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ABSTRACT: The engineering of the structural and morpho-
logical properties of nanomaterials is a fundamental aspect to
attain desired performance in energy storage/conversion
systems and multifunctional composites. We report the synthesis
of room temperature-stable metallic rutile VO2 (VO2 (R))
nanosheets by topochemically transforming liquid-phase ex-
foliated VSe2 in a reductive Ar−H2 atmosphere. The as-
produced VO2 (R) represents an example of two-dimensional
(2D) nonlayered materials, whose bulk counterparts do not have
a layered structure composed by layers held together by van der
Waals force or electrostatic forces between charged layers and
counterbalancing ions amid them. By pretreating the VSe2
nanosheets by O2 plasma, the resulting 2D VO2 (R) nanosheets
exhibit a porous morphology that increases the material specific surface area while introducing defective sites. The as-
synthesized porous (holey)-VO2 (R) nanosheets are investigated as metallic catalysts for the water splitting reactions in both
acidic and alkaline media, reaching a maximum mass activity of 972.3 A g−1 at −0.300 V vs RHE for the hydrogen evolution
reaction (HER) in 0.5 M H2SO4 (faradaic efficiency = 100%, overpotential for the HER at 10 mA cm−2 = 0.184 V) and a mass
activity (calculated for a non 100% faradaic efficiency) of 745.9 A g−1 at +1.580 V vs RHE for the oxygen evolution reaction
(OER) in 1 M KOH (overpotential for the OER at 10 mA cm−2 = 0.209 V). By demonstrating proof-of-concept electrolyzers,
our results show the possibility to synthesize special material phases through topochemical conversion of 2D materials for
advanced energy-related applications.
KEYWORDS: rutile vanadium dioxide, oxygen evolution reaction, hydrogen evolution reaction, water splitting, electrocatalyst

INTRODUCTION

Nowadays, our society is urged to move toward clean,
sustainable, and renewable resources due to climate change
and the decreasing availability of fossil fuels. Among the
potential approaches for the development of carbon-free
energy sources, H2 production through (photo)-
electrochemical water splitting is one of the most promising
technologies with zero CO2 emission. The water splitting
process comprises two half-reactions: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER),
occurring at the cathode and anode, respectively. To reach the
theoretical minimum voltage of water splitting electrolyzers
(1.23 V), electrocatalysts are needed to accelerate the reaction

kinetics and decrease the energy barrier, thus minimizing the
overpotentials under practical electrolyzer conditions.1 To
date, RuO2 and IrO2 as anodes2 and platinum (Pt)3 and its
alloys as cathodes have been identified as effective and efficient
electrocatalysts with record-high mass activities (i.e., catalytic
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current normalized on the catalyst mass), enabling for water
splitting electrolyzers with overall energy efficiencies over
80%.4 However, the price of noble metal elements generates
economic pressure from a marketing point-of-view.5,6 More-
over, since most of the HER catalysts perform best in acidic
conditions, but instead OER catalysts display their best
performances in alkaline conditions, the coupling of OER
and HER catalysts in a water electrolyzer is also a complicated
issue.7 Therefore, it is crucial to extensively develop viable
water splitting catalysts based on earth-abundant materials.1

Metal sulfides,8,9 metal oxides,10 metal selenides,11−14 metal
carbides,15,16 and metal phosphides17 are catalyst candidates
for water splitting reactions. In particular, transition metal
oxides (TMOs), including tungsten oxides18,19 and molybde-
num oxides20 have attracted considerable attention as HER-
catalysts due to their abundance and stability. However,
morphology21 and vacancy engineering22 are typically required
to provide relevant HER-activities, while unsatisfactory
performance of the most common stoichiometric TMOs for
the HER is commonly ascribed to their poor electrical
conductivity (on the order of 10−5 S cm−1 for MoO3

23 and
WO3

24 at room temperature (RT)). In fact, poor electrical
conductivity blocks the electron transfer during the HER
process.25 The search of RT-stable metallic TMOs could
represent a radically new approach to develop efficient and
viable high-conductivity catalysts for water splitting reactions.
In this scenario, vanadium(V) oxides, e.g., V2O5, VO2, and
V2O3, have gained relevant interest in catalysis,26−31 in
addition to being of interest for electro/thermochromic
systems,32 supercapacitors,33 optical switching devices,34 and
memory devices.35 In particular, VO2 is a recognized material
with several polymorphs, including the thermodynamically
stable phases, such as insulating monoclinic VO2 (M),36

metallic tetragonal rutile VO2 (R),37,38 and the metastable
phases, including tetragonal VO2 (A)39,40 monoclinic VO2
(B),39,41 and others. One significant feature in VO2 is the
shifting of the V−V atomic motifs in the lattice structure from
a zigzag type in VO2 (M) (low symmetrical phase) to linear
chains in VO2 (R) (high symmetrical phase) with increasing
the temperature from RT to near 340 K,42 as shown in Figure
1. This temperature-regulated phase change, referred to as a

metal-to-insulator transition (MIT),35 makes VO2 suitable for
practical applications, such as a gas sensor,43 switching
devices,44 memory devices,45 energy storage devices,46 and
thermochromic smart windows.47 Several studies on VO2 have
reported a huge number of material architectures with various
sizes, phases, and morphologies,37 aiming to clarify the
relationship between VO2 properties and performances in
different applications.35,46,48

Both the conductivity and lattice structure change of VO2
after a phase transition from VO2 (M) to VO2 (R) can
facilitate charge transfer kinetics,48 leading to a positive effect
on improving the material catalytic activity,49,50 including the
one for the water splitting reactions. A recent experimental
work reported that the phase transition of VO2 at an elevated
temperature in MoS2/VO2 hybrids leads to interfacial material
stresses that modify the electronic structures of the two stacked
materials, thus improving both the electrical conductivity and
the HER-activity of MoS2.

51 However, it is still challenging to
control the growth of the accurate stoichiometric 2D VO2 (R)
because this phase can get promptly oxidized to form
insulating V2O5 during the synthesis52 and results in a poorly
attractive catalyst. The stabilization of metallic VO2 (R) at RT
has been addressed by the H+ incorporation into the rutile
structure, for example, by means of the spillover method,38

direct atomic hydrogenation,53 metal acid/contact,54 plasma-
immersion ion implantation,55 post-heating treatment of
goethite VOOH,56 and electrolyte gating.57 Meanwhile, both
pioneering and recent studies have demonstrated that strain
engineering (including substrate-induced lattice mis-
matches),58,59 light irradiation,60 external electric field,61,62

and elemental doping63,64 can reduce the MIT temperature.
Overall, fundamentally innovative syntheses for nanostructured
VO2 (R) are sought for practical purposes in the field of
electrocatalysis at RT. In addition, there is no record of studies,
neither experimental nor theoretical, on the use of V oxides as
bifunctional catalysts for HER, OER, and overall water splitting
both in acidic and alkaline media (or even in pH-universal
conditions). A previous work reported a V oxide with
intermediate stoichiometry (V10O24·nH2O) and mixed V
valence (V(4+) and V(5+)) as an efficient HER-catalyst only
in acidic media.29 Meanwhile, V oxides with a mixed valence
nature have been demonstrated as OER-catalysts in alkaline
media.27,30 Transition metal-doped V oxides have also been
reported as an efficient OER catalyst in alkaline media.30,31

However, the heavy heterogeneous ions involved in a metal-
doped V oxide crystal lattice can lead to entangled structural
changes and electron−electron effects, which hinder the
construction of an effective model to investigate the catalytic
properties of V oxides.56 Theoretical studies revealed that
water dissociates spontaneously on the reduced vanadium sites
of V oxides, forming surface hydroxyl groups OH.65 Even
more, the recombination reaction of the two surface hydroxyl
groups V−OH may form water, restoring catalytic sites for the
water dissociation.65 Such effects are promising to be exploited
for the OER in both acidic and alkaline media,30 as well as for
the HER in alkaline media.66,67 Motivated by the above
discussion, herein, VO2 (R) nanosheets were synthesized
through a topochemical conversion process of two-dimensional
(2D) VSe2 nanosheets, the latter produced by liquid-phase
exfoliation (LPE)68,69 of synthesized bulk crystals. During the
topochemical synthesis of VO2 (R) nanosheets, the selenium
of VSe2 is substituted by oxygen once the sample is annealed at
500 °C in a reductive H2/Ar atmosphere and subsequently
exposed to ambient temperature. Thus, our approach produces
a nonlayered 2D metal oxide, precisely VO2 (R) nanosheets.
As recently reviewed in the literature,70,71 2D nonlayered
materials refer to a material class whose bulk counterparts do
not have a layered structure composed of layers held together
by van der Waals force or electrostatic forces between charged
layers and counterbalancing ions amid them. Cleary, 2D
nonlayered materials with both the original properties of their

Figure 1. Lattice structure of (A) high symmetric tetragonal rutile
phase (R) and (B) low-temperature monoclinic phases (M) of
VO2.
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bulks and the 2D morphology-related characteristics are
promising to complement the features of traditional 2D
layered materials in a wide plethora of (opto)electronic,
(photo)electrochemical, and nanocomposite applications.
Importantly, our synthesis of VO2 (R) nanosheets could
extend the topochemical transformation methods reported for
other types of 2D nonlayered materials, as overviewed in
recent review works.70 In addition, we figured out that a
pretreatment of the VSe2 nanosheets through an O2 plasma
promotes the formation of pores in the structure of the
topochemically derived VO2 (R) nanosheets. The as-produced
VO2 nanosheets supported by single-/multi-walled carbon
nanotubes (CNTs) were studied as bifunctional electro-
catalysts for both the HER and the OER, in both acidic and
alkaline media. The VO2-based electrodes effectively perform
the HER with a faradaic efficiency (FE) of nearly 100%,
showing the best catalytic activity in 0.5 M H2SO4, in which
they reached a mass activity of 972.3 A g−1 at −0.300 V vs
RHE. This specific performance is similar to the ones
previously achieved by the most catalytic metal chalcogenides.6

In addition, the electrodes are proven to be catalytically active
for the OER. Although displaying FEs of only 57% and 65% in
0.5 M H2SO4 and 1 M KOH, respectively, our electrodes
exhibited a mass activity (estimated by considering a non 100%
FE) of 745.9 A g−1 at 1.580 V vs RHE (overpotential for the
OER = 0.350 V), outperforming the RuO2 reference. These
results motivated us to assemble a proof-of-concept electro-
lyzer, working both in acidic and alkaline media, by combining
cathode and anode consisting of bifunctional VO2-based
electrodes for both the HER and OER. The assessment of
the intrinsic catalytic properties of our catalysts by the
evaluation of their mass activity is promising for extending
the investigation of VO2-based catalysts in engineered
electrodes with high mass loading and porous supports, similar
to those used in practical water splitting electrolyzers.

RESULTS AND DISCUSSION

Material Synthesis, Exfoliation, and Characterization.
To develop the synthesis of RT-stable 2D (nonlayered) VO2
(R), we investigated a topochemical transformation of
exfoliated-VSe2 (ex-VSe2), the latter produced by LPE of
bulk crystals in isopropyl alcohol (IPA) (see the Methods).
Topochemical transformations have been previously consid-
ered as strategies to synthesize 2D materials, including
unexplored phases or even nonlayered 2D materials.70

Nonlayered 2D oxides have been synthesized by means of
salt-template processes.70 However, transformations of 2D
transition metal dichalcogenides (TMDs) into 2D nonlayered
TMOs have not been reported to date. Moreover, the
possibility to obtain VO2 (R) in a 2D form can result in
distinctive properties compared to the three-dimensional (3D)
crystals, as previously shown for the h-MoO3 case.72 For
example, a large surface area can be advantageous for energy
storage and conversion applications.73 In addition, it has been
reported that defect/vacancy engineering can improve the
(photo)electrochemical performances of TMOs.19,74 Contrary
to typical 2D layered materials, the surfaces of 2D nonlayered
materials are intrinsically filled with dangling bonds, making
their surface highly chemically active for catalysis, sensing, and
carriers transfer functionalities.71 As shown in Figure 2A, we
discovered that the thermal treatment of ex-VSe2 in a
controlled Ar/H2 (80/20%) atmosphere, followed by air
exposure, produces VO2 (R) nanosheets (hereafter simply
named VO2 (R)). The selenium of VSe2 nanosheets is first
removed by the material structures since it reacts with H2 to
produce gaseous H2Se. After ambient exposure, the Se
vacancies are subsequently replaced by O, while preserving
the 2D morphology of the starting ex-VSe2 in the resulting
VO2 (R) nanosheets. In addition, an oxygen plasma pretreat-
ment of the ex-VSe2 enables the subsequent thermal-assisted
synthesis of porous VO2 (R) nanosheets (hereafter named
holey-VO2 (R)). X-ray diffraction (XRD) measurements

Figure 2. (A) Schematic illustration of the atomic structure of 2D VSe2 basal planes after O2 plasma, Ar/H2 thermal treatment, and the
combination thereof. (B) XRD pattern of ex-VSe2 and holey-VO2 (R). (C) Raman spectrum of holey-VO2 (R). The inset panel shows the
Raman spectra for bulk and ex-VSe2. (D) V 2p and O 1s XPS spectra of ex-VSe2 and holey-VO2 (R) and (E) Se 3d. (E) XPS spectra of ex-
VSe2 holey-VO2 (R).
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elucidated the crystalline structure of the exfoliated materials at
RT (Figure 2B and Figure S1). After consecutive O2 plasma
and thermal treatments, the sample (i.e., holey-VO2 (R))
exhibits the characteristic diffraction pattern of the tetragonal
rutile structure of VO2 with space group P42/mnm (ICSD card
no. 27482, a = 4.53 Å, b = 4.53 Å, c = 2.869 Å),75 similarly to
the just annealed sample (i.e., VO2 (R)). Both holey-VO2(R)
and VO2(R) samples feature a peak around 2θ = 33°, which is
related to the V2O5 byproduct.76 The diffraction patterns of
the starting bulk VSe2 and ex-VSe2 are shown in Figure S1 and
correspond to the trigonal 1T-VSe2 phase with a space group
of P3̅m1 (ICSD card no. 27198, a = 3.359 Å, b = 3.359 Å, c =
6.108 Å).77 Since no additional diffraction peaks related to
oxides are observed in ex-VSe2, the LPE of VSe2 in anhydrous
IPA can be considered an efficient exfoliation route that leaves
the crystalline phase of the starting material unaltered.
Importantly, the sample after O2 plasma treatment (O2-
VSe2) still features the diffraction peaks of the 1T-VSe2 phase.
However, we anticipate that the O2 plasma treatment is crucial
to obtain a porous basal plane in VO2 nanosheets, as evidenced
by the morphology characterization reported hereafter. The
structure and crystal quality of the samples were further
investigated by means of Raman spectroscopy. As shown in
Figure 2C, the Raman spectrum of VO2 (R) displays a broad
band in the 300−800 cm−1 range, which is attributed to the
V−O−V stretching modes of the rutile phase.78,79 No peaks
related to the monoclinic phase (e.g., active modes around 140,
192, 223, 261, 307, 388, 440, 496, 614, and 822 cm−1)78,79

have been observed. These data confirm the presence of a RT-
stable VO2 rutile phase in the sample. As shown in the inset
panel of Figure 2C, the starting bulk VSe2 exhibits two
characteristic peaks at 135 and 210 cm−1, which are assigned to
the in-plane and out-of-plane vibrational modes, i.e., E2g and
A1g of the 1T-VSe2.

80 In ex-VSe2, these two peaks are
weakened and slightly broadened in comparison with the
bulk crystals, indicating that the crystal size decrease after the
material exfoliation. In addition, the peak position of E2g
remains unchanged, whereas the A1g peak downshifts to 205
cm−1 compared to the bulk one (210 cm−1), in agreement with
previous reports on exfoliated VSe2.

80 The wavenumber
difference between the A1g and E2g vibrational modes decreases
from 75 cm−1 for bulk VSe2 to 70 cm

−1 for ex-VSe2. These data
further supports the thickness reduction of the as-prepared
VSe2 crystals after the LPE process, in agreement with previous
studies.77 In addition, ex-VSe2 shows an additional Raman
mode peaked at ∼338 cm−1, which is likely ascribed to oxide
byproducts.81 This indicates that the exfoliation process can
cause surface oxidation effects, whose occurrence under
exposure to ambient gases has been recently associated with
the presence of edge-located Se vacancies (while undefective
surfaces are chemically inert).82 X-ray photoelectron spectros-
copy (XPS) characterizations were performed to clearly
identify the chemical surface state and composition of both
the starting and treated samples. As shown in the top panel of
Figure 2D, the V 2p XPS spectrum of ex-VSe2 can be
deconvoluted in distinguished doublets. The first doublet
consists of peaks at binding energies of 512.7 and 520.2 eV,
respectively. These peaks belong to V 2p3/2 and V 2p1/2 of
V(4+) in 1T-VSe2.

82,83 A second spectral feature consists of
two doublets, which are due to surface oxidation of VSe2 in the
form of VO2 and V2O5.

82 The corresponding peaks are located
at 515.9 and 523.3 eV for the V 2p3/2 and V 2p1/2 of the V(4+)
in VO2 and ∼516.9 and 524.2 eV for the V 2p3/2 and V 2p1/2 of

the V(5+) in V2O5.
77,84 The peaks at binding energy of 530.0

eV are referenced to O 1s of the metal−oxygen bonds in
VOx,

85 while the ones at 531.2 and 532.5 eV are assigned to O
1s in OH and H2O contaminations, respectively.85 A
comparative XPS analysis of the V 2p spectra of ex-VSe2 and
O2-VSe2 does not indicate any significant differences in the
binding energy positions or in the shapes of the V 2p peaks
compared to the case of the bulk VSe2 (Figure S2A). These
results indicate that ex-VSe2 and O2-VSe2 retain the 1T phase
configuration of the bulk VSe2, in agreement with the XRD
data. Compared to the bulk case, both ex-VSe2 and O2-VSe2
show an increase of the intensity of the oxide-related bands
relatively to the one of the selenide, as a consequence of the
oxidation susceptibility of VSe2 surface once exposed to air or
oxygen-containing atmospheres.82 As illustrated in the bottom
panel of Figure 2D, the V 2p spectrum of holey-VO2 (R) has a
characteristic double doublet feature, similar to VO2 (R)
(Figure S2A). The first doublet shows peaks located at 516.0
and 523.4 eV, corresponding to V 2p3/2 and V 2p1/2 of the
V(4+) in VO2, respectively. The doublet with peaks at binding
energies of 517.0 and 524.3 eV originates from the surface
oxidation of V(4+) in VO2 toward a higher oxidation state, i.e.,
V(5+) in V2O5, which is therefore not excluded on its surface.
The XPS spectra of the investigated samples for the region of
the Se 3d binding energy are depicted in Figure 2E and Figure
S2B. The Se 3d spectra of bulk VSe2, ex-VSe2, and O2-VSe2
show three different doublets in similar positions. Particularly
for ex-VSe2 (top panel of Figure 2E), the first doublet shows
peaks located at 53.1 and 53.9 eV, which can be assigned to Se
3d5/2 and Se 3d3/2 of Se

2− in 1T-VSe2.
86,87 The second doublet

is related to a higher oxidation state of the Se, named Se−,
whose Se 3d5/2 and Se 3d3/2 peaks are located at binding
energies of 53.7 and 54.5 eV, respectively. The origin of this
doublet has been ascribed to compositional variation of the
sample surface compared to the stoichiometric VSe2.

83,86 Two
additional doublets have their main peaks at 54.3 and 55.1 eV,
which are, respectively, attributed to Se 3d5/2 and Se 3d3/2 of
elemental Se (Se(0)) that is not chemically combined with V
in the samples.86,87 In the Se 3d spectra, both bulk VSe2 and
ex-VSe2 do not exhibit any strong signature of oxidation, which
is typically expressed by Se(4+) in SeO2 (band peaking at
binding energy >59.9 eV), and just minor bands are associated
with the suboxide-related doublet.86 However, after the O2
plasma, O2-VSe2 shows a broad band peaking at 59.2 eV,
indicating the formation of SeO2, which implies the formation
of chalcogen vacancies in the structure of the exfoliated
nanosheets. Differently from bulk VSe2, ex-VSe2, and O2-VSe2,
there is a negligible signal from the Se 3d region of spectra in
both holey-VO2(R) and VO2 (R), suggesting that the thermal
treatment followed by air exposure causes an almost complete
Se removal from the nanosheet structure.
Scanning electron microscopy (SEM) measurements were

carried out to examine the morphology of material nanosheets
(mass loading = 2 mg cm−2) deposited onto CNT bucky-
papers, hereafter used as a current collector for electrochemical
tests. As displayed in Figure 3A and Figure S3A,B, the films of
ex-VSe2, O2-VSe2, and VO2 (R) exhibit almost the same
morphology, consisting of a network of nanosheets with
smooth surfaces and regular borders. On the contrary, the
combination of the O2 plasma and thermal treatments
significantly changes the morphology of the films (Figure
3B). In fact, the holey-VO2 (R) film is composed of porous
nanosheets with irregular edges. Bright-field transmission
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electron microscopy (BF-TEM) and atomic force microscopy
(AFM) measurements further elucidated the morphological
properties of the exfoliated materials. The BF-TEM images of a
representative ex-VSe2 nanosheets indicate that they have a flat
morphology with straight edges (Figure 3c), while holey-VO2
(R) nanosheets possess abundant pores and jagged edges
(Figure 3D). The statistical BF-TEM analysis (Figure S4A) of
ex-VSe2 indicates that the lateral dimensions of the nanosheets
follow log-normal distributions, ranging from 10 to 600 nm
and peaking at ∼67 nm. In holey-VO2 samples, the nanosheets
fold on themselves, making unreliable statistical analysis, which
is thus not reported. Figure 3E,F reports AFM images of ex-
VSe2 nanosheets and holey-VO2(R) nanosheets (deposited

onto mica substrates), respectively. The nanosheet structures
detected by AFM resemble those observed by SEM and BF-
TEM analyses. The statistical AFM analysis for ex-VSe2
(Figure S4B) indicates that 33% of the 200 counted objects
are nanosheets with a thickness <5 nm. Although the
theoretical interlayer distance of 1T-VSe2 is ∼0.3 nm
(interlayer (c axis) lattice parameters = 6.1 Å),88,89 previous
experimental AFM measurements on single-layer 1T-VSe2
flakes reported a step height lying in the 0−2 nm range,
depending on the substrate and the AFM instrumentation.80,87

Therefore, our data suggest the presence of mainly few-layer
structures. As discussed for BF-TEM measurements, the
folding and porous structure of holey-VO2 (R) results in an
unreliable AFM statistical analysis for their thickness
estimation. The BF-TEM analysis of O2-VSe2 and VO2 (R)
is reported in Figure S5. In agreement with SEM analysis
(Figure 3A and Figure S3A,B), the lateral size of the VO2 (R)
sample is reduced compared to the case of ex-VSe2 and O2-
VSe2, which instead displays similar geometric characteristics.
The reduction of the lateral size of the nanosheets after the
thermal treatments is likely attributed to the creation of
intrinsic defects (e.g., dangling bonds) in the structure of the
2D nonlayered VO2 (R), leading to a fracture of the
nanosheets during their topochemical conversion from the
VSe2 to oxide chemical structures. Despite the lateral size
changes, VO2 (R) nanosheets still exhibit a nonporous
morphology, indicating the need of the O2 plasma as
pretreatment to create pores into the nanosheets, as observed
for the holey-VO2 (R). High-resolution TEM (HR-TEM)
analyses were performed to locally examine the thermal
treatment-induced topochemical conversion of the VSe2
nanosheets into metallic VO2 (R) nanosheets. Figure S6
reports a HR-TEM image of an ex-VSe2 nanosheet, whose
crystal structure matches the one of the 1T phase (ICSD card
no. 27198), in agreement with the XRD characterization
(Figure 2B). Figure 3G reports a HR-TEM image of a portion
of a suspended region of a holey-VO2 (R) nanosheet. The
magnification of a portion of this HRTEM image (Figure 3H)
and the fast Fourier transform (FFT) of the magnified region
(inset in the panel) show a crystalline structure that matches
the one of the tetragonal rutile structures of VO2 (ICSD card
no. 27482), confirming the XRD results. Energy-dispersive X-
ray spectroscopy (EDS)-coupled SEM measurements were
performed to further study the chemical composition of the
exfoliated materials (Figure S7). As shown in Table S1, the
analysis of EDS maps indicates an almost ideal V-to-Se
stoichiometric ratio for ex-VSe2 (Se/V atomic ratio = 1.99).
After O2 plasma, O2-VSe2 sample exhibits a slight excess of Se,
suggesting marginal surface changes.
Importantly, no trace of Se appears both in VO2 (R) and the

holey-VO2 (R), in agreement with XPS data. Brunauer−
Emmett−Teller (BET) surface area measurements were
performed to evaluate the effect of both O2 plasma and
thermal treatments on the surface area of the samples. The
BET surface area analysis was carried out through
physisorption measurements at 77 K using Kr as the gas
carrier. Figure S8 shows the isotherms and the corresponding
BET-isotherms measured for ex-VSe2 and holey-VO2 (R). The
calculated BET specific surface areas (SSABET) of the materials
are 2.9 and 10.2 m2 g−1 for ex-VSe2 and holey-VO2 (R),
respectively. These data indicate that the combination of O2
plasma and thermal treatments significantly increases the
specific surface area of the starting ex-VSe2 nanosheets, as

Figure 3. Morphological characterization of ex-VSe2 and holey-
VO2 (R) film (mass loading = 2 mg cm−2) deposited onto CNT
buckypapers. (A,B) Top-view SEM image of ex-VSe2 and holey-
VO2(R) nanosheets, respectively. (C,D) BF-TEM images of ex-
VSe2 and d) holey-VO2(R) nanosheets, respectively. (E,F) AFM
images of ex-VSe2 and holey-VO2(R) nanosheets, respectively. (G)
HR-TEM image of a portion of a suspended holey-VO2(R)
nanosheet, and (H) magnified, frequency-filtered portion together
with (inset) corresponding fast Fourier transform (FFT), matching
with that of [111]-oriented VO2 (R).
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indicated by morphological TEM and AFM analyses (Figure
3A−F). Importantly, the single O2 plasma treatment margin-
ally affects the specific surface area of the exfoliated nanosheets
(SSABET = 3.0 m2 g−1 for O2-VSe2). Even though the single
thermal treatments increase the specific surface area of the
native nanosheets (SSABET = 6.2 m2 g−1 for VO2 (R)), such an
increase (+113%) is significantly inferior to the one observed
for holey-VO2 (R) (+252%) because of the absence of pores in
the nanosheets of the VO2 (R) sample. Overall, our material
characterizations prove that ex-VSe2 can be topochemically
transformed into RT-stable metallic VO2 (R) nanosheets
through a thermal treatment in a reductive Ar/H2 atmosphere,
followed by air exposure. In addition, the introduction of an O2
plasma pretreatment of ex-VSe2 leads to the formation of pores
into the VO2 (R) nanosheets after the thermal-assisted
topochemical transformation process, providing a versatile
tool to engineer the morphological and structural properties of
the resulting nanomaterials.
Electrochemical Characterization. The evaluation of the

water splitting performances of the exfoliated materials was
performed on heterostructured dual-film electrode configu-
rations, which were produced through vacuum filtration
deposition of ex-VSe2 onto CNT buckypaper, followed by
nanosheet topochemical transformation into holey-VO2 (R).
The latter is achieved by means of consecutive O2 plasma and
thermal treatments (electrode hereafter simply named holey-
VO2 (R)), as described in the Methods. Simple CNT
buckypaper and untreated electrodes (hereafter simply
named CNTs and ex-VSe2, respectively), as well as electrodes
treated just with O2 plasma or a thermal process (hereafter
named O2-VSe2 and VO2 (R)) were also investigated as
comparisons. Noteworthy, CNT buckypapers were used as
substrates for our catalytic materials since their porosity

promotes the adhesion of anisotropic nanomaterials,12

including 2D TMDs,90,91 without requiring ion-conducting
catalyst binders. Moreover, thanks to their 2D morphology,
our catalysts are optimally filtrated by the CNT buckypapers,
and a catalytic film is therefore formed avoiding loss of
catalytic materials. In addition, graphitic substrates have often
demonstrated an efficient electron transfer toward catalytic 2D
materials, in particular TMDs, promoting the HER and OER
processes.11,92 The electrochemical characterization of our
catalysts on traditional supports, e.g., glassy carbon, could not
be acquired because of the poor catalysts adhesion to these
substrates that led to nonreproducible and unreliable results
caused by both catalyst delamination and poor electrical
connection between the catalytic films and the substrates. To
date, neither experimental nor theoretical works reported an
exhaustive VO2 catalyst characterization for the HER and
OER, as well as the overall water splitting at RT (either in
acidic or alkaline media). One recent study reported that, in
acidic media, the VO2 shows a poor HER-activity at RT due to
the insulating behavior of its “natural” (M) phase, while the
increase of temperature can activate the phase transition of
VO2 from (M) to (R), improving the catalytic properties of
MoS2/VO2 hybrids.51 According to these results, the
stabilization of the metallic R phase may intrinsically promote
the HER-activity of VO2. The catalytic activity of the as-
produced electrodes was initially evaluated for the HER both
in acidic (0.5 M H2SO4) and alkaline (1 M KOH) media in a
three-electrode configuration. Figure 4A,B reports the iR-
corrected polarization curves for the HER of our electrodes in
0.5 M H2SO4 and 1 M KOH, respectively, in comparison with
the curves measured for commercial Pt/C. In both acidic and
alkaline media, holey-VO2 (R) and VO2 (R) display higher
cathodic current densities compared to the ex-VSe2 and O2-

Figure 4. (A,B) iR-corrected cathodic LSV curves measured for holey-VO2(R), VO2(R), O2-VSe2, ex-VSe2, CNTs, and 20% Pt/C electrode in
0.5 M H2SO4 and 1 M KOH, respectively. (C) Comparison between ηHER10 extrapolated from the LSV curves for the investigated electrodes
in 0.5 M H2SO4 (top panel) and 1 M KOH (bottom panel). (D,E) Tafel plots obtained for the investigated electrodes in 0.5 M H2SO4 and 1
M KOH, respectively. (F) Comparison between the mass activities of the catalysts used in the investigated electrodes for various
overpotentials, ranging from 0.2 to 0.35 V, in 0.5 M H2SO4 (top panel) and 1 M KOH (bottom panel).
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VSe2. The overpotential at the current density of 10 mA cm−2

(η10) is commonly accepted as the benchmark to compare and
characterize various electrocatalytic materials for both HER
and OER in all media. However, such a figure of merit strongly
depends on the mass loading of the catalytic materials, which is
also dictated by the choice of the substrate (i.e., the current
collector, which can be either porous or flat). Therefore,
although η10 and the overpotentials at other current densities
(even up to 1 A cm−2) are crucial parameters to assess the
performance of electrodes with configuration engineered for
industrial electrolyzers, precautions are needed when they are
used to compare intrinsic catalytic activity of as-designed
catalysts compared to previous reports. In particular, the mass
loadings and electrode configurations can be substantially
dissimilar among the different experiments, distorting the
fundamental analysis of the intrinsic properties of the catalysts.
Hereafter, η10 is therefore mainly used to compare the
performance of the electrodes developed in this work. As
discussed later in this work, the intrinsic activity of our
catalysts, compared to the benchmark ones (e.g., Pt, RuO2,
TMDs), will be specifically rated by mass activity analysis.
Figure 4C reports the HER-overpotentials at the cathodic
current density of 10 mA cm−2 (ηHER10) for the investigated
electrodes. In 0.5 M H2SO4, the HER-overpotential at cathodic
current density of 10 mA cm−2 (η10) significantly decreases
from 0.264 V for ex-VSe2 and 0.304 V for O2-VSe2 to 0.184 V
for holey-VO2 (R) and 0.232 V for VO2 (R). Like in acidic
media, in 1 M KOH, ex-VSe2 and O2-VSe2 show the highest
ηHER10 (i.e., 0.276 and 0.309 V, respectively), while VO2(R)
and holey-VO2 (R) exhibit ηHER10 as low as 0.220 and 0.219 V,
respectively. The highest HER-activity of holey-VO2 (R)
among the investigated electrodes can be ascribed to (1) the
metallic behavior of the (R) phase, which results in electron-
rich character of its catalytic sites while promoting fast electron
transfer at reaction centers and (2) the porous morphology of
holey-VO2 (R) nanosheets derived by consecutive O2 plasma
and thermal treatment processes. Of note, the duration of the
O2 plasma treatment regulates the final catalytic activity of the
electrodes. In fact, preliminary tests revealed that 10 min of O2
plasma treatment (as described in the Methods) led to the best
HER activity of the electrodes (Figure S9). Therefore, as
reported in Figure S10, electrochemical impedance spectros-
copy (EIS) analysis indicates that both VO2 (R) and holey-
VO2 (R) exhibit high-frequency resistances (i.e., resistance
values determined by the Nyquist plot arcs at frequency >100
Hz) lower than those of ex-VSe2 and O2-VSe2. With these
resistances associated with Schottky-type barriers (i.e.,
heterojunction potential barriers or presence of passive
oxide/hydroxide interlayer) as well as to substrate sheet
resistance,93,94 the high-frequency resistance values are clearly
explained by the metallic nature of VO2 (R) and holey-VO2
(R) (low values) and the semiconducting behavior of ex-VSe2
and O2-VSe2 (high values). In addition, the presence of pores
in the nanosheet structure of holey-VO2 enhances the number
of edge sites, which have been reported to act as highly
catalytic sites for metal oxides.19,20,74,95 Tafel plot analysis was
carried out to evaluate the HER-kinetics on the electrodes.
Briefly, the HER progresses through the Volmer step, i.e., the
adsorption of atomic hydrogen on the catalyst surface (H3O

+ +
e− ⇄ Hads + H2O in acidic media and H2O + e− ⇄ Hads +
OH− in alkaline media; theoretical Tafel slope of 120 mV
dec−1),96−98 followed by the Heyrovsky reaction (Hads + H3O

+

+ e− ⇄ H2 + H2O in acidic media and H2O + Hads + e− ⇄ H2

+ OH− in alkaline media; theoretical Tafel slope of 40 mV
dec−1)96,97 or Tafel reaction (2Hads ⇄ H2 both in acidic and
alkaline media, theoretical Tafel slope of 30 mV dec−1).96,97 As
shown in Figure 4D,E, holey-VO2 (R) is characterized by the
lowest Tafel slopes, i.e., 70 mV dec−1 and 114 mV dec−1 in 0.5
M H2SO4 and 1 M KOH, respectively, suggesting fast (not
Volmer step-limited) HER-kinetics. Noteworthy, the current
density data are not normalized on the electrochemical surface
area (ECSA) of the electrodes. Thus the Tafel analysis herein
presented is merely qualitative and serves to relatively compare
the electrode reaction kinetics, without reflecting the intrinsic
HER-activity and mechanism of the investigated catalysts.99,100

In fact, the use of highly porous substrates, such CNT
buckypapers, prevents a correct evaluation of the ECSA of the
catalytic nanomaterials, which may easily be overestimated by
means of traditional electrochemical methods, e.g.,100,101

double-layer capacitance estimation through cyclic voltamme-
try measurements at different scan rates in a nonfaradaic
region.100,102 Therefore, intrinsic catalytic performance nor-
malized on ECSA would be seriously underestimated by Tafel
analysis.100,101 On the contrary, as recommended in works
describing the best practices for reporting catalyst perform-
ance,100,101 the intrinsic catalytic activity of our electrocatalysts
can be precisely determined by analyzing their mass activity
(i.e., catalyst mass-normalized current). The catalyst mass
loading of the electrodes before and after O2 plasma and/or
thermal treatments was evaluated by means of inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
measurements of the V and Se weight content and assuming
an ideal VO2 stoichiometry for both VO2 (R) and holey-VO2
(R) (see additional details in the Supporting Information).
The ICP-OES analysis indicates V-to-Se weight ratios
corresponding to V-to-Se stoichiometric ratios of 0.54 in ex-
VSe2 and 0.53 in O2-VSe2. The slight discrepancy from the
ideal VSe2 stoichiometry (i.e., 0.5) is likely ascribed to material
surface oxidation, in agreement with XPS analysis (see Figure
2D,E). After the thermal treatment of the electrodes, the
percentage atomic content of Se (relatively to both V and Se
elements) is inferior to 1% both in VO2 (R) and holey-VO2
(R), confirming an effective removal of Se. Since XPS analysis
did not evidence Se contamination atop the surface of VO2 (R)
and holey-VO2 (R), we speculate that Se can be trapped by
CNT buckypaper when sublimating during the thermal
treatment. No variation of the geometric area-normalized
weight content of V has been detected between the
investigated electrodes, although the overall catalyst mass
loading decreases from ∼0.50 mg cm2 in ex-VSe2 and in O2-
VSe2 to ∼0.19 mg cm2 in VO2 (R) and holey-VO2 (R). Figure
4F shows the mass activity of the electrodes (calculated by
subtracting the capacitive current of CNTs buckypaper from
the total electrode current) in 0.5 M H2SO4 and 1 M KOH at
various overpotentials ranging from 0.2 to 0.35 V (within these
ranges, artifacts arising from the presence of capacitive
contribution at low current densities are negligible). In 0.5
M H2SO4, holey-VO2 (R) exhibits a mass activity of the
catalytic films of 972.3 A g−1 at an overpotential of 0.300 V.
This mass activity value corresponds to the mass activity of Pt
(MAPt) in Pt/C at an overpotential of 0.069 V. In 1 M KOH,
the mass activity of the catalytic films of holey-VO2 (R) is
921.0 A g−1 at an overpotential of 0.350 V, thus approaching
the one reached by Pt/C at an overpotential of 0.100 V
(∼1000 A g−1). In addition, the holey-VO2 (R) mass activity
resembles the ones recently reported for LPE-produced
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metallic TMDs, e.g., 2H-/6R-TaS2.
6 Table S2 shows the

comparison between the mass activities of our holey-VO2 (R)
and those of other catalysts reported in relevant literature,
including metal-free catalysts.103,104 Figure S11 compares the
mass activity of holey-VO2 (R) with the MAPt recorded for our
Pt/C benchmark at various HER-overpotentials. The turnover
frequency (TOF) of our catalysts for the HER was also
calculated at various HER-overpotentials by subtracting the
current contribution of the CNTs from the current of our
electrodes. As shown in Figure S12, the TOF of our best
catalyst, i.e., holey-VO2 (R), can reach a value of 410.1 s−1 at
the HER-overpotential of 0.3 V in 0.5 M H2SO4. This TOF
value is significantly higher than those of our other catalysts at
identical HER-overpotential (i.e., 100.2, 41.7, and 13.1 s−1 for
VO2 (R) and for ex-VSe2 and O2-VSe2, respectively). A similar
TOF trend was observed in 1 M KOH, in which holey-VO2
(R) reported the highest TOFs (e.g., 396.0 s−1 at the HER-
overpotential of 0.35 V) among our other catalysts.
Besides the initial catalytic performance of the electrodes,

their stability is also a crucial aspect for practical applications.
Figure S13 reports the chronoamperometry measurements for
holey-VO2(R) both in 0.5 M H2SO4 and 1 M KOH over the
120 h at the potential corresponding to the initial current
density of −90 mA cm−2. The electrode demonstrates a long-
term stable HER-activity, without reporting any sign of
degradation in both media. Gas chromatography measure-
ments were also performed to quantify the H2 evolved during
chronopotentiometry experiments at the cathodic current
density of 10 mA cm−2, revealing a FE for the HER of
∼100% in both acidic and alkaline media. These results are
consistent with the satisfactory HER-activity stability of the
electrodes. Admittedly, in situ analysis should be required to
elucidate the real HER-active material species, since the

catalysts can also change their chemical state during operation.
Noteworthy, the in operando chemical state of the catalysts is
often the subject of discussion even for the most established
catalysts. Since V oxides can exist in more than 16 crystalline
structures that can coexist as mixed phases, the identification of
the in operando chemical state of V species is not trivial.
Nevertheless, both XRD and XPS measurements of holey-VO2
(R) electrodes were performed after the stability tests for the
HER. Unfortunately, the XRD analysis was not possible
because of the high signal of CNTs that obscured the one of
our catalysts. Figure S14 reports the V 2p and O 1s XPS
spectra of holey-VO2 (R) electrodes after chronoamperometry
measurements. Even though the contribution of surface
contamination, such as adsorbed hydroxyl groups (−OH)
(532.2 ± 0.2 eV for the electrode tested in 1 M KOH) and
sulfonic anionic groups (−OS) (532.7 ± 0.4 eV) for the
electrode tested in 0.5 M H2SO4) and interlayer or adsorbed
water (533.0 ± 0.2 eV and 533.3 ± 0.3 eV for the electrodes
tested in 1 M KOH and 0.5 M H2SO4, respectively) dominates
the O 1s region of XPS spectra, the analysis of the V 2p region
permits the evaluation of the chemical state of the surface of
our catalysts. The data show that the surface of holey-VO2 (R)
nanosheets has been oxidized. Of note, similar observations
have been previously noticed for other type of metallic group-5
transition metal-based HER-catalysts, such as NbS2

105 and
TaS2.

106 The effect of the oxidization of their surface on their
catalytic performance is still not clarified, since the oxidation
process may occur either during electrochemical tests or
during air exposure of a reduced state of the catalysts after
electrochemical tests but before the acquisition of the XPS
measurements.106 Meanwhile, SEM imaging (Figure S15) has
shown that the 2D morphology of our catalysts after
measurements was preserved. This suggests the retention of

Figure 5. (A,B) iR-corrected anodic LSV curves measured for holey-VO2(R), VO2(R), O2-VSe2, ex-VSe2, CNTs, and RuO2 electrode in 0.5 M
H2SO4 and 1 M KOH, respectively. (C) Comparison between ηOER10 extrapolated from the LSV curves for the investigated electrodes in 0.5
M H2SO4 (top panel) and 1 M KOH (bottom panel). (D,E) Tafel plots obtained for the investigated electrodes in 0.5 M H2SO4 and 1 M
KOH, respectively. (F) Comparison between the mass activity of the catalysts used in the investigated electrodes for various overpotentials,
ranging from 0.2 to 0.35 V, in 0.5 M H2SO4 (top panel) and 1 M KOH (bottom panel).
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the main structural features within the inner layers of the
catalysts. Overall, the trend of the catalytic activity of our
samples indicates the importance of starting from a rutile phase
of VO2 (i.e., VO2 (R)) to attain a relevant HER activity. In
addition, the long-term stability of the HER-activity of our best
sample, i.e., holey-VO2(R), together with a nearly 100% FE for
the HER, suggest that our catalysts can withstand the
electrochemical conditions during HER experiments.
The catalytic performance of the electrodes for the OER was

also determined both in 0.5 M H2SO4 and 1 M KOH. Figure
5A,B reports the iR-corrected polarization curves for the HER
of our electrodes in 0.5 M H2SO4 and 1 M KOH, respectively,
in comparison with the curves measured for commercial RuO2
benchmark. In both media, holey-VO2(R) exhibits the highest
anodic current densities. The OER-activity of ex-VSe2 is
comparable to the one of CNT buckypaper, while O2-VSe2
exhibits a OER-performance approaching the one of VO2 (R).
This means that the O2-plasma-induced surface oxidation
promotes the OER-activity of ex-VSe2. As shown in Figure 5C,
in 0.5 M H2SO4, the OER-overpotential at the anodic current
density of 10 mA cm−2 (ηOER10) are 0.363, 0.282, and 0.283 V
for VO2(R), holey-VO2(R), and RuO2 electrodes, respectively.
In 1 M KOH, VO2(R) and holey-VO2(R) display a ηOER10 of
0.209 and 0.298 V, respectively, outperforming the RuO2
benchmark (ηOER10 = 0.343 V). The comparative evaluation
of the OER-kinetics on the electrodes was investigated by
means of the Tafel plot analysis. Generally, the OER takes
place in four elementary reaction steps, which depend on the
pH of the media. Considering that M denotes the catalyst and
* represents a surface active site, for TMOs, these reaction
steps are the following: (1) adsorption step (M + H2O →
MOH + H+ + e− in acidic media and M + OH− → MOH in
alkaline media); (2) metal oxide layer formation (H2O + * →
OH* + H+ + e− followed by MOH + OH*→MO + H2O + e−

in acidic media and MOH + OH− → MO + H2O in alkaline
media; (3) oxide-hydroxide layer formation (MO + H2O →
MOOH + H+ + e− in acidic media and MO + OH− →MOOH
+ e− in alkaline media; (4) desorption steps: MOOH + OH*
→M + O2 + H+ + e− or 2MO→ 2M + O2 in acidic media and
MOOH + OH− → M + O2 + H2O or 2MO → 2M + O2 in
alkaline media.107 Figure 5D,E show the Tafel plots of the
investigated electrodes, indicating that holey-VO2 (R) exhibits
the lowest Tafel slopes (0.115 V dec−1 and 0.092 V dec−1 in
0.5 M H2SO4 and 1 M KOH, respectively), thus the most rapid
OER-kinetics. In agreement with these results, Figure 5F
shows that holey-VO2 (R) exhibits the highest OER-mass
activity, which is as high as 388.2 A g−1 in 0.5 M H2SO4 at an
overpotential of 0.500 V and 1147.5 A g−1 in 1 M KOH at an
overpotential of 0.350 V. Noteworthy, the mass activity of
holey-VO2 (R) approaches the mass activity of RuO2
(MARuO2) in 0.5 M H2SO4 (400 A g−1 at the overpotential
of 0.494 V), while it is significantly higher than the MARuO2 in
1 M KOH (500 A g−1 at the overpotential of 0.573 V).
Therefore, holey-VO2 (R) can act as an efficient bifunctional
catalyst for the water splitting reactions (i.e., HER and OER)
both in acidic and alkaline media. For the sake of clarity, the
mass activity data reported in Figure 5F does not consider the
FE our electrodes for the OER at the different potential values.
As shown hereafter, contrary to the case of HER, gas
chromatography analysis revealed the presence of parasitic
reactions during anodic operation at 10 mA cm−2 anodic
current densities. Therefore, we are conscious that our mass
activity data have been approximated to overestimates (even

though reflecting adequately their order of magnitude). Table
S3 compares the mass activities (approximated and FE-
corrected) of our holey-VO2 (R) with those of other catalysts
reported in the literature, including metal-free catalysts.104

Figure S16 shows the comparison between the mass activities
of holey-VO2 (R) and those recorded for RuO2 at various
OER-overpotentials. In addition, Figure S17 reports the TOFs
(calculated by subtracting the current contribution of the
CNTs from the current of the electrodes) recorded for our
catalysts. The TOF of our best catalyst, i.e., holey-VO2 (R), can
reach values as high as 246.7 s−1 at the OER-overpotential of
0.35 V in 1 M KOH. This TOF value is significantly higher
than those of our other catalysts at identical OER-over-
potentials (i.e., 22.2, 8.8, and 2.4 s−1 for VO2 (R), O2-VSe2, and
ex-VSe2, respectively). A similar TOF trend was observed in
0.5 M H2SO4, in which holey-VO2 (R) achieved a TOF as high
as 83.4, 62.2, and 39.6 s−1 at OER-overpotentials of 0.5, 0.4,
and 0.35 V, respectively. Chronoamperometry measurements
at a potential corresponding to the initial current density of 70
mA cm−2 (Figure S18) indicated that holey-VO2 (R) electrode
has shown a stable OER-activity in 1 M KOH over 150 h.
However, in 0.5 M H2SO4, the data indicate a progressive
degradation of the electrode, which retained 82.7% of the
initial current density. Of note, the electrode degradation may
also originate from the progressive disruption/delamination of
the catalytic films caused by the OER-activity of the underlying
CNT buckypaper (which also shows anodic current densities
on the order of 10 mA cm−2, see Figure 5A) as well as the
electrochemical oxidation of CNTs associated with the
production of gases like CO or CO2.

11,108 The replacement
of CNT buckypaper with a corrosion-resistant substrate could
prospectively improve the stability of the catalytic materials in
acidic media.109 In addition, the oxidation of the catalysts
during OER-operation may form species that can dissolve in
acidic media, as well-known from some V species used as
redox-active electrolytes. Lastly, anodic potential may also
trigger hydrogen deintercalation, progressively altering the
metallic R phase of our catalysts.57 The possible presence of
parasitic reactions was evaluated by quantifying the O2 evolved
during gas chromatography measurements for an electrode
delivering 10 mA cm−2 anodic current density over 2 h. At
such a current density (which was significantly lower than
those applied during long-term stability tests), the FE of our
electrodes for OER was only 57% and 65% in acidic and
alkaline media, respectively, indicating the presence of
undesired reactions in both media. Further studies are needed
to clarify the nature of these parasitic reactions involving our
electrode during anodic operation. Nevertheless, XPS measure-
ments were carried out on holey-VO2 (R) electrodes after
stability tests (Figure S19), indicating the formation of
oxygenated groups such as ketones (CO) on the surface
of CNTs after the stability test in 1 M KOH. The detection of
a signal from the underlying CNT buckypaper may be caused
by a nonuniform coverage of the catalytic films due to the
possible dissolution of the catalysts during the OER reactions.
Noteworthy, SEM imaging (Figure S20) suggested a
pronounced catalyst dissolution also for the electrodes tested
in 0.5 M H2SO4, while the electrodes that operated in 1 M
KOH displayed a morphology probably contaminated by both
electrolyte residuals and byproduct resulting from the CNT
oxidation.11,108

Despite the instability issues observed for our electrodes, our
LSV results clearly reveal the importance of starting with a
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nanostructured rutile phase of VO2 (i.e., holey-VO2 (R)) to
attain high OER activity for such oxide nanomaterial. By
correcting the previously estimated mass activity of our
electrode for a factor equal to the measured FE, the maximum
mass activity of our electrode for the OER in 1 M KOH is
approximated to 745.9 A g−1 at +1.580 V vs RHE, which is still
higher than the ones recorded for our RuO2 electrodes. These
results motivated us to fabricate a symmetric two-electrode
water splitting cell using holey-VO2 (R) as both the anode and
cathode of the proof-of-concept electrolyzer. As shown in
Figure S21, this proof-of-concept electrolyzer displays a current
density of 10 mA cm−2 at cell voltages of 1.710 and 1.660 V in
0.5 M H2SO4 and 1 M KOH, respectively. These cell voltage
values are those expected from the overpotential measured for
our holey-VO2 (R) electrodes for the HER and OER in the
investigated media.
Theoretical Calculations: Catalytic Reaction Mecha-

nism. Even though the accurate identification of the catalytic
species during HER-/OER-operation of our VO2-based
electrodes cannot be fully elucidated at the current stage, it
is still fundamentally important to provide theoretical insights
regarding plausible catalytic mechanisms involving the starting
phase of our best performing electrodes, i.e., VO2 (R). Such
knowledge can be useful to spur additional experimental and
theoretical investigations of this metallic phase for electro-
chemical applications. The R structure of VO2 and the valence
state of V(4+) (3d1) determines the underlying electronic
characteristics. The monoclinic distortion (P21/c) induces a
splitting of t2g states due to cooperative atomic displacement,
making VO2 an insulator below the critical temperature Tt ∼
340 K. However, the proximity of Tt to room temperature, a
small enthalpy of the phase transition (ΔHt∼ 2 kJ/mol) and
the impossibility to reproduce the insulating ground state of
the low temperature phase without applying the GGA+U
method justifies the modeling of its electrocatalytic behavior
toward HER in terms of a simple rutile structure (P42/mnm)
treated within GGA, yielding a ferromagnetic half-metallic
state (Figure S22). The energetics of the Volmer step of
hydrogen atom attachment (H+ sorption followed by a
reduction) was examined for (110), (100), (101) surfaces
modeled by slabs consisting of eight atomic layers and
separated by a 15 Å thick region filled by a dielectric
continuum (εr ∼ 78) simulating an aqueous solution. The
relatively high surface energies 2.4, 3.9, and 10.6 J m−2

obtained for the respective polar surfaces reflect the disruption
of strong covalent V−O bonds upon surface formation (for the
(101) surface in particular) manifested by high cohesive energy
(Ec = 17.7 eV). The hydrogen sorption on the surface oxygen
layer is an exothermic process, which is consistent with the
calculated high surface energies. As shown in Figure 6, the
typical molar enthalpy changes for hydrogen sorption (ΔHH)
(referred to clean surface and gaseous H2) obtained for low
hydrogen surface coverage (less than 0.3 H per 10 Å2) reach
values between −150 and −130 kJ (mol H)−1. However, the
hydrogen bonding energies substantially depend on the surface
saturation by hydrogen. For saturated surfaces, the average
sorption energies are about 2 times lower (−75 kJ mol−1),
which means the desorption energy associated with H+

attachment to the surface hydrogen atom followed by single
electron reduction (Heyrovsky step) is much lower in this
surface saturated regime. To properly assess the energetics of
the HER, we have evaluated the relative partial enthalpy of

hydrogen adsorption by Δ = γ
ρ

∂Δ
∂HH

H

H
, in which ΔγH is the

change of surface energy upon hydrogen adsorption and ρH is
the hydrogen surface density. The ΔHH for the (110) and
(100) surfaces shown in Figure 6 indicate that the desorption/
reduction process is much more feasible close to a complete
hydrogen saturation (ρH ∼ 1.1 H (10 Å2)−1 and ρH ∼ 1.5 H
(10 Å2)−1 for (110) and (100), respectively), in which the
limiting values ΔHH = −37.5 kJ mol−1 and −41.8 kJ mol−1 are
reached. To be noted, the Heyrovsky step can become even
less endothermic if we consider the real chemical interaction
between the surface and the aqueous solution. For example,
our (holey-)VO2 (R) synthesis via thermal treatment in
reductive Ar/H2 (80:20) atmosphere may imply the presence
of hydrogen doping/intercalation effects110,53−57 which could
also facilitate the hydrogen detachment (i.e., Heyrovsky step)
by decreasing hydrogen bonding energies, as proved by our
electrochemical characterizations. The enthalpy of the (110)
(V-rich) surface oxidation corresponding to the reaction
(VO2)x + 1/4O2(g) + 1/2 H2O(l) = (VO2)xOH is also
exothermic, −159.0 kJ (mol OH)−1, for a surface coverage rate
of 0.25 (25% of complete saturation). Also in this case, its
suppression with increasing the OH surface coverage toward a
complete saturation will be even more pronounced compared
to the hydrogen sorption due to steric hindrance of hydrogen
atoms on neighboring hydroxyl groups. Hence, the corre-
sponding relative partial molar enthalpy of OH adsorption can
reach values lower than tens of kJ mol−1 for highly OH-
saturated surface. These theoretical data are consistent with the
high OER-activity observed for our (holey-)VO2 (R) at ηOER10
higher than 0.2 V.

CONCLUSIONS
In summary, we have reported the synthesis of room
temperature (RT)-stable metallic rutile vanadium dioxide
(VO2 (R)) nanosheets by topochemically transforming
liquid-phase exfoliated nanosheets of 1T vanadium diselenide
(ex-VSe2). A thermal treatment of ex-VSe2 in a reductive Ar/
H2 atmosphere causes the sublimation of Se, leading to a
sequential chemical transformation of the remaining metallic
network into VO2 (R) nanosheets, thus creating a nonlayered
2D material. Prospectively, our synthetic approach could

Figure 6. Molar enthalpy change (ΔHH), surface energy change
ΔγH, and the relative partial molar enthalpy (ΔHH ) for the
hydrogen adsorption processes (referred to as 1/2H2) as functions
of hydrogen surface coverage ρH (number of hydrogen atoms per
10 Å2).
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extend the methodologies used to produce other types of
nonlayered 2D materials. In addition, an O2 plasma pretreat-
ment of the VSe2 nanosheets can be used to nanotexturize the
VO2 (R) nanosheets by introducing holes in their basal planes
(sample named holey-VO2 (R)). The as-synthesized VO2 (R)
and holey-VO2 (R) nanosheets efficiently act as catalysts for
both the water splitting reactions, i.e., the hydrogen evolution
reaction (HER) and the oxygen evolution reaction (OER),
either in acidic (0.5 M H2SO4) or alkaline (1 M KOH) media.
Holey-VO2 (R) nanosheets show a HER-mass activity similar
to the most catalytic metallic transition metal dichalcogenides,
while showing nearly 100% faradaic efficiency (FE). For the
OER, despite being unstable at the current stage, our
electrodes outperform the RuO2 benchmark in term of
catalytic activity. The bifunctional water splitting activity of
holey-VO2 (R) was used to develop proof-of-concept electro-
lyzers, displaying a current density of 10 mA cm−2 at cell
voltages of 1.710 and 1.660 V in 0.5 M H2SO4 and 1 M KOH,
respectively. We point out that the chemical reactivity of
several two-dimensional (2D) materials, including 1T-VSe2
and other group-5 transition metal dichalcogenides, is often
considered a key drawback for their functional exploitation in
ambient environments (air or aqueous media). However, this
work proves that such chemical reactivity can be advanta-
geously used to engineer materials in stable low-dimensional
and phase forms. Prospectively, our material synthesis
approach could be extended to the wide plethora of 2D
materials, providing an extended platform of nanomaterials for
advanced energy-related applications.

METHODS
Materials. Vanadium (99.5%, 325 mesh) powder was obtained

from Strem (Germany). Selenium (99.999%, 2−4 mm) powder was
purchased from Chempur (Germany). Carbon nanotubes (CNTs)
(>90% purity) were purchased from Cheap Tubes. Anhydrous 2-
propanol (IPA) (99.5%) and N-methyl-2-pyrrolidone (NMP)
(99.5%) were purchased from Sigma-Aldrich.
Crystal Synthesis and Exfoliation of VSe2. For the synthesis of

bulk VSe2, the stoichiometric amounts of vanadium and selenium
(1:2) were placed in a quartz glass ampule and sealed under vacuum
to pressure bellow 2 × 10−3 Pa. Subsequently, the ampule was
transferred into a muffle furnace and heated up for 24 h at 400 °C,
then up to 600 °C for 24 h, and ultimately up to 800 °C for 48 h.
Then, the ampule was cooled down to RT overnight. The heating and
cooling rate was 5 °C min−1.111,112

Liquid Phase Exfoliation of 1T-VSe2. In a typical experiment,
200 mg of fragmented VSe2 crystals were dispersed in 50 mL of
anhydrous IPA. Subsequently, the dispersion was exfoliated through
sonication for 6 h in a bath sonicator (Branson 5800 cleaner, Branson
Ultrasonics), thus performing ultrasonication-assisted LPE. To
remove the unexfoliated VSe2, the resulting dispersion was ultra-
centrifuged at 1500g for 20 min (Optima XE-90 with a SW32Ti rotor,
Beckman Coulter) (sedimentation-based separation).113,114 The final
concentration of the dispersion of the ex-VSe2 was 0.71 g L−1.
Preparation of VO2 (R) Nanosheet Films and Electrodes.

Rutile VO2 (VO2 (R)) nanosheet films were prepared by a two-step
topochemical process, consisting of O2 plasma followed by thermal
treatment of the ex-VSe2 film previously deposited by drop-casting
onto Si substrates (for morphological, structural, and chemical
characterizations) or by vacuum filtration onto CNT buckypapers
(for electrochemical characterizations). More in detail, CNT
dispersion was prepared by adding 10 mg of CNTs into 50 mL of
NMP followed by ultrasonication for 30 min, as described in our
previous work.90,115 Subsequently, heterostructured electrodes were
produced by depositing the CNTs and exfoliated VSe2 dispersions
under vacuum onto a microfiltration membrane (Whatman

membrane filters nylon) with a pore size of around 0.2 μm.12,105,116

The area of the electrodes was 3.8 cm2, while the mass loadings of
CNTs and ex-VSe2 were 1.31 mg cm−2 and 0.5 mg cm−2, respectively,
as measured by ICP-OES measurements (see the details in the
Supporting Information). The as-prepared ex-VSe2 films were
subjected to O2 plasma treatment by using a Tucano plasma system
(50 Hz) (Gambetti Kenologia Srl) with a 100 W power supply for 10
min. The resulting electrodes were further annealed at 500 °C (with a
ramp of 12 °C min−1) for 3 h in a three-zone split furnace (PSC,
Lenton, U.K.) under a 100 sccm flow of Ar/H2 (80:20). Finally, the
furnace was cooled down to RT, obtaining the final VO2 (R)
nanosheet films.

Characterization of Materials and Electrodes. X-ray diffrac-
tion measurements were acquired with a PANalytical Empyrean X-ray
diffractometer equipped with a 1.8 kW Cu Kα ceramic X-ray tube and
a PIXcel3D 2 × 2 area detector, operating at 45 kV and 40 mA. The
diffraction patterns were recorded under ambient conditions using a
parallel beam geometry and in symmetric reflection mode. The
samples for XRD were prepared by depositing the materials onto Si/
SiO2 substrates. Raman spectroscopy measurements were performed
using a Renishaw microRaman Invia 1000 mounting a 50× objective,
with an excitation wavelength of 532 nm and an incident power of 0.5
mW. This power was selected to minimize local heating effects on the
samples. For each sample, 50 spectra were collected. The samples
were prepared by depositing the materials onto Si/SiO2 substrates and
subsequently dried under vacuum. X-ray photoelectron spectroscopy
spectra were acquired by means of a Kratos Axis UltraDLD
spectrometer at a vacuum <10−8 mbar, using a monochromatic Al
Kα source operating at 20 mA and 15 kV and collecting
photoelectrons from a 300 × 700 μm2 sample area. A constant pass
energy of 160 eV and an energy step of 1 eV were used to collect wide
scans. High-resolution spectra were acquired at a constant pass energy
of 10 eV with an energy step of 0.1 eV. The samples were prepared by
depositing the materials onto Si/SiO2 substrate substrates (LDB
Technologies Ltd.) in an N2 atmosphere while heating the substrate
to 120 °C. The samples were then transferred from air to the XPS
chamber. Data analysis was carried out with CasaXPS software
(version 2.3.19PR1.0). The binding energy scale was referenced to the
C 1s peak at 284.8 eV. Bright-field transmission electron microscopy
images were acquired with a JEM 1011 (JEOL) TEM (thermionic W
filament), operating at 100 kV. High-resolution TEM (HR-TEM)
analysis was carried out on an image-CS-corrected JEOL JEM-2200FS
TEM (Schottky emitter), operated at 200 kV, equipped with an in-
column image filter (Ω-type). The morphological and statistical
analysis was performed by using ImageJ software (NIH) and
OriginPro 9.1 software (OriginLab), respectively. The samples were
prepared by depositing the dispersion of ex-VSe2 nanosheets in IPA
onto ultrathin-on-holey C-coated Cu grids. The samples of O2-VSe2
were prepared by treating the ex-VSe2 samples with the O2 plasma (10
min). The samples of holey-VO2 (R) were prepared by drop-casting
an ethanol dispersion of holey-VO2 (R), obtained by dispersing
fragments of the electrode films through sonication, onto holey
carbon-coated Cu grids. Both samples (dispersion of VSe2 nanosheets
and holey-VO2 films) were kept under an inert atmosphere until a few
minutes before the TEM experiment to minimize oxidation due to air
exposure. The HRTEM image of holey-VO2 (R) was frequency-
filtered (by an average background subtraction filter) to minimize the
contrast due to the amorphous carbon support. Atomic force
microscopy images were acquired using a Bruker Dimension Icon
atomic force microscope (Bruker Dimension Icon, Billerica, MA).
The AFM measurements were carried out by means of RTESPA-300
cantilevers (Bruker, Billerica, MA) having a nominal tip diameter of 8
nm and using a drive frequency of 300 kHz. Intermittent contact
mode AFM images (1024 × 1024 data points) of 2.5 μm × 2.5 μm
were collected by keeping the working set point above 70% of the free
oscillation amplitude and using a scan rate of 0.7 Hz. Gwyddion 2.54
software was used to process the height profiles, while the data were
analyzed by using OriginPro 9.1 software. The latter was also used to
carry out the statistical analysis on multiple AFM images for all the
tested samples. The samples were prepared by depositing the
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materials onto mica sheets (G250-1, Agar Scientific Ltd.) and dried
overnight under vacuum. Specific surface areas of the materials were
measured with a Autosorb-iQ (Quantachrome) through Kr
physisorption at temperatures of 77 K, using Kr as the gas carrier.
The multipoint BET model,117,118 was used to calculate the specific
surface areas (SSABET). Equally spaced points were considered in the
relative pressure (P/P0) range of 0.05−0.3 (P0 is the saturation
pressure of Kr at 77 K, corresponding to 2.63 Torr.119−121). Kr was
used as the gas carrier because it does not have a quadrupole moment
and can access to micropores with an area as low as its cross-sectional
area (between 0.11 and 0.22 nm2 per atom at 77 K. Scanning electron
microscopy measurements were performed using a Helios Nanolab
600 DualBeam microscope (FEI Company). The energy-dispersive X-
ray spectroscopy mapping analysis were performed by X-Max detector
and INCA system (Oxford Instruments) operating at 20 kV and 0.8
nA. The electrochemical measurements of the electrodes were carried
out using a VMP3 multichannel potentiostat/galvanostat (Bio-Logic)
controlled through BioLogic’s own software. The measurements were
performed in a three-electrode configuration at RT. A KCl-saturated
Ag/AgCl electrode with a polyetheretherketone body (ET069-1
leakless Ag/AgCl reference electrode, EDAQ) was used as the
reference electrode, while a carbon rod was used as the counter
electrode. For the HER measurements, the electrolyte was purged
with N2 to remove dissolved oxygen before the electrochemical tests.
Linear sweep voltammetry curves were acquired at a 5 mV s−1 scan
rate and were iR-corrected by considering i is the measured working
electrode current and R as the series resistance arising from the
working electrode substrate and electrolyte resistances. Electro-
chemical impedance spectroscopy measurements were performed on
the electrodes at open circuit potential using a frequency of 10 kHz to
measure R (in agreement with methods reported in previous
studies).116 In addition, EIS spectra of the electrodes were acquired
over a frequency range between 100 kHz and 0.1 Hz. The TOF of our
catalysts was calculated according to the equation TOF = i/(k × F ×
n), in which i is the current of our catalysts (obtained by subtracting
the current of CNT buckypaper to the one of our electrodes), k is
equal to 2 for the HER and 4 for the OER, F is the Faraday constant
(96485.3 C mol−1), and n is the number of moles of the catalyst in the
electrode. The stability tests were performed by chronoamperometry
measurements, i.e., by measuring the current in the potentiostatic
mode over time at a fixed overpotential corresponding to the initial
cathodic current density of 90 mA cm−2 and anodic current density of
70 mA cm−2 for the HER and OER tests, respectively. Inductively
coupled plasma-optical emission spectroscopy (ICP-OES) were
carried out with a ThermoFisher ICAP 7600 Duo inductively coupled
plasma-optical emission spectrometer. The analyzed material
dispersions were prepared in a 25 mL volumetric flask. Each sample
was obtained by digesting a piece of the electrode in 2.5 mL of aqua
regia overnight and then diluting the solution to 25 mL with Millipore
water. Prior to analysis, the samples were stirred by a vortex at 2400
rpm for 10 s and filtered using a PTFE membrane (0.45 μm pore
size). H2 and O2 were quantified using a gas chromatograph (SRI MG
no. 5) equipped with Hysep D and Molesieve 5A columns and a
thermal conductivity detector. The concentrations of gaseous
products were determined using calibration curves obtained using
standard gas mixtures. High-purity Ar and N2 were used as carrier
gases for O2 and H2 measurements, respectively.
Fabrication and Characterization of Electrolyzers. Proof-of-

concept water splitting electrolyzer were realized using H-type
exchange membrane electrolysis cell equipped with a Nafion 117
proton-exchange membranes (FuelCell Store) or Fumasep FAA-3-
PK-130 anion-exchange membranes (FuelCell Store) for 0.5 M
H2SO4 and 1 M KOH electrolytes, respectively. The holey-VO2 (R)
electrodes were used as both cathode and anode, leading to symmetric
system configurations. The electrolyzers were characterized at room
temperature through LSV measurements using a voltage scan rate of 5
mV s−1. The cathode compartment of the electrolyzers was purged
with N2 before the electrochemical measurements to remove
dissolved oxygen.

Theoretical Calculations. Electronic structure calculations were
performed using density functional theory (DFT) with generalized
gradient approximation (DFT-GGA, PBE96 parametrization
scheme),122 as implemented in the MedeA-VASP software package.
The surfaces were simulated by slab calculations by inserting an ∼15
Å thick region of the dielectric continuum (relative permittivity =
78.4) between the respective slabs. Dispersion interactions within the
simple VdW+D3-zero damping approximation were considered in
combination with the GGA-PBE96 functional.123 The basis set with a
cutoff energy of 400 eV was used. The k-point mesh was constructed
inside the first Brillouin zone with k-point spacing smaller than 0.25
Å−1. A tetrahedron integration scheme was applied for the electron
density of states (DOS) calculation. The calculation of the hydrogen
molecule was performed within an artificial unit cell (a = 10 Å) with
P4/mmm symmetry.

Benchmark Electrode Fabrication. Electrodes of Pt/C and
RuO2 were produced as benchmark electrodes for HER and OER,
respectively. Experimentally, 4 mg of Pt/C (20 wt %, Sigma-Aldrich)
and 80 μL of 5 wt % Nafion solution (Sigma-Aldrich) were dispersed
in 1 mL of 4:1 v/v water/ethanol. In total, 1 mg of RuO2 powder
(99.9% purity, Sigma-Aldrich) and 20 μL of 5 wt % Nafion solution
(Sigma-Aldrich) were dispersed in 380 μL of ethanol. Both the Pt/C
and RuO2 dispersions were subsequently sonicated for 60 min and
subsequently drop-casted onto glassy carbon electrodes (Sigma-
Aldrich). The active material mass loadings of the electrodes were
0.262 mg cm−2 for Pt/C and 0.100 mg cm−2 for RuO2.
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