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ABSTRACT: The development of electrocatalysts to
generate hydrogen, with good activity and stability, is a
great challenge in the fields of chemistry and energy. Here
we demonstrate a “hitting three birds with one stone”
method to synthesize less toxic metallic WO,—carbon
mesoporous nanowires with high concentration of oxygen
vacancies (OVs) via calcination of inorganic/organic
WO,—ethylenediamine hybrid precursors. The products
exhibit excellent performance for H, generation: the onset
overpotential is only 35 mV, the required overpotentials
for 10 and 20 mA/cm” are 58 and 78 mV, the Tafel slope
is 46 mV/decade, the exchange current density is 0.64
mA/cm?, and the stability is over 10 h. Further studies, in
combination with density functional theory, demonstrate
that the unusual electronic structure and the large amount
of active sites, generated by the high concentration of OV,
as well as the closely attached carbon materials, were key
factors for excellent performance. Our results experimen-
tally and theoretically establish metallic transition metal
oxides (TMOs) as intriguing novel electrocatalysts for H,
generation. Such TMOs with OVs might be promising
candidates for other energy storage and conversion
applications.

he depletion of fossil fuels and severe environmental

problems have garnered much attention for clean and
sustainable energy sources.' Hydrogen is a good candidate
because it is efficient, clean, and sustainable. Hydrogen evolution
reaction (HER) from electrocatalytic water splitting is a
promising method to produce H,’ but the best HER
catalysts—platinum and Pt-based materials®—are expensive
and scarce. Since the first report of the use of MoS, nanoparticles
for HER,* the search for inexpensive and earth-abundant
electrocatalysts to replace Pt for HER has undergone rapid
development.” However, most of the materials considered are
semiconductors, having poor conductivity and anisotropic
electron transfer that hinder their further development.®
Generally, two strategies have been adopted to enhance their
conductivity: synthesizing metallic electrocatalysts (such as
transition metal sulfides and selenides)’ or using substrates
with high electric conductivity (e.g., carbon materials and noble
metals).”"® Both can improve HER performance, but the
complicated process and/or poisonous components’ during
the synthesis make them insufficient to replace Pt.
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An alternative is to search for novel highly efficient HER
electrocatalysts. Transition metal oxides (TMOs), which have
recently found potential applications in oxygen evolution
reaction,” oxygen reduction reaction,” and photochemical
reduction,'® are of great interest because of their stability,
abundance, easy accessibility, and environmental friendliness.
The opportunity to effectively generate and take advantage of
oxygen vacancies (OVs) in TMOs is of particular impor-
tance.'>"" OVs have been reported to enhance catalytic activities
by narrowing the band gaps and providing active sites.''” As a
result, some TMOs with high concentrations of OVs are metallic
and possess many active catalytic sites, making them excellent
candidates for electrocatalysis. However, to date, the use of these
metallic TMOs, supported on highly conductive substrates for
HER, especially with porous structure which can provide larger
specific area and more active sites,'> has been a big challenge.

Here we demonstrate a novel “oxygen extraction” approach to
synthesize less toxic metallic WO,—carbon mesoporous nano-
wires (MWCMNS) with high concentration of OVs via one-pot
calcination of WO;—EDA (EDA = ethylenediamine) inorganic/
organic hybrids (Figure 1; see Supporting Information (SI) for
details). The facile “hitting three birds with one stone” strategy
can endow the products with three characteristics: (1)
mesoporous structures, (2) the in situ-formed carbon as rigid
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Figure 1. Synthetic schematic diagram (a), simulated band structure
(b), and projected density of states (c) of metallic WO,—carbon
mesoporous nanowires (MWCMNSs).
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substrate and electron mobility promoter, and (3) the presence
of a large amount of OVs in WO, making them metallic. The as-
prepared MWCMNs show outstanding HER performance.
Experimental and theoretical data reveal that the unusual
electronic structure and greater number of active sites, generated
by the high concentration of OVs, as well as the closely attached
carbon, are key factors for excellent performance.

WO;—EDA inorganic/organic hybrid precursors were synthe-
sized via a reported procedure.'® Scanning electron microscopy
(SEM, Figure 2a) and transmission electron microscopy (TEM,
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Figure 2. (a) SEM and (b) TEM images of WO;—EDA inorganic/
organic precursors. (c) SEM, (d) TEM, (e) HRTEM and the associated
SAED pattern (inset), and (f) STEM—EDS mapping images of C, O,
and W of MWCMN . (g) XRD pattern of MWCMNSs (black dot
indicates carbon species; the other peaks are ascribed to monoclinic
WO, (PDF No. 32-1393), with its standard pattern given at the
bottom). (h) Raman spectrum of MWCMNE.

Figure 2b) images indicated the synthesis of nanowire-like
WO;—EDA. Figure S2 reveals that only W® appears in the
products. The X-ray diffraction (XRD) pattern, Fourier
transform infrared and UV/vis spectra, and thermogravimetric
analysis (Figures S3—S6) suggested successful synthesis of
inorganic/ organic WO;—EDA nanowires.

When calcinated in Ar gas flow at 700 °C for S h, these WO;—
EDA inorganic/organic hybrids were transformed into
MWCMNSs. SEM (Figure 2c) revealed that the products were
synthesized with retention of 1D structure, and TEM (Figure 2d)
revealed the generation of mesoporous structure, as demon-
strated by the evident contrast as well as Brunauer—Emmett—
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Teller analysis (Figure $10). Moreover, high-resolution (HR)
TEM (Figure 2¢) and the associated SAED pattern (Figure 2e
inset) showed that the products were polycrystalline. The lattice
fringes in Figure 2e, with measured interplanar spacings of 0.344
and 0.245 nm, corresponded to (011) and (002) planes of
monoclinic WO,, respectively. Figure 2f shows the scanning
transmission electron microscopy (STEM)—energy-dispersive
X-ray spectroscopy (EDS) mapping images of a single nanowire,
confirming the existence and uniform distribution of W, O, and
C.

XRD and Raman spectroscopy were further used to confirm
the phase and purity of products. XRD (Figure 2g) indicated that
the as-prepared mesoporous nanowires consisted of monoclinic
structured WO, with lattice parameters a = 0.558, b = 0.490, and
¢=0.556 nm (PDF No. 32-1393), corresponding to the results of
the HRTEM image in Figure 2e. The peak around 24° is ascribed
to carbon species. No peaks of any other impurities were
observed, indicating the high purity of products. Raman
spectroscopy (Figure 2h) was performed to confirm the carbon
species in as-prepared products. Two characteristic peaks for
graphitized carbon structure at 1347 and 1583 cm™), the latter
matching the value of pristine graphene (1586 cm™), revealed
that carbon content in MWCMNSs can be indexed to graphite.
Such carbon materials not only serve as rigid substrates to
prevent nanoparticles from agglomeration (Figure S12) but also
benefit the fast electron transfer.* These results confirm that
MWCMNS’s were successfully generated via calcination of WO;—
EDA inorganic/organic hybrid precursors. WO; porous nano-
wires (WPNs) were also prepared, via calcination of WO;—EDA
hybrids in air with other conditions unchanged, for comparison
(see SI for details, particularly Figures S14—S16).

The synthetic procedure is highlighted by its novel “oxygen
extraction” concept. During the calcination of WO;—EDA
precursors, N-atoms in EDA could extract O-atoms in WO; to
form NO,, so that the tungsten oxides in products would be
WO,. We first detected the concentratiosn of NO and NO,
during the transformation. As shown in Figure S7, NO and NO,
were detected above 200 °C. Moreover, the components in off-
gas were also detected to clarify the whole reaction mechanism
(Figure S8). Besides NO,, C,H, and NH; were also detected.
Thus, the transformation from WO;—EDA precursors into
MWCMNs was confirmed, in which N-atoms in EDA extracted
O-atoms in WO; to form NO,, while other atoms in EDA
transformed into NH; and C/H,. Also, some C-atoms were
converted to in situ-formed carbon (Figure 1a). It should be
noted that the whole transformation was much more
complicated, and we give only a reasonable simplified model.

Previous studies showed that the different valences of W
between W,30,9 and WO, can explain the OVs in W;3O,0."°
Here we performed X-ray photoelectron spectroscopy to
confirm the chemical states of W in MWCMNs and WPN,
testifying to the presence of OVs in as-prepared MWCMNS.
Peaks of MWCMNS in the W 4f region (Figure S17a) revealed
the existence of not only W+ (32.40 eV) for WO,, but also W**
(33.90 eV) and W®" (35.52 and 37.68 eV) due to the strong
surface oxidation in the air. In contrast, peaks of WPNs in the W
4f region (Figure S17b) could only be assigned to W®* (35.34
and 37.56 eV). The different W valences between MWCMNs
and WPNs clearly demonstrate the presence of a large number of
OVs in MWCMNSs. What’s more, OVs in tungsten oxides were
also demonstrated by their strong vis/NIR absorption and blue
emission band due to the excitation of conduction band
electrons, which can be ascribed to the localized surface plasmon
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resonances.'”'" Compared with WPNs, MWCMNSs showed
unusual photophysical properties, as indicated by UV/vis spectra
(Figure S18). The big absorption tail in the range of 490—800
nm provided strong evidence that MWCMNs had a large
amount of OVs. A strong blue emission band at ~440 nm was
observed in the photoluminescence spectrum (Figure S19),
further indicating the high concentration of OVs in MWCMNSs.

To examine their electrocatalytic HER activity, MWCMNs
were loaded onto glassy carbon (GC) electrode (the loading
amount was ~0.35 mg cm™2, and all tests were carried out in 0.5
M H,-saturated H,SO,,). For comparison, bare GC, WPNs, and
commercially available 20 wt% Pt/C (Johnson Matthey) were
also tested with same deposition amount. Figure 3a shows the
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Figure 3. (a) Polarization curves of bare GC, MWCMNs, WPNs, and
Pt/C. (b) Tafel plots of MWCMNS, Pt/C, and WPNs (I-R corrected,
see Figure $20 for initial curves). (c) Polarization curves of MWCMNSs
initially and after 2000 CV scans. . Inset in (c) is time-dependent current
density curve for MWCMNSs under static overpotential of 58 mV for 10
h. (d) HER free energy diagram calculated at the equilibrium potential
for MWCMNS’s and some other metal electrocatalysts.

polarization curves after I-R correction (see Figure S20 for
initial curves). Pt/C unquestionably exhibited the highest
performance, with an onset overpotential of nearly zero, and
bare GC exhibited negligible HER activity. Surprisingly, as-
prepared MWCMN s exhibited an onset overpotential of only 35
mV, and the current rose sharply under more negative potentials,
revealing they were highly active electrocatalysts for HER.
Overpotentials of 58 and 78 mV can lead to current densities of
10 and 20 mA/cm?, respectively. These values of the as-prepared
MWCMN:Ss were better than those of many other reported HER
electrocatalysts based on non-noble-metal materials, especially
metallic transition metal dichalcogenides (EM,; E = Fe, Co, Nj,
Mo, W, M = S, Se) (Table S1). Additionally, as shown by
electrochemical impedance spectroscopy (Figures S21—S23),
the sharply decreased diameter of MWCMNs demonstrated
improved HER kinetics. For electrocatalysts, the electron states
near the Fermi level are the key factors for their activity.”® As
shown in Figure 1, the Fermi level crossed the conduction band
of MWCMNSs. The unique electron structure near the Fermi
level is associated with the narrowed band gap caused by the large
concentration of OVs. Also, the closely attached carbon
substrates could contribute to HER activity, as they can lead to
fast electron transfer.

As shown in Figure 3b, Tafel slope for commercial Pt/C was
~32 mV/decade, corresponding to literature values. For
MWCMNE, the Tafel slope was calculated to be 46 mV/decade,
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revealing an excellent HER activity with Volmer—Heyrovsky
mechanism. This value was among the best ones for electro-
catalysts composed of metallic EM, (Table S1). The exchange
current density i, (calculated by extrapolation using the Tafel
plot)7f was determined to be 0.64 mA/cm?. This was the largest
value for all non-noble-metal HER electrocatalysts (Table S1),
revealing the large electrochemically active surface area. Such
superior electrocatalytic HER performance can be explained as
follows: (1) the high concentration of OVs played a vital role, as
they could narrow the band gap and provide more active sites for
MWCMNG; (2) the unique mesoporous structure composed of
highly crystalline nanoparticles led to the exposure of many more
active sites and the effective movement of electrons and reacting
agents; and (3) carbon would promote electron transfer and act
as a rigid substrate, which could improve the stability and
resistance toward oxidation.

We further probed the stability of as-prepared MWCMNSs by a
long-term cycling test. The polarization curves measured before
and after 2000 cycles were compared. The final polarization
curve exhibit nearly no difference from the initial one (Figure 3c).
Inset in Figure 3c demonstrates that the HER performance
remained nearly unchanged for more than 10 h. These stable
measurements (Figures $25 and $26) show that the as-prepared
MWCMN:Ss are highly stable electrocatalysts for HER.

Finally, density functional theory (DFT) was applied to
calculate the position of valence and conduction bands from the
band structure and the projected density of states (PDOS), as
well as the HER Gibbs free energy, which can give strong
theoretical proof and a direct explanation for the superior HER
performance. Contrary to semiconductor WO5,'* as the Dirac
cone downshifts, MWCMNs show no clear band gap (Figure
1b). The PDOS of MWCMNSs also shows that the valence and
conduction bands sharply downshift. Thus, the conduction band
of MWCMN:Ss is crossed by the Fermi level, making them metallic
and suggesting an enhanced electron mobility; thus, they are
promising electrocatalysts (Figure 1c). For most electrocatalysts,
the whole HER approach consists of three steps: (1) H" + &7, (2)
catalyst—H*, and (3) H, products.'® The optimal Gibbs free
energy of catalyst—H* (AGy:) is 0, as first reported by
Parsons.'® If the value is too large, it will be difficult to absorb
H* at the catalysts, while if the value is too small, the absorbed
H* will hardly desorb to generate H,, instead occupying the
active sites and poisoning the HER process. So, it is reasonable to
use the value of |IAGy:l to describe the HER performance of
various electrocatalysts. The |AGy| value of the most efficient
catalyst, Pt, is nearly 0.09 eV, which is very close to
thermoneutral.'® We calculated the |AGyy:l value of MWCMN's
to be 0.22 eV (Figure 3d), comparable to those of non-noble-
metal catalysts (Table S2). The experimental value of iy and the
theoretical value of AGy« are shown on the volcano curve
(Figure S28). The performance of each electrocatalyst could be
quantitatively measured from its position on the volcano curve
(the electrocatalyst is good if its position is close to the peak).
The HER activities of MWCMNSs determined by both i, and
AGy: (red square in Figure S28) are better than those of non-
noble-metal and metal-free electrocatalysts and comparable to
those of some well-known highly efficient noble-metal electro-
catalysts, such as Pt and Pd. Also, we calculated i, from the true
surface (see SI for details) and marked the position determined
in this way (blue square in Figure $28); it is comparable to that of
MoS,. Thus, as-prepared MWCMNSs have been experimentally
and theoretically proved to be highly efficient HER electro-
catalysts. It should be noted that our DFT calculations do not
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take into consideration all the experimental details. We optimize
MWCMN:S to ideal monoclinic WO,, ignoring the effect of
carbon. Thus, our DFT results are only a guide, despite their
good agreement with our experimental results. On the other
hand, carbon materials have been widely used to enhance
electrochemical activity,* so the optimization in our work is
justified.

In summary, less toxic MWCMNs with high concentrations of
OVs have been successfully synthesized via a novel “oxygen
extraction” treatment of inorganic/organic WO;—EDA hybrids.
This handy “hitting three birds with one stone” strategy endows
the products with three characteristics: mesopores, in situ-formed
carbon, and metallic WO, with rich OVs. The as-prepared
MWCMNSs show outstanding performance in HER. The onset
overpotential is only 35 mV, the Tafel slope is calculated to be 46
mV/decade, and the high activity can be maintained for more
than 10 h. Moreover, the current densities of 10 and 20 mA/cm?
require overpotentials of 58 and 78 mV, respectively.
Experimental and theoretical data reveal that the unusual
electron state near the Fermi level and the much higher number
of active sites caused by the high concentration of OVs, as well as
the closely attached carbon, are key factors. This particular
material describes a novel route to cheap and easily accessible
metallic TMO materials with superior HER performance and
other promising energy storage and conversion applications.
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