SCIENCE CHINA Materials

LETTERS

mater.scichina.com link.springer.com

Published online 27 May 2021 | https://doi.org/10.1007/s40843-021-1674-3

Sci China Mater 2021, 64(8): 2081-2085

)\ CrossMark

& click for updates

Induced electron transfer by oxygen vacancy gradient
on Sn0, conductive glass for electrocatalytic

reduction

Xiaoyun ZhangT, Dong Li', Lian Wang, Fan Yang and Yugiao Wang*

Interface engineering is a strategy to boost intrinsic cat-
alytic activities. Defect introduction, composition reg-
ulation, and heterostructure engineering are commonly
used interface modification methods [1,2]. Oxygen va-
cancy (Oy) modulates electronic properties and structures
by controlling surface electronic and atomic structures
[3-5]. Oy is common to metal oxides (MOxs) as a shallow
donor due to low formation energy [6,7]. It plays an es-
sential role in many photoelectrochemical (PEC) pro-
cesses, such as PEC water splitting, dye-sensitized solar
cells (DSSCs), supercapacitors, lithium-ion batteries
(LIBs), and CO, electro-reduction [8,9]. At present,
methods for regulating Oy include plasma treatment,
ambient annealing of oxygen defects, flame reduction,
laser ablation, and electrochemical reduction [10,11].

Simulations and experiments reveal the effect of Oy on
the electrocatalytic (EC) performance [12]. Oy can change
the electronic structure of MOxs and affect the electron
transport rate in the EC process [13]. F-doped tin oxide
(FTO) conductive glass is commonly used in PEC devices
[14]. The main component of FTO surface coating is tin
dioxide (SnO,), a wide bandgap MOx, which has been
widely used in ceramic glass, LIB, and conductive glass
coating industries [15-17]. The surface Oy in MOxs
tuning electronic structure is expected to control the
electron transfer direction, thereby promoting the EC
reaction [18,19]. Inspired by this, we constructed Oy
concentration gradient on FTO as a counter electrode
(CE) in DSSCs to promote electron enrichment on the
FTO surface, thus increasing the EC reduction rate of
triiodide ions.

We calculated the Oy distribution on the SnO, surfaces
theoretically and designed an EC reduction reaction to
verify the hypothesis. Theoretically, rutile SnO, based on

lattice constants (a = 4.7373 A and ¢ = 3.1864 A) and
bandgap (3.6 eV) was used to build (110) surface, which
was modeled by p (3 x 2) periodically repeated slabs. The
electronic properties of rutile SnO, were investigated via
the first principles in the framework of density functional
theory. The calculations were performed within general-
ized gradient approximation using projector-augmented
wave pseudopotentials, as implemented in Vienna Ab
initio Simulation Package. The energy cutoff for plane-
wave basis was set to 450 eV. The atomic positions re-
laxed until forces on each atom were less than
0.01eV A™". The self-consistent convergence accuracy
was set to 10~ eV. A typical EC reduction from triiodide
(I;) to iodide (I') on CE surfaced in DSSCs. The ideal CE
had a powerful ability to collect external electrons for
rapid reduction. Therefore, as a model reaction, the EC
reduction was employed to verify the electron transfer
direction under tuning surface Oy concentration gradient
of SnO,.

Each slab contained five trilayers and a vacuum space of
10 A along the z-direction (Fig. 1a). The atoms of the left
two layers were fixed at their bulk positions. Three-fold
coordination of oxygen atoms reduced to two folds on the
surface. Two-fold O atoms on the surface (O,.) and three-
fold O atoms in bulk (Oy,y) were used to simulate the
possible presence of Oy after air insulation heat treat-
ment. The surface electrostatic potential was averaged in
the x-y plane perpendicular to the z-direction (Fig. 1b).
The vacuum potentials (E,,.) from both normal and de-
fective surfaces were treated as identical numerically,
which would act as reference energies for aligning Kohn-
Sham levels of different surfaces.

Fig. 2a shows the calculated energy positions of con-
duction and valence band edges. The shifts in band edges
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Figure 1 (a) Side view of rutile SnO, (110) surface with surface defect

Oy; (b) vacuum potentials from normal and defective surfaces of SnO,.

of the rutile SnO, (110) were induced by the presence of
surface Oy due to the annealed SnO,. The bottom of open
circles and the top of solid circles represent the conduc-
tion and valence band edges, respectively. The formation
energy of O, vacancies was 0.81 eV less than that of Oy
vacancies. The result indicates that O,. vacancies could
cause more shifts of band edges of the host surface than
those of Oy vacancies. The certain vacancy concentra-
tion leads to stronger reduction power of electrons in the
conduction band of SnO, (Fig. 2b), which could not in-
fluence the flow of electrons from the conduction band of
TiO, to that of SnO,. Increasing vacancy concentrations
would cause a higher shift of SnO, conduction band edge
than that of TiO,, thus blocking the flow of electrons back
to SnO, (Fig. 2c). Therefore, the appropriate operation of
vacancy concentration could effectively regulate the effi-
ciency of electron injection. The results of this optimi-
zation were also confirmed by subsequent catalytic
experiments (Fig. 2d). The maximum value of photo-
electric conversion efficiency was obtained after 10-min
annealing treatment. Hence, we started with a theoretical
explanation that surface Oy gradient revealed the influ-
ence of Oy on the band structure and their relationship
using an experimental technique (Fig. 2e).

SnO, without any treatment, as a pure semiconductor,
exhibited the general characteristics of electron transfer.
After heating, the Oy concentration on the SnO, surface
began to change, thereby inducing a change in the elec-
tron transfer. Oy concentration approximately increased
proportionally with the heating time. With the increase in
heating time, the surface Oy started diffusing from the
surface to bulk phase, whereas the number of surface
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vacancies decreased. Therefore, the SnO, band bending
demonstrated downward bending, horizontal downward
shifting, and upward bending due to the Oy concentra-
tion and distribution. The band edge position was bene-
ficial to the spontaneous enrichment of electrons on the
SnO, surface when surface Oy concentration was ba-
lanced with the bulk Oy concentration. Therefore, this
process can be used to tune the electron transfer direction
by manipulating experimental conditions to control the
Oy concentration and distribution.

FTO substrate was annealed at 550°C under air in-
sulation heat treatment with a vacuum of 0.01 Pa to form
0Oy-Sn0, on the FTO surface. The result was monitored
via electron paramagnetic resonance (EPR) spectrum
(Fig. S1), referring to the peak at 325 Gauss as fingerprint
evidence for probing Oy [20]. The Oy occurred when the
titanium sheet, as a substrate for coating SnO,, underwent
the same heat treatment (Fig. 3a). The SnO,/Ti substrate
annealed in isolated air had an obvious vacancy response,
whereas the SnO, annealed in filled air had no response,
which means that SnO, could generate Oy after heat
treatment under low-pressure conditions without air.
Surface Oy was unrelated to fluorine dopants. This pro-
cessing method effectively formed Oy and was confirmed
by Raman spectroscopy (Fig. 3b). The distribution gra-
dient of Oy was expressed by the corresponding in-
tensities of Raman spectra; it was closely related to the
heating time. The effect of heating time on the SnO,
crystalline was insignificant. The characteristic diffraction
peaks at 26.6°, 33.9°, 38.0°, 51.8°, 54.7°, and 57.9° corre-
spond to the (110), (101), (200), (211), (220), and (002)
planes of SnO,, respectively (JCPDS No. 70-4177)
(Fig. S2).

The heat-treated FTO was used as a CE to assemble
DSSCs. The properties of FTO CEs were evaluated by the
device performance (Fig. S3), including photocurrent
density-voltage curves, cyclic voltammetry (CV), and
Tafel polarization curves (Table S1). The short circuit
current density (Jsc) first increased and then decreased
with prolonging the heating time of FTO treatments
using Pt as a reference CE. The FTO treated for 10 min
(FTO-10 min) yielded Js: of 9.35 mA cm 7, Vo of 0.79 V
and fill factor of 0.60. The current density was mainly
determined by the catalytic rate on the CE surface. The
Jsc values of DSSCs based on various CEs followed the
order: Pt > FTO-10 min > FTO-5 min > FTO-30 min >
FTO-50 min. Further, the high cathodic peak current
density (Jpc) and low peak to peak separation (Epp) re-
flected good EC reduction from I; toI in the CV curves.
The pair of redox peaks corresponded to the oxidation
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Figure 2 (a) Calculated energy positions of the conduction and valence band edges of the annealed SnO,; (b, ¢) band position schematic of TiO,,
SnO,, SnO,-Oy-in, and SnO,-20y; (d) PCE of annealed SnO, with different annealing times; (e) concentration gradient of Oy on SnO, surface with

different annealing times.

and reduction of I /I; in the low potential region. The
rate-determining step was decided by the reduction from
I; to I'. The other pair of redox reactions (I /I;) be-
longed to a fast equilibrium in the high potential region.
Owing to the same reason as Jpc, the trend of exchange
current density (J,) was identified with Tafel polarization.
The reversibility of FTO-10 min was almost comparable
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to that of Pt, although the Eyp value was slightly higher.

Generally, a surface catalysis process is mainly affected
by the concentration and distribution of the catalysts. By
that analogy, EC reduction from I; to I was determined
by the Oy concentration and distribution. In our report,
the heat treatment atmosphere, air pressure, and heating
time had direct effects on the Oy concentration and
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Figure 3 (a) Electron paramagnetic resonance spectra of the SnO, annealed in isolated and full air. (b) Raman spectra of SnO, with different
annealing times. (c) CV curves of Pt and SnO, electrode with Ti substrate. (d) Photocurrent density—voltage curves of DSSCs based on SnO, counter

electrode with Ti substrate.

distribution. High-temperature treatment could effec-
tively produce Oy under isolated air and low pressure.
With the extension of the heating time, the concentration
of Oy increased from low to high, and the distribution
was from the surface to the inside, which agreed with
previous theoretical simulation and was proven experi-
mentally. This method for producing Oy on the SnO,
surface can also be used for other substrates. Oy-SnO,/Ti
substrate also showed catalytic performance similar to
that of Oy-FTO, including CV (Fig. 3¢) and device per-
formance (Fig. 3d).

In summary, heat treatment of SnO, is an effective
method to create Oy under isolated air and low pressure.
Their concentration and distribution can be tuned by
heating time. The surface Oy of SnO, can improve the
efficiency of EC reduction reactions.
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