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Electron repulsion tuned electronic structure of
TiO, by fluorination for efficient and selective
photocatalytic ammonia generationt
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The photocatalytic conversion of nitrogen into high-value ammonia products holds tremendous potential
in the global nitrogen cycle. However, the activation of N, and competition of hydrogen evolution limit
the improvement of nitrogen fixation performance. In this study, we developed a fluorinated TiO, (F-TiO,)
using a hydrothermal-annealing method. The incorporation of F dopants not only enhances the adsorp-
tion and activation of N, through electronic structure regulation, but also facilitates an in situ increase in
active sites via the electron repulsion effect between F and Ti atoms. In addition, the presence of F on the
surface effectively improved the nitrogen supply problem and optimized the nitrogen fixation selectivity

Received 25th April 2024,
Accepted 11th June 2024

DOI: 10.1039/d4nr01787k

for its hydrophobic modulation. The NHs yield of the F-TiO, photocatalyst reached 63.8 pmol h™* g7,
which was 8.5 times higher than that of pure TiO,. And the selectivity experiment showed that the elec-
tronic ratio of NH3 to H, production reached 0.890. This research offers valuable insights for the design
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1. Introduction

Ammonia (NH;), which is critical for sustained human survi-
val, is an essential ingredient for agriculture and industry. The
Haber-Bosch process continues to be the dominant industrial
method for ammonia production.'™ However, its stringent
processing conditions (400-500 °C, 150-250 atm) demand sub-
stantial energy input and result in significant carbon emis-
sions, accounting for 1.8% of the worldwide total carbon
dioxide emissions.®” At present, the photocatalytic nitrogen
fixation technology powered by solar energy, using nitrogen
and water as the sources, with low energy consumption and
mild conditions has attracted in-depth research.®™*°

The photocatalytic nitrogen reduction reaction (NRR) offers
an environmentally sustainable alternative to the Haber-Bosch
process currently used in industry. However, this process is
still limited by N, activation and the competitive hydrogen
evolution reaction (HER).'"'? As a prerequisite for the NRR, N,
activation is difficult to achieve under mild conditions because
of its large HOMO (206,)-LUMO (1x,) energy gap and the large
bond energy.>'* Developing highly efficient active sites in
photocatalysts is a key means to achieve efficient nitrogen
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of highly efficient and selective nitrogen-fixing photocatalysts.

reduction. Numerous studies have shown that the low valence
metal centers of transition metal oxides can serve as active
sites for inducing localized electron reduction of N,."”
Recently, Hirakawa et al. found that Ti*" species in TiO, can
provide electrons for the anti-bonding n* orbitals of N,, which
greatly facilitates the breaking of N=N bonds."® Han et al. also
demonstrated that the high concentration of Ti** sites in
C-TiO, is the main reason for the enhanced N, photoreduction
activity.'”” However, the oxidation of the constructed low
valence metal sites during the nitrogen fixation process and
the relatively moderate degree of electron localization restrict
the efficient activation of N, thus impeding catalytic perform-
ance.'® From this, doping-induced local electronic structure
regulation was used to improve the catalytically active sites for
nitrogen fixation.'>>* The process of dopant reconfiguration
of active sites during formation, however, remains unclear at
this stage.

The competition with hydrogen evolution limits the selecti-
vity, also posing a significant challenge to photocatalytic nitro-
gen fixation. In the photocatalytic nitrogen fixation reaction,
the gas-solid-liquid three-phase interface composed of N,, the
photocatalyst and aqueous solution has abundant nitrogen
and proton supply, which is an ideal interface for the nitrogen
fixation reaction.>*>® However, the extremely low solubility in
water, poor adsorption and poor transport efficiency of N,
limit its supply.>’*® The scarcity of nitrogen results in the
exacerbation of the side reaction involving hydrogen evolution.

This journal is © The Royal Society of Chemistry 2024
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By means of hydrophobic modification, an efficient three-
phase interface is constructed to establish a transmission
channel for nitrogen to the catalyst interface, which proves to
be an effective approach in addressing the issue of nitrogen
supply.>*>° Recently, Jang used oxygen-vacant TiO, photocata-
lysts embedded in poly(N-isopropyl acrylamide) and enhanced
the nitrogen fixation capability through the addition of nitro-
gen in the three-phase system.*' Sun et al. constructed a TiO,-
based three-phase contact system, which overcame the mass
transfer limitations of N,.>

In this study, we synthesized fluorinated TiO, (F-TiO,) to
achieve photocatalytic nitrogen reduction under the ambient
atmosphere. The introduction of F modulates the electronic
structure and enhances the nitrogen activation, and facilitates
the generation of a large number of Ti*" active sites in situ for
efficient photocatalytic nitrogen fixation. In addition, the
three-phase interface formed by the surface fluorine effectively
improved the nitrogen fixation selectivity. Therefore, under the
synergistic effects of the fluoride-built active sites and the
three phase interface, the catalyst exhibited excellent nitrogen
fixation performance.

2. Experimental section
2.1 Chemicals

Tetrabutyl titanate (Ti(OBu),) was purchased from Aladdin and
hydrofluoric acid (HF, 40%) was purchased from Sinopharm
Chemical Reagent Co., Ltd, and both were used without
further purification. Deionized water was used in all
experiments.

2.1 Catalyst synthesis

The fluorinated TiO, nanosheets (F-TiO,) were synthesized by
a typical solvothermal-annealing method. First, 10 mL of tetra-
butyl titanate and a certain amount of hydrofluoric acid with
40% mass concentration were mixed and stirred for 30 min,
and the mixture was poured into a 50 mL polytetrafluoroethyl-
ene-lined autoclave and kept at 180 °C for 24 h. The precipitate
was collected by centrifugation (8000 rpm, 10 min), washed
with deionized water three times, and dried at 80 °C for 12 h.
The samples were labeled as s-F-TiO,. Finally, the fluorinated
TiO, nanosheets were prepared by calcination at 200 °C in a
hydrogen atmosphere (9% Ar/H, gas mixture) with a flow rate
of 100 mL min~" for 2 h. On the basis of the experimental con-
ditions, the samples were named xf-TiO, (x indicates different
HF additions). In addition, the TiO, nanosheets without F
were obtained by calcining s-F-TiO, at 550 °C for 2 h under
environmental conditions.

3. Results and discussion

TiO, nanosheets with surface fluorination (s-F-TiO,) were syn-
thesized by using the typical hydrothermal method, as detailed
in the experimental section. Subsequently, annealing was con-
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ducted in an Ar/H, atmosphere to achieve subsurface fluorine-
doped TiO, (F-TiO,), as depicted in Fig. 1a. In order to visually
characterize the morphology and structural information of the
fluorinated titanium dioxide nanosheets, SEM and TEM obser-
vations were conducted. SEM images (Fig. 1b and c) show that
both s-F-TiO, and F-TiO, have the same nanosheet structure,
indicating that atmospheric annealing does not destroy the
nanostructure of the sample. As shown in Fig. 1d, it is evident
that the F-TiO, sample appears semi-transparent under the
electron beam, indicating its thin thickness. Furthermore, the
HRTEM images of F-TiO, in Fig. 1e and f display the (001) and
(100) crystal planes of anatase TiO,, with interplanar spacings
of 2.3 A and 1.9 A, respectively. The mapping image in Fig. 1g
shows that the major elements Ti, O and F are uniformly dis-
tributed throughout the region, indicating successful and
stable doping of fluorine (Fig. S1}). And the actual doping
amount of F in 1.2F-TiO, was determined to be 5.64 at%
(Table S17).

Fig. 2a clearly reveals that the XRD diffraction patterns of
all the samples consistently show the characteristic peaks of
anatase titanium dioxide, indicating that fluorination does not
affect the phase structure. It should be noted that the peak
intensity gradually decreases with the increase of HF. This is
due to the etching effect of F ions, resulting in a gradual
decrease in the grain size of the nanosheets, as shown in
Fig. S2.T Raman tests were performed to determine the surface
structure, as shown in Fig. 2b. The four peaks at 145, 394, 517
and 636 cm ™ are attributed to the vibrational modes of the Eq,
Eis, Ay and E; peaks of anatase-phase titanium dioxide,
respectively.>> Obviously, the peak intensities also decreased
with the increasing HF, which is consistent with the results of
XRD.

The surface chemical states of F-TiO, were determined by
XPS. The survey spectra show that F-TiO, contains only F, Ti,
and O with the chemical binding energies of F 1s (684.7 eV),
Ti 2p (458.5 eV), and O 1s (530.8 eV), respectively (Fig. S37),
suggesting the high purity of the as-synthesized F-TiO,. The Ti
2p XPS spectra of s-F-TiO, and F-TiO, are shown in Fig. 2c.
Compared with s-F-TiO,, the Ti 2p3/2 peak of F-TiO, shifted
from 458.5 eV to a lower binding energy, owing to an electron
density increase on the Ti atom in TiO,, revealing the doping
of F during annealing. Additionally, two new binding energy
peaks at 461.3 eV and 456.7 eV are observed, which may corres-
pond to the Ti** in F-TiO,. Fig. 2d shows the binding energies
of F 1s in s-F-TiO, and F-TiO,. Consistent with Ti 2p, the posi-
tion of the peak is shifted to the right after fluorination, which
reflects the increase in electron density due to the dense row
of charges excited by Ti-F repulsion.>* This is consistent with
the differential charge distribution in the model of F-TiO,
(Fig. S41). In terms of s-F-TiO,, the peak located at 684.5 eV
corresponds to the surface Ti-F, which may be due to the sub-
stitution of the surface hydroxyl groups by F.** In fact, this
structure can capture photo-generated electrons and facilitate
the separation of photo-generated charges, thus enhancing the
separation of photo-generated carriers.”® Furthermore, the
adhesion of F on the surface will form strong polar bonds at
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Fig. 1 (a) lllustration of the synthetic process for F-TiO,. SEM images of (b) s-F-TiO, and (c) F-TiO,. (d) TEM, (e and f) HRTEM and (g) element

mapping images of F-TiO,.

the interface, which will improve the surface hydrophobicity of
titanium dioxide.?” Notably, a new peak at 686.1 eV appears in
F-TiO,, indicating that the surface Ti-F bonds of s-F-TiO, par-
tially reconfigured into sub-surface Ti-F-Ti bonds. This is con-
sistent with the FT-IR results (Fig. S5T). The formation of Ti-
F-Ti will further induce electron repulsion effects.*® Fig. 2e
shows the O 1s spectra of s-F-TiO, and F-TiO,. The peaks at
529.8 eV, 531.0 eV, and 532.5 eV are attributed to lattice oxygen
(Ti**-0), Vo, and surface hydroxyl oxygen, respectively. It can
be found that the peaks of defective oxygen vacancies are sig-
nificantly enhanced after annealing. Combined with the ana-
lysis of the Ti 2p spectra in Fig. 2¢, the enhancing effect of F
doping on the active sites for nitrogen fixation has been eluci-
dated. Additionally, in order to validate the presence of surface
defects in the F-TiO, sample, electron paramagnetic resonance
(EPR) experiments were conducted. As shown in Fig. 2f, the
TiO,-based samples exhibited an obvious paramagnetic reso-
nance signal of Ti*" at a g value of 1.930.>° Notably, F-TiO,

12994 | Nanoscale, 2024, 16,12992-12999

showed a more intense signal of Ti*", indicating that F doping
played a beneficial role in the formation of active sites.
Photocatalytic nitrogen fixation experiments were con-
ducted under simulated sunlight and ambient conditions,
where N,-saturated water was employed as the reaction precur-
sor and methanol served as the hole-depleting agent. The
photocatalytic performance of the samples for nitrogen fix-
ation was evaluated by using the Nessler’s reagent method
(Fig. S6t). Photocatalytic nitrogen fixation always adheres to a
strict ammonia dosing protocol (Fig. S71) and the nitrogen gas
and reaction vessel are purged prior to the nitrogen fixation
reaction (Fig. S87).">*' As shown in Fig. 3a, among all the
samples, 1.2F-TiO, exhibited the optimal nitrogen fixation rate
of 63.8 pmol h™ g, which is 7 and 3 times higher than the
pure TiO, and s-1.2F-TiO,, respectively. The efficiency of NH;
yield by 1.2F-TiO, is comparable to that of previously reported
advanced anatase based photocatalysts (Table S27). Fig. 3b pre-
sents the cyclic test of NH; yield rate with F-TiO,. Apparently,

This journal is © The Royal Society of Chemistry 2024
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the ammonia yield was found to be basically unchanged after
five repetitions of the photocatalytic experiments for 10 h,
which suggests that F-TiO, has a high stability under full-spec-
trum light irradiation. In comparison to the remarkable NH;

This journal is © The Royal Society of Chemistry 2024

yield capability of F-TiO,

in N,-saturated water under

irradiation, minimal NH; production was observed in N,-satu-
rated water without irradiation and in Ar-saturated water
(Fig. 3c), indicating that the presence of N, is essential for
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photocatalytic nitrogen generation. The "H NMR spectra of
standard °NH,", "NH,", and the product produced over
F-TiO, after 1 h illumination with pure "°N, injected as the
feed gas are shown in Fig. 3d. Notably, only a doublet signal
with a spacing of 73.2 Hz was observed in the reaction solution
under the ’N, atmosphere, which is consistent with the
signal obtained from the standard '*NH,* solution.*” These
results provide strong evidence that the generated NH; indeed
originates from N,.

In order to investigate the contribution of F in enhancing
the photocatalytic activity of F-TiO,, an analysis has been con-
ducted on the band gap structure and corresponding photo-
electrochemical properties. The UV-vis spectra of TiO,,
s-1.2F-TiO, and 1.2F-TiO, are illustrated in Fig. S9.f It was
found that the fluorination could effectively improve light
absorption. As shown in Fig. 4a, fluorination induced a signifi-
cant reduction of the energy band gap, with E, values of 3.14
eV and 3.22 eV for TiO, and F-TiO,, respectively. Meanwhile,
the positions of the valence bands can be obtained based on
the tangent values of the XPS valence band edge spectra, as
shown in Fig. 4b.

The electronic structure of F-TiO, was investigated through
density functional theory (DFT) studies to gain a deeper under-
standing of the impact of F. As shown in Fig. 4c, the Ti 3d and
O 2p orbitals predominantly form the conduction band (CB)
and valence band (VB), respectively. Upon fluorination, the
Fermi energy level enters the CB and gives rise to a defect
band. This phenomenon can be attributed to the localized
electron enrichment induced by the strong electron repulsion
between F and Ti.**™**> Obviously, the fluorine-regulated elec-
tronic structure will promote the activation of N,.*®* In

View Article Online
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addition, the density of states (DOS) calculations show the
reduction of the energy band gap and the overall downward
shift of the energy band positions (Fig. S101 and Fig. 4d),
which is consistent with the experimental results. As shown in
Fig. 4e, we also investigated the effect of fluorination on the
dynamics of photogenerated electrons in F-TiO, using steady-
state photoluminescence (PL) spectroscopy. Compared with
s-F-TiO,, F-TiO, shows the lowest PL intensity, indicating the
highest efficiency of charge separation. This observation is
consistent with the lowest charge transfer resistance of F-TiO,,
as depicted in Fig. 4f. This finding is further confirmed by
other photoelectrochemical tests (Fig. S117).

The enhancement mechanism of the interaction between
the photocatalysts and N, molecules was investigated using N,
temperature-programmed desorption (TPD). Fig. 5a shows the
N,-TPD curves of TiO,, s-1.2F-TiO, and 1.2F-TiO,. The peak
observed prior to reaching 300 °C was attributed to physisorp-
tion, whereas the subsequent peak following the surpassing of
350 °C originated from nitrogen chemisorption. In compari-
son to TiO, and s-1.2F-TiO,, F-TiO, exhibited a significantly
elevated peak, strongly indicating that the introduction of fluo-
rine in F-TiO, resulted in an increased number of active sites
(Ti**) and optimized electronic structure for N, adsorption. To
gain deeper insights into the underlying mechanism behind
the augmented N, photofixation activity, we conducted a com-
parative analysis of photocurrents in both inert (Ar) and active
(N,) atmospheres (Fig. S12}). The photocurrent response of
TiO, in an Ar environment was found to be weak, as depicted
in Fig. 5b. In contrast, F-TiO, shows a stronger photocurrent,
suggesting that fluorine doping promotes charge transfer and
separation effects.’® More notably, the photocurrent of F-TiO,
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decreased more than that of TiO, when the Ar environment
was changed to a nitrogen environment. The above findings
suggest that fluorinated titanium dioxide possesses the capa-
bility to transfer electrons to adsorbed N, molecules, thereby
facilitating subsequent nitrogen activation reactions.”®

To reveal the electron interaction between F and Ti atoms,
in situ irradiated X-ray photoelectron spectroscopy (XPS) was
carried out. As shown in Fig. 5¢ and d, the redshifted peaks of
F and Ti after illumination indicate electron loss of both F and
Ti atoms.*” The simultaneous loss of electrons from F and Ti
suggests the presence of electron repulsion between them.

(a) (

s-1.2F-TiO,

Fig. 6 (a) Contact angle measurements for TiO,, s-1.2F-TiO, and 1.2F-T
bution ratio.
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Besides, two peaks assigned to Ti*" (462.1 eV and 457.1 eV)
increased dramatically.*® This suggests that under light con-
ditions, Ti and F undergo electron repulsion and more Ti**
nitrogen-fixing active sites are generated in sitw."” In addition,
there is no significant change in the in situ irradiated XPS of
s-1.2F-TiO, (Fig. S13t), which is more indicative of the success-
ful internal doping of F in F-TiO,. Due to the higher electro-
negativity of F, it enhances the electron-attracting ability of
surface Ti-F to synergize with subsurface Ti**. This inhibits
the recombination of photogenerated charge carriers on the
one hand, and effectively combines with nitrogen fixation
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selectivity to facilitate photocatalytic nitrogen reduction on the
other hand. The experimental results show that after the
annealing treatment, F~ exists mainly in the form of fluorine
bridging bonds (Ti-F-Ti) on the surface of F-TiO,.

The surface aerophilic properties were evaluated by con-
ducting contact angle measurements. The contact angle
(Fig. 6a) changed from 18° to 32° after F modification, indicat-
ing enhanced hydrophobicity of the F-TiO, sample. This
increase in contact angle can be attributed to the presence of a
fluorine capping layer on the surface.*” In other words, by
replacing surface -OH with fluorine, hydrophilic conditions
are avoided, and the van der Waals forces at the sample-water
interface are strengthened, which is advantageous for the
adsorption of N,.>**" In addition, the hydrophobic properties
also maintain good stability in the process of photocatalytic
nitrogen fixation (Fig. S14t). In order to investigate the effect
of hydrophobicity induced by the F-modified surfaces on nitro-
gen fixation selectivity, the nitrogen fixation/hydrogen pro-
duction electron transfer ratio was tested. As shown in Fig. 6b,
the TiO, nitrogen fixation to hydrogen production charge
transfer ratio was tested and calculated to be 0.157, and the
F-TiO, ratio was dramatically increased by a factor of 5 (0.890).
This indicated that the hydrophobic property induced by
surface fluoridation can effectively improve the selectivity of
the nitrogen fixation reaction.

4. Conclusions

In conclusion, fluorinated titanium dioxide (F-TiO,) was suc-
cessfully synthesized by a hydrothermal-annealing method in
this study. The catalytic activity and selectivity of nitrogen fix-
ation were enhanced through the incorporation of F atoms,
which effectively regulated the active sites and surface hydro-
philicity. In view of the above, the nitrogen fixation rate of the
F-TiO, photocatalyst reached 63.8 pmol h™ g™, which was 8.5
times higher than that of TiO,, and the electron transfer ratio
of generated NH; to H, reached 0.890. This study presents a
straightforward approach for the development of nitrogen-
fixing photocatalysts in terms of selectivity and activity.
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