
strates were placed in a slanted fashion with the conducting side
facing downwards into an autoclave containing thoroughly mixed
solutions of 0.02 m AHM and 0.1 m CA in Milli-Q water (40 mL). The
autoclave was then maintained at 200 8C for 12 h. After the synthe-
sis, the substrates were thoroughly washed with deionized water
and ethanol several times and dried under nitrogen flow. The solu-
tion obtained after the reaction was also centrifuged to collect the
black precipitate which was washed and dried (Figure 1b).

The synthesis was also performed by varying several parameters
such as the concentration of the surfactant (0.1, 0.2 and 0.4 m CA),
Mo precursor type (AHM, MoCl5 and MoAcac), substrates (FTO,
glass, SiO2/Si and Si), concentration of acid (volume of 1 m HNO3),
temperature (120, 150 and 200 8C), time (12, 30 and 48 h) and sur-
factant type (CA and AA). The effect of annealing under nitrogen
and air on the morphology and crystal structure of MoO2 NSs was
also investigated.

Characterization

A FESEM system (TESCAN MIRA3 LM, Brno, Czech Republic) with
an attached Bruker Nano XFlash 6 j30 was used to study surface
morphology and perform EDS. XRD analyses were carried out with
a Rigaku SmartLab diffractometer with CuKa (40 kV, 30 mA), and
Raman spectroscopic studies were carried out with a HORIBA
XploRA PLUS spectrometer. A Tecnai (G2 F30, S-TWIN TEM, 300 kV)
TEM system was used to perform the structural characterization.
XPS measurements were carried out with an AXIS Ultra spectrome-
ter (Kratos) integrated with magnetic immersion lens, charge neu-
tralization system and spherical mirror analyser. The thermal stabili-
ty of the precursors was examined by means of TGA and DTA
(NETZSCH, STA 2500) at a heating rate of 5 8C min@1 from 25 to
600 8C. IR spectra were recorded using KBr pellets with a FTIR spec-
trometer (PerkinElmer, Spectrum 1000) in the range of 400–
4000 cm@1. Solid-state 13C NMR spectroscopic analyses were carried
out with a JEOL (400 MHz) high-resolution multinuclear FT-NMR
spectrometer.

Electrochemical measurements

All electrochemical experiments were conducted with a potentio-
stat (CH Instruments, CHI 660E), with a three-electrode configura-
tion consisting of Pt wire as the counter electrode and saturated
Hg/Hg2SO4 as the reference electrode in 0.5 m H2SO4 (pH &1) elec-
trolyte. A GCE (0.07 cm2 geometric surface area) was used as the
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working electrode to study HER activity of the powder samples. All
voltammetric measurements were obtained at a scan rate of
5 mV s@1. Nafion (1 wt. % in 1:3 isopropyl alcohol/water) was used
as a binder for GCE measurement.
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