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Abstract: Nitrate is a raw ingredient for the production of
fertilizer, gunpowder, and explosives. Developing an alterna-
tive approach to activate the N/N bond of naturally abundant
nitrogen to form nitrate under ambient conditions will be of
importance. Herein, pothole-rich WO3 was used to catalyse the
activation of N/N covalent triple bonds for the direct nitrate
synthesis at room temperature. The pothole-rich structure
endues the WO3 nanosheet more dangling bonds and more
easily excited high momentum electrons, which overcome the
two major bottlenecks in N/N bond activation, that is, poor
binding of N2 to catalytic materials and the high energy
involved in this reaction. The average rate of nitrate production
is as high as 1.92 mg g@1 h@1 under ambient conditions, without
any sacrificial agent or precious-metal co-catalysts. More
generally, the concepts will initiate a new pathway for
triggering inert catalytic reactions.

Activating and converting inert chemical bonds directly into
high value-added molecules is closely related to the quality of
our lives and the health of environment.[1–6] Thus, there is an
impetus to drive chemical bond activation in various fields,
ranging from industrial production to basic research. There
has been success in activating the most common chemical
bonds, such as C@H and C@C bonds,[1–4] but the activation of
the N/N covalent triple bond of dinitrogen, which is essential
for nitrogen fixation, is still underdeveloped.[7–13] The high
value-added nitrate products are used as a raw ingredient for
the production of chemical fertilizer, gunpowder, and explo-

sives, which are of crucial importance to feed the population
and defend the national security.[14] Therefore, the industrial
nitrogen fixation to nitrate, based on ammonia oxidation,
followed by a multi-step chemical reaction, has been devel-
oped and employed,[15,16] but the harsh reaction conditions
(i.e. 15–25 MPa, 673–873 K, and noble metals) force scientists
to seek a more moderate nitrogen fixation approach.

Photosynthesis has drawn particular attention because it
relies on the photoinduced electrons and/or hole to trigger the
splitting of many chemical bonds under mild conditions. To
this end, various materials including diamond, BiOBr,
Bi5O7Br, and layered-double-hydroxide have been exploited
as photocatalysts to catalyse N/N bond activation, which may
provide important insights into alternative pathways for
realizing nitrogen fixation.[17–24] However, it is noteworthy
that the main product of the aforementioned photocatalytic
N/N bond activation is NH3. This only involves the first step
of the industrial nitrate production process, which still
requires vast additional energy consumption. Therefore,
seeking more accessible approaches of N/N bond activation
for direct nitrate synthesis utilizing dinitrogen is imperative.
From the perspective of the principle of chemical reactions,
nitrogen fixation to nitrate is a typical oxidation reaction with
increased valence of nitrogen and thus requires photogen-
erated holes on the valence band of a semiconductor to drive
the photosynthesis of nitrate. Recently, it was discovered that
TiO2-based white paint could generate nitrate from atmos-
pheric air under a long period of solar light irradiation due to
a photocatalytic reaction. This may become useful for
activating and cleaving the N/N bond for direct nitrate
synthesis under ambient conditions by semiconductor photo-
catalysis.[25] Nonetheless, the barely satisfactory photocata-
lytic nitrate formation efficiency of nano TiO2 limits its usage.

The catalytic activation of N2 is extraordinarily difficult
because the N/N bond binds only weakly to solid-state
catalysts, and the nonpolar N/N covalent triple bond has high
ionization energy towards dissociation.[17,18, 26, 27] Focusing on
the first issue, a localized electron enrichment area, which
could inject considerable electrons into the empty p anti-
bonding orbital of nitrogen molecules, may achieve chem-
isorption on solid-state catalysts.[17] When the inorganic solids
possess an uneven atomic distribution (vacancy or pothole),
the charge-transfer phenomenon will occur and the electron
enrichment region will subsequently emerge.[17,28] The surface
pothole structure may provide a relatively large electron
enrichment area for adsorbing N2 directly and synchronously
promote the transfer of these trapped charge carriers to the
adsorbates. In this regard, establishing a pothole-rich surface
structure, with abundant localized electrons, could provide
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a new perspective in the field of nitrate photosynthesis.
Furthermore, N/N bond activation and conversion need
extraordinarily high energy because of the high bond energy
of N2 (946 kJ mol@1).[29] For photocatalytic reactions, the
photogenerated electrons and holes largely determine the
reaction efficiency. The inner core electrons, which have high
momentum, often get overlooked and cannot be utilized in
photocatalytic reactions because they are difficult to excite
under illumination. If activated, the long-neglected high
momentum electrons, and the corresponding holes, could
provide a stream of energy to promote the splitting of
nonpolar N/N covalent triple bonds. The neglected issues
may be solved by the design of an atomic arrangement, which
may play a significant role in accelerating photocatalytic
nitrogen fixation. Inspired by the aforementioned analysis,
a pothole-rich surface structure, with abundant localized
electrons, could be refined as a catalyst to synergistically
resolve adsorption and cleavage issues during the activation
of inert gas molecules.

Herein, WO3, which has a high redox potential,[30] was
selected as representative and realized pothole-rich WO3

nanosheets to photocatalytically activate the N/N bond for
direct nitrate synthesis under ambient conditions. The free-
standing pothole-rich WO3 nanosheets were constructed
using a chemical topology transformation strategy,[31] which
is described in the Experimental Section in the Supporting
Information. XRD and Raman spectroscopy showed the high
purity of the samples (Figure S1 in the Supporting Informa-
tion). The highly dense potholes with a size of about 3–4 nm
on the nanosheets surfaces were clearly observed using
STEM(Figure 1a and b). Furthermore, the surface percent-
age of the pothole area on the nanosheets is approximately
20%, based on statistical analysis of the STEM image.
Furthermore, the atomic arrangement of pothole structure
was directly observed in the HAADF image (Figure 1c). The
HAADF image unveiled the single crystalline nature and
monoclinic atomic arrangement of WO3 nanosheets, which is
consistent with the diagram of the WO3 crystal structure
viewed down the [001] zone axis (Figure 1d and e). In general,
the [001] facets of the WO3 crystal show better oxidation
catalytic activity than the other facets because it possesses the
highest oxygen atom density,[30] which may be of benefit to the
catalytic nitrogen fixation to nitrate. The pothole structure on
the nanosheet surface is further demonstrated by the obser-
vation that the intensity of tungsten atoms gradually
decreases along the superimposed red line in Figure 1c. The
formation of potholes may be derived from the slight
structural mismatch between WO3 and its corresponding
hydrate precursors. This special surface pothole structure is
regarded as (WO3)n voids, which provide additional dangling
bonds relative to the single vacancy for the direct bridging/
adsorbing of N2. The thickness of nanosheets was measured
quantitatively, using AFM, (Figure 1 f and g) to be about
3.5 nm, which is close to five unit-cell monoclinic WO3

atomic layers. The ultrathin configuration of these nano-
sheets ensures a high surface pothole percentage. These
characterizations show that pothole-rich WO3 nanosheets,
with a high-activity exposed lattice plane, were successfully
prepared.

To evaluate the performance of this material as a photo-
catalyst for nitrate formation, pothole-rich WO3 nanosheets
and control samples were dispersed in water and the
produced nitrate was detected using high-performance ion
chromatography (HPIC). The experimental information is
detailed in the Methods section in the Supporting Informa-
tion. In the photoreactor under 300 W Xe lamp irradiation,
the nitrate concentration increased almost linearly with the
reaction time when purified mixed gas (VN2

:VO2
= 3:1) was

purged into the reactor. The yield of NO3
@ could be almost

5.77 mg g@1 after 3 h with an average nitrate-producing rate of
1.92 mg g@1 h@1 (Supporting Information, Figures S2, S3, and
Table S1), which is almost 9.8 and 16.5 times that obtained
when using pothole-free WO3 nanosheets and bulk WO3

(Supporting Information, Figure S4), respectively. Further-
more, the pothole-rich WO3 nanosheets exhibit outstanding
stability with no obvious attenuation in activity observed after
ten successive photocatalytic cycles (Figure 2b). The negli-
gible morphological evolution after ten successive photo-
catalytic cycles, as observed using TEM, also suggests good
structural stability because the potholes are still visible
(Supporting Information, Figure S5). Furthermore, a control
experiment indicated that there was no detectable nitrate
generation in the absence of nitrogen, confirming that the
nitrate product is derived from the N2 reaction on the

Figure 1. Structural characterization of pothole-rich WO3 nanosheet.
a, b) Representative STEM image. c, d) Atomic-resolution HAADF-
STEM image. e) Illustration of pothole-rich WO3 nanosheet. W0, W1
and W2 stand for tungsten atoms of pothole-free area, surrounding
pothole, pothole area, respectively. f, g) Atomic force microscopy
(AFM) image and the corresponding height profiles.
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photocatalyst (Supporting Information, Figure S6). The ap-
parent quantum efficiency (AQE) decreased as the wave-
length of the monochromatic light increased. Under UV/Vis
irradiation at 380 nm, the AQE was calculated to be 0.11 %,
which is about 2.3 and 4.5 times that of the pothole-free
nanosheets and bulk WO3, respectively (Figure 2 d; Support-
ing Information, S7 and Table S2). Moreover, to gain further
insight into the photocatalytic nitrate formation process,
in situ synchrotron radiation Fourier transform infrared
spectroscopy (FTIR) measurements were performed for
three samples (Figure 2e and Supporting Information, Fig-
ure S8). For pothole-rich WO3 nanosheets, two characteristic
peaks at 875 cm@1 and 1305 cm@1 were observed and they
gradually increased with increasing irradiation time. These
peaks could be attributed to the internal bending vibration
absorption peak and asymmetric stretching vibration absorp-
tion peak of nitrate, respectively. In contrast, no significant
change was observed in the FTIR spectra of pothole-free
WO3 nanosheets and bulk WO3. The time-dependent in situ
tests further confirmed that nitrate was formed directly from
dissociative nitrogen molecules, under ambient conditions,
over the constructed pothole-rich nanosheets. To provide
further evidence regarding the origin of the nitrate generated
from N2 activation, an isotopic labeling experiment using 15N2

as the purge gas was conducted. The obtained 15NO3
@ was

measured using stable isotope-ratio mass spectrometry. The
testing concentration of 15N was evaluated by the parameter
d15N (d15N = Csample

15N/Cstandard
15N-1). As seen in Figure 2 f, all

products outclass the corresponding standard abundance, and

the value of d15N in pothole-rich WO3 nanosheets is much
larger than that obtained using contrastive photocatalysts.
These isotopic labeling results clearly confirm that the N
element of the generated nitrate came from N2.

The critical concern of photocatalytic nitrogen fixation is
how to adsorb and activate the N/N bond of N2 molecules. To
investigate the catalytic mechanism for pothole-rich nano-
sheets on the molecular level, density functional theory
(DFT) calculations were conducted. First, possible intermedi-
ates and reaction channels for direct nitrate synthesis over
pothole-rich WO3 were screened. Based on the finding that
the electron acceptor, methyl viologen dichloride, could
significantly improve the nitrogen fixation efficiency of
constructed catalysts (Supporting Information, Figure S9),
the nitrogen fixation process was determined to follow the
photogenerated-hole oxidation mechanism, following these
two steps:

Step 1 : N2 þ 2 H2Oþ 4 hþ ! 2 NOþ 4 Hþ ð1Þ

Step 2 : 4 NOþ 3 O2 þ 2 H2O! 4 HNO3 ð2Þ

Overall reaction : 2 N2 þ 3 O2 þ 6 H2Oþ 8 hþ ! 4 NO3
@ þ 12 Hþ

ð3Þ

The proposed mechanism indicates that photogenerated-
hole oxidation involves multiple steps and considerable
barriers,[25] which are not conducive to trigger nitrogen
fixation favorably. This conclusion could also be drawn in
this catalytic system, based on the DFT simulation. The free
energy profile and the reaction pathway of nitrate synthesis
on pothole-free WO3 are depicted in Figure 3a, b. From the
charge density difference (Supporting Information, Fig-
ure S10), the nitrogen molecules cannot be adsorbed on the
pothole-free WO3 surface directly. Therefore, the formation
of anchor sites on pothole-free WO3 must require the two-
step adsorption of H2O and the four-step desorption of
hydrogen atom. Furthermore, the specific Gibbs reaction
energy (DG) of all steps was simulated. As shown Figure 3b,
all transformation reaction steps (such as formation of
reaction state D-G) involve a high energy barrier of above
1.0 eV, reaching up to @2.17 eV for the dissociation of
molecular NO step. The considerable Gibbs reaction energy
makes the nitrogen adsorption process and nitrogen fixation
in pothole-free WO3 considerably difficult. The abundant
dangling bonds of the pothole-rich WO3 nanosheets could
provide sites to anchor N2 and may realize nitrogen adsorp-
tion and catalysis directly. As such, the obvious charge-
transfer behavior (reaction state A in Figure 3c) between the
pothole-rich site and N2 suggests the strong chemisorption
behavior of N2 and the pothole-rich surface, which may derive
from the electron enrichment of the dangling oxygen atoms.
In this step, the Gibbs reaction energy is 0.71 eV, and the
formed adsorbed state (reaction state B in Figure 3c) is
considered as a metastable intermediate state. In the follow-
ing step, N/N bonds of nitrogen molecules adsorbed on
pothole-rich WO3 nanosheets will be easily activated and
converted into N@N bonds in the form of NO, with an energy
barrier of @0.91 eV. The next step, NO could naturally

Figure 2. Photocatalytic nitrate formation from nitrogen and oxygen.
a) Schematic illustration of photoconversion of N2 into nitrate at
ambient conditions. b) Concentration profiles of nitrate. c) Nitrate
formation rate calculated by the nitrate concentration profiles. d) The
wavelength-dependent apparent quantum efficiency under monochro-
matic light irradiation. e) In situ synchrotron radiation FTIR differential
spectrum. f) The testing concentration of 15N element by Stable
Isotope Ratio Mass Spectrometer.
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translate into nitrate with O2 and H2O. Therefore, the peculiar
atomic arrangement of pothole-rich WO3 nanosheets enables
photocatalytic nitrogen fixation to occur via a direct reaction
pathway.

Notably, to maintain the catalytic reaction (Supporting
Information, Figure S11), the reactive state D could be
replenished by foreign oxygen atoms from adsorbing H2O
molecules and desorbing hydrogen atoms. The reactive state
D possesses strong adsorption ability for H2O molecules, with
an adsorption energy of @2.88 eV, determined by theoretical
simulation calculations. Furthermore, for the desorption of
hydrogen, the hydrogen atoms could smoothly migrate along
the surrounding oxygen atoms. The energy barrier of hydro-
gen migration was calculated as 0.02 eV. Overall, the energy
barrier of hydrogen migration ranges between 0.11 eV and
0.16 eV, showing that the hydrogen atoms could migrate over
the catalytic surface. In summary, the N2 molecules could
directly adsorb on the dangling bonds of pothole-rich WO3

nanosheets and form the metastable reactive state B. The
adsorbed N2 molecules could then be easily activated and
converted into NO. Adsorption sites could be replenished by
foreign oxygen atoms from adsorbing H2O molecules.

The information of confined electrons is a directive for
evaluating the efficiency of photocatalysis. In this regard,

positron annihilation spectroscopy was carried out to explore
the electron information, including that of inner core
electrons namely high momentum electrons. The W param-
eter of the Doppler broadening spectrum is an immediate
parameter for evaluating the high momentum electrons of
catalysts. The larger the W parameter the easier the high
momentum electrons could be excited into the valence shell.
In this work, the W parameters were acquired from the
Doppler broadening spectrum of annihilation radiations
(Figure 4a) in the (@33.5–@8) X 10@3 mo c and (7–32.5) X
10@3 mo c section. The W parameters for pothole-rich WO3

nanosheet, pothole-free WO3 nanosheets, and bulk WO3 were
0.1332, 0.1122, and 0.1116, respectively, which indicates that it
was easier to excite the high momentum electrons in the inner
core into the valence shell in pothole-rich WO3 nanosheets.
The distinctive electron movement characteristic may derive
from the pothole atomic arrangement. Therefore, the electron
distribution of pothole-rich WO3 nanosheets was inspected
and simulated by DFT. Based on the isosurfaces of electron
density differences, a visible electron transferring phenom-
enon from the W1 atom to the dangling oxygen atom could be
observed around the pothole region. In other words, the
dangling oxygen atoms spontaneously form an electron
enrichment area. The atomic arrangement and induced
electron distribution may play a key role in stimulating
inner high momentum electrons to participate in the photo-
catalytic nitrogen fixation process. Furthermore, an order of
magnitude increase of surface photovoltage for pothole-rich
WO3 nanosheets relative to the reference samples could
demonstrate that the high momentum electrons were excited
(Figure 4c). More easily excited high momentum electrons of
pothole-rich nanosheets provide more photogenerated holes
to accelerate the activation of nonpolar N/N covalent triple

Figure 4. The information of electronic structure. a) Doppler spectra of
catalysts. b) The contrast of the W parameter. Inset: The ratio of the
experimental positron–electron momentum distribution to the posi-
tron–electron momentum distribution of bulk WO3. c) Surface photo-
voltage spectrum. d) The charge difference density of the pothole-rich
WO3 nanosheet around the pothole region.

Figure 3. The activation and cleavage of N/N bonds of N2 for direct
nitrate synthesis. a) The multistep process in pothole-free WO3.
b) Calculated Gibbs free energy diagram of reaction transformation
process over pothole-free WO3. c) According to the DFT calculation,
the dangling bonds of the pothole area play a critical role in adsorbing
the molecular state of nitrogen and the intermediate state (B) is
metastable, which could strip out the molecular N2O2 as the precursor
of nitrate. d) The specific Gibbs free energy diagram of the stepwise of
activation and cleavage of N/N bonds of N2.
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bonds, and thus promote direct nitrate photosynthesis effi-
ciency.

Integrating all experiments, the N/N covalent triple bond
of N2 molecules could be activated and converted into nitrate
under ambient conditions using green photocatalysis tech-
nology. Combined with the theoretical simulation, the pot-
hole-rich structure could provide abundant anchor sites for
the direct adsorption, and subsequent activation, of N2

molecules. These findings show that invoking high momen-
tum electrons to participate in photocatalysis accelerates the
activation and cleavage of N/N covalent triple bonds. This
strategy also provides an important insight into many other
photo-induced chemical bond activations for photocatalytic
reactions, such as CO2 reduction and water splitting, due to
their shared origin. Furthermore, we note that photocatalytic
nitrate-synthesizing directly using N2 molecules emerge
glaring prospects although the throughput is no match for
its industrial process. Therefore, further efforts are devoted to
improving the efficiency of nitrate production to reach the
demand of large-scale industrial production.
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