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ABSTRACT: Solar-driven nitrogen fixation is a promising clean and mild approach for ammonia synthesis beyond the conventional
energy-intensive Haber—Bosch process. However, it is still challenging to design highly active, stable, and low-cost photocatalysts for
activating inert N, molecules. Herein, we report the synthesis of anatase-phase black TiO,_,S, nanoplatelets enriched with abundant
oxygen vacancies and sulfur anion dopants (V-S-rich TiO,_ xS) by ion exchange method at gentle conditions. The V-S-rich
TiO,_,S, nanoplatelets display a narrowed bandgap of 1.18 eV and much stronger light absorption that extends to the near-infrared
(NIR) region. The co-presence of oxygen vacancies and sulfur dopants facilitates the adsorption of N, molecules, promoting the
reaction rate of N, photofixation. Theoretical calculations reveal the synergistic effect of oxygen vacancies and sulfur dopants on
visible—NIR light adsorption and photoexcited carrier transfer/separation. The VO-S-rich TiO,_,S, exhibits improved ammonia yield
rates of 114.1 ymol g~' h™' under full-spectrum irradiation and 86.2 umol g~' h™" under visible—NIR irradiation, respectively.
Notably, ss under only NIR irradiation (800—1100 nm), the V-S-rich TiO,_ »Sy can still deliver an ammonia yield rate of 14.1
pmol g~ h™". This study presents the great potential to regulate the activity of photocatalysts by rationally engineering the defect
sites and dopant species for room-temperature N, reduction.

KEYWORDS: photocatalytic nitrogen fixation, oxygen vacancies, sulfur doping, black titania, band structure, interfacial engineering

1. INTRODUCTION Photosynthesis of ammonia from N, is emerging as a
promising technology for nitrogen fixation at mild con-
ditions."”"* Since the ultraviolet light-induced N, reduction
on TiO, was first reported by Schrauzer and Guth in 1977,"*
tremendous efforts have been devoted to improving the
photocatalytic performance of TiO,-based semiconduc-
mild conditions has attracted much attention, but it is still tors.”>™"” However, the photocatalytic activity of TiO, is
difficult even though nitrogen is abundant in the atmosphere, restricted by its poor absorption ability in visible—near-infrared
which shall be ascribed to the extreme stability of the nonpolar (NIR) region owing to its wide bandgap (3.0—3.2 V) and low
N=N triple bond with a high bond energy of 941 KJ mol %’ quantum efficiency due to the rapid recombination of photo-
The primary method for ammonia synthesis in industry is the

Ammonia is a very important raw material for agriculture and
industry. It is also recognized as a promising energy carrier
with high mass content of hydrogen (17.6 wt %), good safety,
and zero carbon emission.' > The synthesis of ammonia at

Haber—Bosch process, which is carried out under harsh Received: October 6, 2020 —
temperature (300—500 °C) and high pressure (20—30 Accepted: January 6, 2021
MPa).*” 1t also requires a substantial energy input and emits Published: January 19, 2021

10,11 .
a large number of greenhouse gases. " These shortcomings

have sparked much interest in developing sustainable and eco-

friendly approaches for ammonia synthesis.
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Figure 1. (a—c) SEM image, TEM image, and HRTEM image of V-S-rich TiO,_ +Sy nanoplatelets. The inset in (c) is the corresponding SAED
image. (d) XRD patterns of V-S-rich and V-S-poor TiO,_ +S, nanoplatelets. (e) SEM and (f) TEM images of V,-S-poor TiO,_, S, nanoplatelets,

respectively.

induced electrons and holes.”” Therefore, it is paramount to
improve the optical absorption and inhibit the electron—hole
recombination of TiO,. Recently, the emergence of various
black titania materials synthesized by different strategies has
triggered a boom of research interests in photocatalytic field,
owing to enhanced light absorption, promoted char§e
transport, and abundant active sites of black titania.
However, the modulation ranges of bandgap and electronic
structure are still limited merely by introducing oxygen
vacancies, and thus, the catalytic activity is not fully
satisfactory. Therefore, we suggest that the energy band
structure, light absorption properties, and surface-active sites of
black TiO, can be further modulated by the dual strategy of
introducing dopants and oxygen vacancies simultaneously.

In this work, ultrathin anatase nanoplatelets with abundant
oxygen vacancies and sulfur dopants (Vo-S-rich TiO,_.S,)
were successfully synthesized, achieving a significant enhance-
ment on photocatalytic nitrogen fixation performance. The V-
S-rich TiO,_,S, nanoplatelets were prepared by an ion-
exchange method with TiS, nanoplatelets as precursors
under mild conditions and well maintained the morphologies
and structures of precursor TiS, nanoplatelets. Meanwhile,
beige TiO,_,S, nanoplatelets with much fewer oxygen
vacancies and sulfur dopants (Vo-S-poor TiO,_ Sy ) were also
prepared as a control sample by subsequent air sintering. To
investigate the synergistic effect of oxygen vacancies and sulfur
doping, the photo-driven ammonia synthesis performances of
Vo-S-rich TiO,_,S,, Vo-S-poor TiO,_,S, nanoplatelets, and
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commercially available TiO, nanopowders (P2S) are com-
pared at ambient conditions in pure water without sacrificial
regents. With the advantages of enhanced light absorption,
effective photo-induced electron—hole separation, and more
active sites, the Vo-S-rich TiO,_,S, nanoplatelets exhibit an
ammonia generation rate of 86.2 ymol g~' h™" under visible—
NIR light irradiation, which remarkably outperforms that of
Vo-S-poor TiO,_,S, nanoplatelets (15.3 umol g~ h™"). The
Vo-S-rich TiO,_,S, nanoplatelets also show a higher ammonia
production rate of 114.1 pymol g' h™! under full-spectrum
light, which is almost 4 tlmes that of Vo-S-poor TiO,_,S,
nanoplatelets (30.2 pmol g~' h™'). In contrast, commerc1al
P25 shows very little ammonia generation under the same
conditions, demonstrating the crucial role of oxygen vacancies
and sulfur doping on photocatalytic N, fixation. Density
functional theory (DFT) calculations are employed to
interpret the improved photocatalytic activity of V-S-rich
TiO,_,S,. The greatly enhanced adsorption and activation of
N, molecules on the surface of Vy-S-rich TiO,_,S, shed
insights into the rational design of photocatalysts by defect
engineering and elemental doping for the reduction of N, at
room temperature and atmospheric pressure.

2. RESULTS AND DISCUSSION

The precursor TiS, nanoplatelets were prepared by a modified
solvothermal process, as detailed in the Supporting Informa-
tion. Powder X-ray diffraction (XRD) analysis was used to

https://dx.doi.org/10.1021/acsami.0c17947
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Figure 2. (a) Survey XPS spectra and high-resolution XPS spectra of (b) Ti 2p, (c) O 1s, and (d) S 2p regions of Vy-S-rich and V-S-poor
TiO,_,S, nanoplatelets, respectively. (e¢) EPR spectra (measured at room temperature) and (f) Raman spectra of V-S-rich and V,-S-poor

y
TiO,_,S, nanoplatelets, respectively.

measure the crystallographic structure and phase purity of the
precursor TiS, nanoplatelets (Figure Sla). All the diffraction
peaks can be well assigned to hexagonal TiS, (JCPDS no. 15-
0853) with no other miscellaneous peaks, suggesting the high
purity. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed to characterizing
the morphologic features of precursor TiS,, confirming the
presence of nanoplatelets with a diameter of 300—400 nm
(Figure Slb,c). From the high-resolution TEM image
(HRTEM) in Figure S1d, the lattice fringes spacing of 0.109
nm is assigned to the (211) planes of the hexagonal TiS,, and
the selected area electron diffraction (SAED) patterns indicate
the polycrystalline nature.

The Vo-S-rich TiO,_,S, nanoplatelets were successfully
synthesized by the slow hydrolysis of precursor TiS,
nanoplatelets in the mixed solution of water and toluene
under continuous stirring at 20 °C for 2 days. According to the
previous reports, TiS, can be easily oxidized in the presence of
water and O, to produce TiS,_,0,.*”" It is also known that a
reducing atmosphere is required for the introduction of oxygen
vacancies into TiO, via wet-chemical routes.’’ Therefore, we
speculate that the reducing H,S and SO, produced during the
hydrolytic process of TiS, play a role in the formation of
oxygen vacancies in TiO,_,S, nanoplatelets. The morphology
of the as-prepared V,-S-rich TiO,_S, nanoplatelets are
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presented in Figure lab. The product displays flake-like
structures with a diameter of 300—400 nm and a rough surface.
The HRTEM image of Vp-S-rich TiO,_,S, nanoplatelets
(Figure 1c) presents crystalline lattices with an interplanar
spacing of 0.351 nm corresponding to the (101) planes of
anatase-phase titania. The SAED pattern confirms the
polycrystalline structure of Vi-S-rich TiO,_,S, nanoplatelets.
As a control sample, the Vy-S-poor TiO,_,S, nanoplatelets
were obtained by directly sintering precursor TiS, nano-
platelets at 400 °C in air. The successful formation of titania
was confirmed by XRD analysis (Figure 1d). The diffraction
peaks can be well indexed to anatase-phase titania (JCPDS
NO. 21-1272). The XRD peaks of Vy-S-poor TiO,_,S,
nanoplatelets are stronger and sharper than those of Vj-S-
rich TiO,_,S, nanoplatelets, indicating the better crystallinity
of Vo-S-poor TiO,_,S, nanoplatelets induced by the high-
temperature annealing. As shown in Figure le, the V5-S-poor
TiO,_,S, sample also shows a similar nanoplatelet structure.
The lattice distance in the Figure 1f is 0.19 nm corresponding
to the (200) planes of anatase-phase titania.

The chemical compositions of Vy-S-rich and V-S-poor
TiO,_,S, nanoplatelets were investigated by XPS spectra. The
survey XPS spectra in Figure 2a reveal the presence of Ti, O,
and S elements. To further investigate the surface chemical
states of the obtained samples, high-resolution XPS spectra at
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Figure 3. (a) Diffuse reflectance absorption spectra of V-S-rich and V-S-poor TiO,_,S, nanoplatelets in the wavelength range between 300 and

pA

1200 nm. (b) The Tauc plots of (Ahv)” vs photon energy for the bandgap deduction and (c) valence-band XPS spectra of V;-S-rich and V,-S-poor
TiO,_,S, nanoplatelets, respectively. (d) Electrochemical impedance spectra at 0.30 V vs reversible hydrogen electrode (RHE) in 0.5 mol L™
Na,SO, aqueous solutions under a 300 W Xe lamp without a cutoff filter.

Ti 2p, O 1s, and S 2p regions are presented in Figure 2b—d,
which are calibrated by C 1s peak located at 284.6 eV. The Ti
2ps/, and Ti 2p,,, peaks centered at approximately 458.6 and
4644 eV are ascribed to Ti*, and the peaks centered at
approximately 458.1 and 463.7 eV are ascribed to Ti** (Figure
2b).*” The O 1s core-level spectra (in Figure 2c) show three
peaks located at 529.9, 531.7, and 532.9 eV, which can be
attributed to the Ti—O—Ti bonds (lattice oxygen, Oy ), the O-
atoms in the vicinity of an oxygen vacancy (Oy), and the
adsorbed O-atoms (O,) on the surface of samples.”"*
Notably, the binding energies of Ti species in V-S-rich
TiO,_,S, nanoplatelets are lower than those of V-S-poor
TiO,_,S,, and the Oy peak intensity of Vy-S-rich TiO,_,S,
nanoplatelets is much stronger than that of Vy-S-poor
TiO,_,S, nanoplatelets, indicating the presence of much
more oxygen vacancies in the former sample. In addition,
Figure 2d shows the XPS spectra at the S 2p region of the as-
prepared samples. The peaks located at 161.0—163.0 eV are
assigned to the doping S*~ species,”* ™" and the weak peaks at
168.0—169.0 and 167.0—168.0 eV indicate the presence of
small amounts of SO,*” and SO;*~ derived from the slight
surface oxidation, respectively. It is obvious that the
concentration of S*~ species in Vq-S-rich TiO,_,S, is much
higher than that in Vy-S-poor TiO,_,S, indicating more
anionic sulfur doping in V,-S-rich TiO,_,S,.

The presence of oxygen vacancies in the as-synthesized
samples was further investigated by electron paramagnetic
resonance (EPR) spectroscopy, which is used to examine
unpaired electrons in materials. As presented in Figure 2e, the
EPR spectrum of V-S-rich TiO,_,S, nanoplatelets shows a
strong signal at the g-value of 2.001 corresponding to the
unpaired electrons trapped by oxygen vacancies.”" " In
contract, there is almost no detectable EPR signal observed
in Vo-S-poor TiO,_,S,. In addition, the Raman spectra of V-
S-rich and Vg-S-poor TiO,_,S, nanoplatelets were also
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obtained. As shown in Figure 2f, the Vq-S-poor TiO,_,S,
nanoplatelets exhibit four characteristic peaks at about 144.8,
398.9, 515.7, and 639.6 cm™!, which are assigned to the
Raman-active vibrational modes of E,(;), Biy1), Ay + By,
and E,(;) bands, respectively.*"”*> Notably, the Raman
spectrum of Vi-S-rich TiO,_,S, nanoplatelets displays a clear
blue shift, which can be ascribed to the generation of oxygen
vacancies.””** Nitrogen adsorption/desorption isotherms were
used to investigate the specific surface area and porous
structure of the as-prepared products. As displayed in Figure
S2a,ce, the BET surface areas of Vy-S-rich and V-S-poor
TiO,_,S, nanoplatelets are calculated to be 101 and 68 m* g™,
respectively, which are higher than that of TiS, (49 m® g™").
According to the Barrett—Joyner—Halenda (BJH) pore size
distribution profiles (Figure S2b,d,f), V-S-rich and V-S-poor
TiO,_,S, nanoplatelets exhibit obvious micro-mesoporous
structures with the diameters distributed in the range of 1—
10 nm. These porous channels are anticipated to be beneficial
for the photocatalytic N, fixation reaction by providing more
active sites.

The UV—visible diffuse reflectance absorption spectra of V-
S-rich TiO,_,S, and V,-S-poor TiO,_,S, nanoplatelets are
shown in Figure 3a. Compared with Vg-S-poor TiO,_,S

y
nanoplatelets, the light absorption range of V-S-rich TiO,_,S

nanoplatelets is significantly extended from about 400 nm té
the NIR region. The V(,-S-rich TiO,_,S, nanoplatelets exhibit a
broader and stronger absorption tail from ~450 nm to the NIR
region, which thus endows Vq-S-rich TiO,_,S, black color,
while the Vy-S-poor TiO,_,S, displays beige color. The
substantial light absorption enhancement of V,-S-rich
TiO,_,S, nanoplatelets in the visible and NIR regions should
be attributed to the impurity mid-gaps induced by oxygen
vacancies and sulfur dopants.”">>* The corresponding
bandgap of Vy-S-rich TiO,_,S, nanoplatelets estimated from
the Tauc plots (Figure 3b) is 1.18 eV, much smaller than the

https://dx.doi.org/10.1021/acsami.0c17947
ACS Appl. Mater. Interfaces 2021, 13, 4975—4983


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17947/suppl_file/am0c17947_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17947/suppl_file/am0c17947_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c17947/suppl_file/am0c17947_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17947?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17947?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17947?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c17947?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c17947?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

a 300 b 300
= under visible-NIR irradiation — under full-spectrum irradiation
o ~-Vo-S-rich TiO.,S, o ~=V-S-rich TiO,S,
g 200+ ~-V-S-poor TiO,, S, g 2007 ~=V,-S-poor TiO,,,S,
2 =Py =2 ——Pys
s c
] [}
= 1004 = 100
£ g
= ]
& 0 S o0 _—
] , . T : : r r (&) T : : : r T :
0O 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (minutes) Time (minutes)
C 1500 N,, H,0, light d
~ mN,, H0, lig Vo-S-rich TiO,,,S o _—
‘—b) mN,, H,0, dark Y Vo-S-rich TiO,.,S, before test
5 mAr, H,0, light — Vo-S-rich TiO,.,S, after test
£ 1000+ mN,, CH,CN, light 5
=4 S
S z
S 500 2
< 2
o} c
] £
c
<}
&} 04
20 40 60 80
20 (degree)
e f
light
cB —\V n
(
08® 11
N, H0

) VB
TiO,,Sy nanoplatelets

.+
<
nH, @

Figure 4. (a,b) The ammonia yields of V)-S-rich TiO,_,S,, Vo-S-poor TiO,_,S, nanoplatelets, and P25 photocatalysts over the test period of 2 h
under (a) visible—NIR irradiation (with a 420 nm cutoff filter) and (b) full-spectrum light irradiation (without a cutoff filter) in ultrapure water
under continuous N, bubbling at room temperature and ambient pressure. (c) Catalyst cycling tests of Vo-S-rich TiO,_,S, nanoplatelets under
different conditions (without a cutoff filter). (d) XRD patterns and (e) SEM images of Vi-S-rich TiO,_,S, nanoplatelets after photocatalytic
nitrogen fixation test for 2 h under full-spectrum irradiation (without cutoff filter). (f) A proposed schematic illustration of the photocatalytic N,

fixation process on TiO,_,S, nanoplatelets.

bandgap of Vy-S-poor TiO,_,S, (Eg = 322 eV). This result
indicates that the co-presence of oxygen vacancies and sulfur
dopants in titania can greatly change the band structure and
form abundant defect energy levels and impurity energy levels,
leading to the extension of light absorption within the visible
and NIR regions. The valence bands of both samples were also
measured by valence band XPS spectra (Figure 3c). Figure 3¢
shows that the valence band maximums of V-S-poor TiO,_,S,
and V-S-rich TiO,_,S, are located at 2.3 and 0.66 eV below
the Fermi level, respectively. It is notable that some sublevels
emerge near the Fermi level in the valence band XPS spectra,
which can be ascribed to the impurity and defect band
levels.***” The synergistic effect of oxygen vacancies and sulfur
doping on the photogenerated carrier separation and transport
was investigated by the Nyquist plots (Figure 3d) measured by
electrochemical impedance spectroscopy. Compared with V-
S-poor TiO,_,S,, the Vi-S-rich TiO,_,S, sample displays a
greatly decreased charge-transfer resistance resulted from the
narrower bandgap and higher defect/impurity carrier concen-
tration induced by the oxygen vacancies and sulfur doping.*’

To disclose the role of oxygen vacancies and sulfur doping in
affecting photocatalysis, the photocatalytic nitrogen reduction
reaction was conducted on Vq-S-rich TiO,_,S,, Vo-S-poor
TiO,_,S, and commercial P25 under ambient conditions in
water without any sacrificial reagents or cocatalysts. As shown
in Figure 4a, under visible—NIR irradiation of a 300 W Xe
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lamp with 420 nm cutoff filter, the V-S-rich and V-S-poor
TiO,_,S, nanoplatelets exhibit the ammonia generation rates
of 862 and 15.3 umol g~' h™, respectively. Under full-
spectrum light (300 W Xe lamp without cutoff filter), the
ammonia yield rates of Vq-S-rich and Vy-S-poor TiO,_,S,
nanoplatelets are measured to be 114.1 and 30.2 ymol g~' h™/,
respectively (Figure 4b). The photocatalytic N, fixation rate of
Vo-S-rich TiO,_,S, under full-spectrum light was also
evaluated by ion chromatography (Figure S4) and the
ammonia production rate was measured to be 110 ymol g™
h™!, which is comparable to the yield of ammonia quantified by
the colorimetric method. Remarkably, commercial P25 delivers
a very little ammonia yield at the same conditions. As
summarized in Table S1, the photocatalytic N, fixation
performance of V-S-rich TiO,_,S, nanoplatelets is compet-
itive among the reported photocatalysts.

To identify the NIR responsibility of black TiO,_,S,
nanoplatelets, photocatalytic N, fixation test was also
performed with a cutoff filter of 800 nm wavelength, which
can apply the illumination of mere NIR light within the range
between 800 and 1100 nm. Remarkably, the V-S-rich
TiO,_,S, nanoplatelets can still deliver an ammonia generation
rate of 14.1 umol g~' h™' under only NIR irradiation, as
presented in Figure SS. This is mainly because the oxygen
vacancies and sulfur doping can narrow the bandgap to
enhance the light absorption that can even reach the NIR
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Figure S. (a)b) Front view (top) and top view (bottom) of the simulated slab models of (a) V-S-rich (Ti;,04,Ss)-(101) surface and (b) V-S-
poor (Tiz,04,S,)-(101) surface with the sulfur dopants on the cross. (c) The pristine surface model with N, (end-on structure) adsorbed at
Tiy,05,Ss. (d) The synergistic effect of different contents of oxygen vacancies and sulfur anion dopants on the bandgap and adsorption energy.

region. Moreover, the presence of oxygen vacancies and sulfur
dopants in titania also provide more active sites to facilitate the
separation of photo-induced electrons and holes, thus plays a
decisive role in the photocatalytic N, fixation reaction.
According to previous studies,* ™" the OXygen vacancies as
electron traps can efficiently inhibit the recombination of
photogenerated electrons and holes and be conducive to the
adsorption and activation of inert N, molecules.

The performance stability of Vq-S-rich TiO,_,S, nano-
platelets for photocatalytic nitrogen fixation was also
investigated under full-spectrum light irradiation, showing
almost no decrease in ammonia yield after six successive
photocatalytic cycles, as shown in Figure 4c. Furthermore,
control experiments in the absence of N, H,0 or light
illumination were also performed, and no ammonia was
detected (Figure 4c). These results indicate that the N,, H,0,
and light irradiation are essential to the photocatalytic nitrogen
fixation, and the nitrogen and proton resource of the produced
ammonia are originated from N, and H,O, respectively, rather
than from other possible sources or impurities. What is more,
XRD and SEM measurements (Figure 4d,e) show that
crystalline structure and morphologic features of V-S-rich
TiO,_,S, nanoplatelets have no obvious change after 2 h
testing, further confirming the photocatalytic stability of V5-S-
rich TiO,_,S, nanoplatelets.

A possible photocatalytic N, fixation process on TiO,_,S,
was illustrated in Figure 4f. After the adsorption of N,
molecules on the surface of photocatalyst, the photoexcited
electrons were generated upon light irradiation and migrated
to the surface of the photocatalyst. Subsequently, the
photogenerated electrons were transferred to the empty #
anti-bonding orbitals (z*) of the N, molecules, activating the
N, molecules. As expected, the length of N=N bonds was
gradually increased, and the N, molecules were stepwisely
hydrogenated and then dissociated, producing NH; molecules.
Finally, the generated ammonia molecules were desorbed on
the photocatalyst surface. Theoretical calculations were also
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conducted to investigate the synergistic effect of different
contents of oxygen vacancies and sulfur doping on N,
photofixation. As presented in Figure Sab, the slab models
were built for the simulation of V,-S-rich TiO,_,S,
(represented by TiyOs,Ss with four oxygen vacancies and
eight sulfur atoms in each slab) and Vy-S-poor TiO,_,S,
(represented by Ti;,Og,S,, with one oxygen vacancy and two
sulfur atoms in each slab), respectively. Figure Sc displays the
relative strength of N, molecule adsorption on the TiO,_,S,-
(101) surfaces with different contents of oxygen vacancies and
S dopants. With the increase of oxygen vacancy and sulfur
anion concentrations, the adsorption energy changes signifi-
cantly from —0.76 to —2.1 eV, indicating that the N,
adsorption on Vg-S-rich TiO,_,S, is energetically more
favorable than that on Vg-S-poor TiO,_,S,. Besides, to
investigate the sulfur doping positions in TiO,_S,-(101),
another slab model was built with the predominant sulfur
doping located on the top (Figure S6), which is thermody-
namically more stable than the slab model with the sulfur
dopants on the cross. As shown in Table S2, the TiO,_,S,-
(101) slab model with the sulfur dopants on the top shows the
smaller energy difference than the lab model with the sulfur
dopants on the cross (0.53 eV), indicating that the sulfur
dopants on the top are markedly beneficial to the nitrogen
photofixation reaction. The energy bands of TiOZ_xSy-(IOI)
slab models with different oxygen vacancy and sulfur anion
dopant ratios were also calculated, as shown in Figure S7.
According to Figure S7, when the concentration of oxygen
vacancies is the same, the more the sulfur dopants, the
narrower the bandgap (2V, + 4S: 0.97 €V; 2V, + 8S: 0.95 €V;
4Vo + 2S: 0.98 eV; and 4V, + 8S: 0.55 eV). On the other
hand, when the sulfur dopants are the same, the more the
oxygen vacancies, the narrower the bandgap (2V, + 8S: 0.95
eV; 4V, + 8S: 0.55 eV). These results indicate that the oxygen
vacancies and sulfur dopants can jointly promote the
narrowing of bandgap. Figure Sd summarizes the effects of
oxygen vacancies and sulfur anion dopants on the bandgap and
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adsorption energy of N, molecule on different TiO,_,S,-(101)
surfaces. It reveals that the co-presence of oxygen vacancies
and sulfur dopants can greatly narrow the bandgap of titania
and facilitate the adsorption of inert N,, hence promoting the
performance of photocatalytic nitrogen fixation. In a recent
theoretical study, the photolysis of H,O adsorbed on rutile
(110) surface with oxygen vacancies was predicted to be able
to drive the N, reduction to NH;,>> which is consistent with
our results.

3. CONCLUSIONS

In summary, we have developed an efficient strategy to prepare
Vo-S-rich TiO,_,S, nanoplatelets enriched with oxygen
vacancies and sulfur dopants at mild conditions. The
simultaneous introduction of oxygen vacancies and sulfur
dopants are found to significantly extend the light response
from ultraviolet to visible region and further to NIR region.
The greatly enhanced light absorption is also advantageous to
the utilization of solar power. In addition, the oxygen vacancies
can serve as carrier traps to effectively inhibit the photo-
generated electron—hole recombination and act as active sites
for the nitrogen reduction reaction. DFT calculations
demonstrated that the more oxygen vacancies and S dopants
are introduced, the more easily N, molecules adsorb on the
catalyst surface. Compared to the Vo-S-poor TiO,_,S,
nanoplatelets, the Vo-S-rich TiO,_,S, nanoplatelets exhibit
about 3.0 and 4.5 times higher photocatalytic activity for
nitrogen fixation under visible—NIR and full-spectrum
irradiations, respectively, owing to the synergistic effect of
oxygen vacancies and sulfur doping. This work provides a
promising route for developing advanced photocatalysts with
rationally designed atomic structures, electronic properties, and
interfaces toward N, photochemical reduction into ammonia.
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