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ABSTRACT

The hybridization between the outmost s orbitals of metal (Bi**, Sn*, Pb®*, Ag*) and O 2p orbitals has
been widely employed to develop innovative semiconductors with upshift valence band as well as
extended visible light response, but it is still challenging to obtain photocatalyst with absorption edge
of above 550 nm. Here we report a novel Sn**-based oxyfluoride Sn,TiNbOGF (STNOF) photocatalyst with
a pyrochlore structure to exhibit an extended absorption edge to 650 nm and dual functionalities of both
water reduction and oxidation. Density functional theory calculations suggest that the unprecedented
broad-spectrum response of STNOF is mainly ascribed to the strengthened hybridization between O 2p
and Sn 5s orbitals remarkably upshifting the valence band, which is caused by the distortion and com-
pressive strain in the SnOgF, dodecahedron with second-order Jahn-Teller effect due to partial fluorine
substitution. The structural distortion and compressive strain are experimentally confirmed by the
Fourier-transformed extended X-ray absorption fine spectra. As probe tests of the photocatalytic func-
tionalities, water reduction and oxidation half reactions were examined to see obvious H, and O, evolu-
tion under visible light irradiation. This work may provide an alternative strategy of developing extended
visible light responsive semiconductors for promising solar energy conversion.

© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

Semiconductor photocatalysis is considered to be one of the
most promising technologies to convert intermittent solar energy
into storable chemical fuels from reactions like water splitting, car-
bon dioxide reduction, nitrogen fixation, etc. [1-8]. To efficiently
convert solar energy and drive these thermodynamically unfavor-
able reactions, it is imperative to develop photocatalytic materials
with narrow band gap while meeting the requirements of the cor-
responding redox potential [9-13]. Considering the fact that the
valence bands of conventional metal oxide photocatalysts are
mainly determined by O 2p orbitals, which are far more positive
than the oxidation potential of water, valence band engineering
represents an effective strategy to minimize the band gap and
develop new visible-light-responsive photocatalysts.
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T These authors contributed equally to this work.
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Over the past few decades, construction of anions-mixed photo-
catalysts such as nitrogen-doped oxides [14-17], oxynitrides [18-
20], oxysulfides [21-23], and oxyhalides [24-26] to elevate the
valence band has attracted great attention. The visible light
response of these photocatalysts is realized by introducing less
negatively charged anions (N>, $2-, CI-, Br-, etc.) with the orbitals
above O 2p orbitals, resulting in a reduced band gap without obvi-
ously affecting the conduction position. Apart from introducing
mixed anions to modulate the valence band, another alternative
approach is to combine the metals’ orbitals in s2d'° electron config-
uration, such as Sn 5s in Sn?*, Pb 6s in Pb2*, and Bi 6s in Bi**, with
the O 2p orbitals [26-30]. Non-centrosymmetric oxides containing
both d° transition metals (Ti**, Nb>*, V°*, W®*, etc.) and lone pair
cations (Sn?*, Pb?*, etc.) are well-known representatives. Among
them, the Sn®"-based photocatalysts have drawn one of the most
particular attentions because of its cheapness, abundance and
environmentally friendliness. To date, continuous efforts have
been made to explore innovative Sn?*-based visible-light-
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responsive photocatalyst for promising solar water splitting, but
their absorbance edges are still limited to below 550 nm [27,31].
However, to target the efficient conversion of solar to chemical
energy, the ideal candidate photocatalyst was suggested to harvest
the solar light of beyond and around 600 nm and to have function-
alities of both reduction and oxidation [9,10]. Accordingly, it is
highly desirable to develop new strategy to prepare novel Sn?*-
based photocatalysts with continuously extended the visible light
response.

Recently, strain effect has been widely discussed to affect the
charge separation and surface adsorption/reaction [32,33]. For
example, Huang et al. reported that the enhanced strain greatly
facilitates charge separation as well as molecular oxygen activation
on BiOIO; [34]. Zhang et al. demonstrated that the compressive
strain in ultrathin CuCr nanosheets of layered-double-hydroxide
is favorable for N, chemical adsorption and NH;3 synthesis [35]. It
is general to know that the strain of one compound is related to
the symmetry of its unit cell which can be modulated via introduc-
ing extraneous metal ions or creation of defect sites [36,37]. For
this purpose, introduction of F~ ions with strong electronegativity
should be one of the most promising ways to modulate the struc-
tural strain. Furthermore, the existence of structural strain caused
by changed symmetry of unit cell in one compound is reasonably
expected to change the orbital hybridization extent of atoms com-
posed of the valence/conduction bands. It means that the strain
effect should make a remarkable effect on the contribution of
center-metal ions to the valence/conduction bands to cause change
of light absorption edge. To our knowledge, however, the effect of
strain on the light absorption has not been reported yet.

In this work, we demonstrate feasibility of substitution of fluo-
rine to oxygen atoms in modulating the structural strain and nar-
rowing the band gap of Sn?*-based oxide, based on which a novel
STNOF photocatalyst with an unprecedentedly extended absorp-
tion edge of ca. 650 nm can be synthesized. Density functional the-
ory (DFT) calculations reveal that the valence band maximum of
Sn,TiNbOgF (STNOF) is mainly composed of O 2p and Sn 5s states,
whose orbital hybridization can be strengthened by the substitu-
tion of fluorine. Structural simulation and extended X-ray absorp-
tion fine structure (EXAFS) reveal that the fluorine substitution to
part oxygen atoms will enhance the distortion of the SnOgF,
dodecahedron to produce compressive strain, giving rise to the
strengthened Sn 5s and O 2p hybridization.

2. Results and discussion

As seen in Fig. 1(a), STNOF is of an A;B,XgX'-type pyrochlore

structure (space group: Fd3m) with two distinct anion sites, among
which the X site is occupied by the oxygen anion while the X’ site is
occupied by the fluoride anion. The compound skeleton is com-
posed of corner-sharing TiOg or NbOg octahedron and F-Sn-F
chains. STNOF was synthesized through a solid-state reaction using
a stoichiometric mixture of SnO, SnF,, TiO, and Nb,Os at the tem-
perature of 973 K for 10 h in the sealed corundum tube with filled
argon gas. Fig. 1(b) shows the typical X-ray diffraction (XRD) pat-
terns of a single-phase of STNOF, in which all the peaks can be
indexed with the PDF-04-001-8271 and no extra peaks belonging
to any impurities can be obviously observed. The scanning electron
microscope (SEM) image (inset, Fig. 1b) indicates that the prepared
STNOF has a particle size distribution in the range of 1 to 10 pm.
This result is consistent with relatively low specific surface area
of 0.6 m? g ! measured through the BET method. Energy-
dispersive spectroscopy (EDS) mapping analysis confirms the coex-
istence of Sn, Ti, Nb, O and F elements and homogeneous distribu-
tion (Figs. S1 and S2). In particular, the spatial distributions of
fluorine in STNOF have also been investigated by X-ray photoelec-
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tron spectroscopy (XPS) under different time of Ar* sputtering. As
shown in Fig. S3, the intensity of F 1s XPS peak at 684.8 eV is not
obviously changed from the surface to the bulk phase, well indicat-
ing that the F~ ions have been uniformly substituted instead of just
on the surface. XPS spectra containing Sn 3d, Ti 2p, Nb 3d and O 1s
were also studied to further understand the electronic structure of
STNOF (Fig. S4), based on which the valence states of the con-
stituent elements are known to be in a good accordance with the
formula, Sny(II)Ti(IV)Nb(V)Og(II)E(I). Furthermore, the oxidation
state of Sn ions in STNOF was characterized by the X-ray absorp-
tion near edge structure (XANES), during which the Sn,Nb,0; (do-
nated as SNO) and SnO oxides free of fluorine atoms were
employed as references for discussion. As shown in Fig. S5, the
Sn K-edge of XANES in the STNOF and SNO sample exhibit a very
similar near-edge structure as SnO, further demonstrating their
similar valence (Sn®*) in accordance with results of the above
XPS analysis.

Fig. 1(c) gives the typical ultraviolet-visible diffuse reflectance
spectroscopy (UV-Vis DRS) of STNOF, from which the absorption
edge of STNOF can be deduced to be ca. 650 nm, as is well consis-
tent with the red color of the material (inset, Fig. 1c). The band gap
of STNOF estimated from the tauc plot (Fig. S6) is about 1.88 eV,
which is much smaller than that of some typical Sn?*-based nar-
row bandgap semiconductors such as SnNb,Og (2.3 eV) or SnyNb,-
07 (2.3 eV). As seen in Fig. 1(d), both VBM and CBM obtaining from
the DFT calculation and simulation are situated at the Gamma (G)
point, indicating that the STNOF is featured as direct band gap
semiconductor. As demonstrated by Mott-Schottky (M-S) plot
given in Fig. 1(e), the STNOF is an n-type semiconductor with the
flat band potential of ca. — 0.07 V (versus reversible hydrogen elec-
trode). It is interesting to note that the flat band position is not
obviously affected by the pH environment, which may attribute
to the small acid dissociation constant of hydroxyl groups on
STNOF as similar to Sm,TiS,05 (Fig. S7) [23]. It is well-known that
the bottom of conduction bands of n-type semiconductors is about
0.1 V more negative than the flat band potential [38], so the con-
duction band position of STNOF can be proposed to be about — 0.
17 V. Given that the bandgap of STNOF is 1.88 eV, the valence band
position is proposed to be 1.71 eV, which can be further verified by
the ultraviolet photoelectron spectroscopy (UPS) measurements in
Fig. S8. The valence band maximum position was determined to
be — 6.29 eV compare with the vacuum level corresponding to
the 1.79 eV (versus reversible hydrogen electrode). Based on above
discussion, Fig. 1(f) gives a schematic illustration on the band posi-
tions of STNOF, where both the conduction and valence band of
STNOF are thermodynamically feasible for reduction of water (or
CO,, N,) and water oxidation, respectively. It means that the STNOF
developed here is highly promising for most solar-to-chemical
energy conversion reactions.

In order to get insight into the widely extended visible light
absorption, DFT simulation was calculated. As shown in Fig. 2(a),
the valence band maximum of STNOF is mainly composed of O
2p states with non-negligible contributions from Sn 5s states,
whereas the conduction band minimum is mostly comprised of
Ti 3d, mixed with Nb 4d, Sn 5p and O 2p states. An enlarged view
of the partial DOS of STNOF from — 1.5 to 1 eV was shown in
Fig. S9. It should be pointed out that the charge negativity of F~
ions is stronger than that of 0?~ ions, so the hybridization of F
2p and O 2p is unfavorable for the upshift of valence band. The cal-
culated band gap of STNOF is 0.75 eV, which is smaller than the
experimental value due to the limitation of GGA-PBE method
[39]. The O 2p orbital and Sn 5s orbital have strong hybridization
at the bottom (from — 9 to — 8 eV) and top (from — 2 to — 1 eV)
of the valence band. This phenomenon is similarly observed in
SnO and PbO with s? lone pair, which can be attributed to the
revised lone pair (RLP) mechanism [40]. The antibonding orbitals
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Fig 1. Structural simulation and characterizations of STNOF. (a) Crystal structure (space group: Fd3m); (b) XRD patterns, and SEM image (inset); (c) UV-Vis DRS, and a picture
of STNOF (inset); (d) the simulated band structure; (e) Mott-Schottky plot; (f) schematic diagram of the estimated band positions (CBM: conduction band maximum, VBM:

valence band minimun, Eg: band gap).
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Fig. 2. DFT simulations of STNOF and illustration of the orbital interactions in STNOF. (a) DOS plot of STNOF; (b) illustration of the orbital interactions between Sn 5s and O 2p
in STNOF; (c and d) the local coordination environments around Sn atom in SNO and STNOF (Sn-3).

formed by Sn 5s and O 2p orbitals are stabilized by hybridization
with the unoccupied Sn 5p orbitals, resulting in upward shift of
the O 2p orbitals in STNOF (see Fig. 2b). The tendency to form a
strong hybridization is therefore closely related to the energy dif-
ference between the cation s states and the anion p states [41]. If
this difference is large, the formation of the bonding orbital is less
favorable, and thus the hybridization is not obvious. It should be
noted that among the common oxides containing heavy metal
(i.e. Sn, Pb, Bi) with s? lone pair, the strongest s-p orbital hybridiza-
tion is expected to happen between Sn 5s and O 2p where AE;.,
= 1.4 eV [40].

The hybridization of Sn 5p states with the antibonding states of
Sn 5s and O 2p is predominantly determined by the crystal distor-
tion, which can be strengthened by the second-order Jahn-Teller
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(SOJT) effect [42,43]. Normally, without crystal distortion, the
hybridization of Sn 5p with the antibonding states of Sn 5s and O
2p will become impossible. And the stronger the hybridization
extent is, much larger the extended extent of visible light absorp-
tion is [24]. As far as STNOF is concerned, the part substitution of
oxygen by fluorine atoms with stronger negativity is expected to
make the second-order Jahn-Teller effect to cause strengthened
crystal disorder and compressive strain, resulting in stabilization
of the anti-bonding orbital between Sn 5s and O 2p as well as
greatly extended visible light absorption.

In order to confirm the existence of crystal disorder and com-
pressive strain, the local coordination environment around Sn
atoms in SNO and STNOF is first compared by structural simula-
tions. As seen in Figs. 2(c and d), the SNO have two short Sn-O
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Fig. 3. (a) Sn K-edge EXAFS spectra of STNOF with Sn foil, SnO, SnF, and SNO employed as references. Characterizations of a series of Sn**-based oxyfluoride compounds: (b)
XRD patterns; (¢) UV-Vis diffuse reflectance spectrum; (d) variation of band gap as a function of fluorine content (inset: pictures of samples).

bonds (2.31 A) and six long Sn-0 bonds (2.75 A), while STNOF have
four kinds of Sn atoms with different coordination environment
(Fig. S10). For example, Sn 3 in STNOF have two shortest Sn-O
bonds (2.24 A) and two longest Sn-0 bonds (3.14 A) in the oppo-
site direction. On the basis of this structure, it clearly shows the
lattice distortion in the dodecahedron is enhanced by the SOJT
effect. Moreover, since the STNOF and SNO have the same pyro-
chlore structure, the different Sn-O bond length reflects the exis-
tence of crystal distortion and compressive strain to some extent
[44]. And the shortest Sn-O bond length in STNOF (2.24 A) is
shorter than that in SNO (2.31 A), so the compressive strain that
causes lattice distortion in STNOF is relatively large.

Secondly, X-ray absorption fine spectra spectroscopy (XAFS)
was used to experimentally probe the coordination environment
around the Sn atoms in STNOF and SNO for its high sensibility
[45,46]. The Fourier-transformed (FT) EXAFS spectra for STNOF
and SNO are shown in Fig. 3(a) and the extracted structural param-
eters are listed in Table S1. STNOF exhibits a major peak at 2.14 A,
attributed to the shortest Sn—0 bonds of first Sn-0 shell in STNOF,
which is shorter than that in SNO (2.21 A). This is the direct evi-
dence for the existence of compressive strain in the crystal, which
is consistent with the theoretical calculation results. The peaks at
1.87 and 2.45 A derived from STNOF can be assigned to the Sn-F
bonds and other longer Sn-O bonds in first Sn-O shell, while
SNO have a minor peak at 2.56 A corresponding to six long Sn-0
bonds. Furthermore, the reduced coordination number (4.0) for
Sn-0 bonds in STNOF compared to SNO (6.0) demonstrates the
partial substitution of fluorine to oxygen (Table S1). It should be
mentioned that the intensity of peak is not only related to the
number, but also to the distance [42,43]. As seen in Table S1, the
distance of Sn-0 bonds with a coordination number of 2 is shorter
than that of Sn—0 bonds with a coordination number of 6 or 4. In
this case, the shorter bond distance causes enhanced intensity peak
to a certain extent, leading to observation of higher peak intensity
of the Sn-0O with coordination number of 2 than that of 4 or 6.
These results provide solid experimental evidence for a structural
compression and support the conclusion that the fluorine partial
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substitution will change crystal symmetry to produce compressive
strain. All of them should be responsible for the distinct observa-
tion that most of previous Sn®*-based photocatalysts can only
absorb visible light of below 550 nm, while the STNOF developed
in this work can absorb visible light up to 650 nm.

In order to verify the universality of the fluorine substitution
strategy, a series of Sn®*-based oxyfluoride compounds with differ-
ent fluorine content were synthesized. It is worth noting that these
Sn%*-based oxyfluoride compounds obtained by partial substitu-
tion of A-sites and B-sites atoms still retain the pyrochlore struc-
ture, whose XRD and UV-Vis DRS patterns are shown in Fig. 3(b
and c). It should be mentioned that the partial substitution of

~ by F~ in lattice sites of Sn,TigsNb; 50¢5Fo 5 photocatalyst will
induce the lattice shrinkage to cause the shift of the (222) reflec-
tion peak to higher 20 angles (Fig. S11), well revealing the exis-
tence of lattice strain. The band gaps of as-obtained oxyfluoride
semiconductors decrease initially on incorporation of fluorine up
to a concentration above which the band gaps increase, showing
a volcanic curve in Fig. 3(d). The volcano apex corresponds to
STNOF where fluorine atoms completely replace oxygen atoms in
O'-site of A,B,060’-type pyrochlore. It should be pointed out that
the substitution of Ti** to Nb>* here is mainly used for charge bal-
ance, and the Ti 3d orbital makes an obvious contribution to the
conduction band (Fig. S9). It has been reported that the displace-
ment of A-site ion in the pyrochlore structure may weaken the
hybridization between heavy metal ns and O 2p orbitals, while
the partial substitution of O-site ion in A;B,0¢0’ by fluorine may
enhance the hybridization [22]. In these Sn**-based oxyfluoride
compounds, the hybridization shows a weakened trend through
displacing A-site ion, and the reason need to be further studied.
Anyway, the fluorine substitution is supposed to be an effective
and universe strategy of adjusting the band gap of oxides contain-
ing d° transition metals with lone pair electron.

To evaluate the functionalities of the as-obtained STNOF, the
water splitting performances were thus examined as the probe
tests. Photoreduction functionality was first examined by water
reduction conducted in the aqueous solution containing tri-
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mL TEOA; 300 W Xe lamp (I = 20 A). (c) Time course curve of photocatalytic O,
evolution. Reaction conditions: 0.15 g 1 wt% CoO,/STNOF; 150 mL 10 mM AgNO;
aqueous solution; 300 W Xe lamp (I = 15 A; 2 > 420 nm).

ethanolamine (TEOA) as sacrificial agents. Meanwhile, platinum
nanoparticles were photo-deposited as cocatalyst [47,48]. As seen
in Fig. 4(a), stable H; evolution can be observed under visible light
(4> 420 nm) and the hydrogen evolution activity of Pt/STNOF dis-
played almost no decay within three cycles (Fig. S12), demonstrat-
ing the photochemical stability of STNOF in the experimental
region. The apparent quantum efficiency (AQE) of the STNOF pho-
tocatalyst has been measured to be about 0.05% under the irradia-
tion of 420 + 10 nm. Moreover, the trend of hydrogen evolution
activity is in good accordance with that of UV-Vis DRS (Fig. 4b),
indicating that the hydrogen evolution reaction is a light-driven
catalytic reaction. On the other hand, its photo-oxidation function-
ality was examined via the water oxidation performed in the aque-
ous solution containing 10 mM AgNOs under visible light, during
which CoO, nanoparticles were impregnated as the cocatalyst. As
given in Fig. 4(c), the obviously observed O, evolution well demon-
strates its oxidation functionality. It should be pointed out that the
slight decrease in the activity curve as a function of reaction time
should result from the light absorption competition of the depos-
ited silver, as similarly observed in most of previous literatures
[49,50]. It is worth noting that no H; or O, can be detected in the
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experimental region if no catalysts, TEOA or Pt was added or under
dark (Tables S2 and S3). Additionally, free of CoO, the photocat-
alytic O, evolution rate is obviously decreased, demonstrating
importance of cocatalyst. What's more, the photocatalysts before
and after reactions exhibit no obvious change in the XRD patterns
and XPS spectra (Figs. S13 and S14), further demonstrating its pho-
tochemical stability. By virtue of the dual functionalities, the
STNOF developed here is expected to be a good candidate photo-
catalyst for promising overall water splitting, towards which inno-
vative  preparation methodologies and surface/interface
modulation strategies should be further investigated to enhance
its activities [51]. It should be pointed out that the finding of func-
tionalities for one novel photocatalyst is more important than its
activities because of the fact that many novel photocatalysts show
extremely low activities at its first report as given Table S4, but
which can be continuously improved by various modification
strategies like the C3N,4 photocatalyst [52]. However, the function-
alities are normally not easily modified because of both thermody-
namic and/or kinetics challenges.

3. Conclusions

Here we developed a Sn?'-based oxyfluoride photocatalyst
STNOF via simple solid-state reaction, which can not only absorb
light with wide spectrum up to 650 nm, but also can drive both
water reduction and oxidation reaction under visible light irradia-
tion. The unprecedented broad-spectrum response of Sn,TiNbOgF
is proposed to arise from the strengthened hybridization between
O 2p and Sn 5s orbitals caused by the distortion and compressive
strain of the SnOgF, dodecahedron due to the fluorine substitution.
To our knowledge, the STNOF reported here should be the first
Sn%*-based semiconductor with absorption edge beyond 600 nm
and dual functionalities of both photocatalytic reduction and oxi-
dation. It is worth noting that the substitution of oxygen atoms
by fluorine atoms with higher electronegativity is not favorable
to extend the visible light absorption by itself, but here we demon-
strate the feasibility of part substitution of fluorine to oxygen
atoms in extending visible light absorption via distortion of the
SnOgF, dodecahedron to produce compressive strain and strength-
ened hybridization between O 2p and Sn 5s orbitals. Interestingly,
the expansion of visible light absorption can be observed in other
Sn%*-based oxyfluoride compounds with different fluorine content,
demonstrating its university. Our results demonstrate effective-
ness of extending visible light absorption via modulating compres-
sive strain of unit cell, as is expected to be an alternative strategy
to develop more broad-spectrum responsive semiconductors for
promising solar energy conversion.
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