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Using an aberration-corrected transmission electron microscope, we
observed the oxygen vacancies, proﬁled the concentration in the
SnO2d nanocrystals on an atomic scale, and estimated the amount of
oxygen vacancies to be ca. 3.3 atom%. The SnO2d nanocrystals show
much improved initial Coulombic eﬃciency, rate capability and
speciﬁc capacity compared with stoichiometric SnO2 when used as an
anode material for lithium ion batteries.

Defects oen dominate the physical and chemical properties of
semiconducting materials. Oxygen vacancies in oxides are particularly important because they are generally electron donors. Therefore, oxygen vacancies play an important role in a wide range of
applications, such as photocatalysis, heterogeneous catalysis, eldeﬀect devices and sanitary disinfection.1–4 However, in the eld of
lithium ion batteries (LIBs), the relationship between oxygen
vacancies and the electrochemical properties of electrode materials
has rarely been studied,5,6 and little is known about how oxygen
vacancies aﬀect the electrochemical properties. On the other hand,
exploring measurement methods for oxygen vacancy concentrations
on an atomic scale is also important. It is necessary to understand
the structure of defects and how their electronic properties are
inuenced by deviations of the local oxygen concentration from
stoichiometry. Until now, the observation of oxygen vacancy
concentrations directly has been challenging. The available structural characterization techniques for studying oxygen in oxides,
X-ray and neutron scattering and electron crystallography, do not
allow defects to be studied. Referring to the microscopic techniques,
the contrast based on the high-angle scattering of electrons
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(Z-contrast) in scanning transmission electron microscopy does not
allow oxygen to be imaged because it is conned to elements with a
high value of the nuclear charge Z.7 In conventional high-resolution
transmission electron microscopy (HRTEM), it is possible to image
the cation columns projected along the viewing direction under
suitable conditions. The reason is that the cations have a high
nuclear charge and their scattering power is high, resulting in
strong phase contrast. In comparison, it is diﬃcult to image an
oxygen sublattice due to the relatively low scattering power. Jia et al.8
rst imaged all types of atomic columns in thin lms of SrTiO3 and
YBa2Cu3O7 using an imaging mode based on adjusting the spherical-aberration coeﬃcient of the objective lens to a negative value in
a transmission electron microscope (TEM). This method opens a
way to the microscopic study of individual vacancies, and the use of
this method for other lms has been reported. However, it remains
a challenge and there are no related reports on the measurements of
oxygen vacancy concentrations in nanoparticles.
In this work, we explore the eﬀect of oxygen vacancies on the
electrochemical properties of SnO2 which is a very popular highcapacity anode for LIBs. Importantly, we prole the oxygen vacancy
concentration in SnO2d nanoparticles on the atomic scale using an
aberration-corrected TEM.
By using tin(II) chloride as a precursor, Sn2+ will not be
completely oxidized to Sn4+ under a low temperature hydrothermal
process, and thus the oxygen vacancy detected is dominantly
derived from Sn2+. Fig. S1† reveals the high-resolution XPS spectra
of SnO2d and SnO2. The Sn 3d5/2 peak for SnO2d consists of two
diﬀerent chemically shied components (Fig. S1a†). The components at 486.7 eV and 487.5 eV are ascribed to Sn2+ and Sn4+, while
no Sn2+ was detected from the Sn 3d5/2 peak for the SnO2 free of
oxygen vacancy (Fig. S1b†). Observation with TEM clearly shows that
both SnO2d and SnO2 crystals have a similar size of around 5 nm
(Fig. S2†). SnO2 has a rutile structure (space group P42/mnm) with
lattice parameters a0 ¼ 4.738 Å and c0 ¼ 3.1865 Å. Its low index
surface (110) (Fig. 1a) is the most thermodynamically stable. The
lattice fringes with a spacing of 0.33 nm in Fig. 1b correspond to the
most stable and frequently observed rutile SnO2 (110). The broad
diﬀraction peaks of SnO2d and SnO2 suggest a small crystallite size
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Fig. 1 (a) SnO2 with a rutile structure projected along the [110] axis showing
separate O and Sn columns; (b) HRTEM image of a single SnO2-particle; (c) XRD
patterns of (i) SnO2d and (ii) SnO2 particles; (d) photographs of (i) SnO2d
(yellow) and (ii) SnO2 (white) powders. Conduction band is denoted as CB and
valence band as VB.

(Fig. 1c). Using the Scherrer equation, the crystal sizes of the SnO2d
and SnO2 nanoparticles were around 5 nm, which are consistent
with TEM observations. In SnO2d, oxygen vacancies are formed to
keep a balanced charge and the resulting localized states are located
below the bottom edge of the conduction band. The band gap
narrowing behaviour due to oxygen vacancies was clearly apparent
from both the optical absorption study and rst-principles calculations. This is also shown by the apparent colour change of the
powder from white (le bottle: SnO2) to yellow (right bottle: SnO2d)
(see Fig. 1d).
Addition of a spherical-aberration corrector to a TEM dramatically improves its spatial resolution, and makes it possible to
discern sub-Angstrom details. A wide spectrum of defective structures in various materials has been observed by using aberrationcorrected TEM.9,10 Aberration-corrected TEM images not only reveal
individual columns of atoms projected in the beam direction but
also provide direct evidence of changes in the chemical composition
in individual particles of SnO2. Fig. 2a shows the HRTEM image of a
rutile SnO2d particle along the [110] zone axis, in which O and Sn
sites in rutile-structured SnO2 are seen on an atomic scale. As shown
in Fig. 2b, the intensity proles going through O atom columns
along arrows (i), (ii) and (iii) can be assumed to be proportional to
the number of atoms in the column along the beam direction.
Interestingly, we nd that the diﬀracted intensity of O columns is
not uniform in (iii). The intensity of O columns at positions 1 and 3,
indicated by a dashed circle, is also weaker than that in the
neighbouring O columns (Fig. 2a). It is reasonable to suggest that
the regions with a lower diﬀracted intensity correspond to those
with fewer atoms, and the intensity ratio may represent the amounts
of O atoms and vacancies. The lower intensity at position 1 than at
position 2 in the HRTEM image, with I1/I2 ¼ 0.75, indicates that the
occupancy of the oxygen columns at position 1 is 75% of the stoichiometric value. This is quantitatively shown by the intensity trace
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Fig. 2 (a) HRTEM image of a rutile SnO2d particle along the [110] zone axis,
which reveals alternating oxygen and tin atoms (arrows) and the deﬁciency of O
columns. Contrast at the centre of the O columns is indiscernible, indicated by a
dashed circle; (b) normalized intensity variations of columns of O atoms according
to arrows (i), (ii) and (iii) in (a). The intensities at positions 1 and 2 are compared,
where the intensity ratio of I1 and I2 is 0.75; (c) crystal structure obtained by
removing oxygen atoms in a stoichiometric SnO2 (110) surface.

in Fig. 2b (iii). Therefore, this analysis estimates that the amount of
oxygen vacancies in SnO2d was roughly ca. 3.3 atom%. Because a
lower intensity corresponds to columns near the central region of
the image, this indicates that the eﬀect of thickness change associated with particle shape can be neglected.
This elucidation of the electronic band alignments supports the
assumption of oxygen vacancies. The combination of UV-visible
absorption spectra with XPS valence band spectra for SnO2d and
SnO2 nanoparticles was used to determine the electronic band
alignments. As shown in Fig. 3a, in contrast to SnO2, the intrinsic
absorption edge of the SnO2d has a red shi. The derived bandgaps
from the plots of transformed Kubelka–Munk function vs. the
energy of light are 3.7 and 2.8 eV for the SnO2 and SnO2d particles,
respectively. The bandgap of the SnO2d particles is apparently
smaller than that of SnO2. The bandgap diﬀerence between the two

Fig. 3 (a) UV-visible absorption spectra; (b) XPS valence band spectra; and (c)
schematic of electronic band alignments of (i) SnO2d and (ii) SnO2.
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samples is inferred to be due to a high percentage of oxygen
vacancies in the SnO2d. According to the valence band (VB) spectra
in Fig. 3b, the VB maxima of SnO2 and SnO2d nanoparticles are at
3.04 eV and 2.21 eV, respectively, which is consistent with the
calculated density of states of tin oxide lms along the [110] direction with diﬀerent numbers of oxygen vacancies.11 The band-toband visible light excitation suggests the distribution of oxygen
vacancies in the whole particles but only within a subsurface region
with very limited depth. On the other hand, the bandgap narrowing
behavior due to oxygen vacancies was clearly evidenced from the
optical absorption study, which was also shown by the apparent
color change of the powders in Fig. 1d.
In a SnO2-based anode electrode for LIBs, two principal electrochemical processes occur:
SnO2 + 4Li+ + 4e / Sn + 2Li2O

(1)

Sn + xLi+ + xe 4 LixSn (0 # x # 4.4)

(2)

The low initial Coulombic eﬃciency of SnO2 is attributed to
the formation of a solid electrolyte interphase (SEI) layer and the
formation of electrochemically inactive Li2O. Because the formation of electrochemically inactive Li2O is of a fundamental electrochemical origin, its mitigation is quite diﬃcult. However, with
respect to the reference SnO2, the SnO2d exhibits a better initial
Coulombic eﬃciency because the oxygen vacancies enable it to
accommodate the formation of Li2O. The anodic performance of
SnO2d and SnO2 with a similar morphology and structure (Fig. S2
and 3†) was tested in a potential range of 0.05 to 2 V (versus
Li/Li+). The SnO2d shows a higher initial Coulombic eﬃciency
(64.7%) than that of the SnO2 (54.6%) and other reports,12–15 as
shown in Fig. 4a. The rational reason for this higher initial
Coulombic eﬃciency is considered to be oxygen vacancies, as
described in eqn (3).
+



SnO2d + 2(2  d)Li + 2(2  d)e / Sn + (2  d)Li2O

(3)

Fig. 4b shows the changes in discharge capacity versus cycle
number for the SnO2d and SnO2 electrodes at 0.1 C. It can be easily
seen that the SnO2d material exhibits a high discharge capacity of
399 mA h g1 aer 40 cycles. Such good reversibility results from the
optimization of the nanostructure, which is less than 5 nm in size,
thus enabling improved dynamics for both electron and Li+ transport as well as a high electrode–electrolyte contact area. Fig. 4c
shows the rate capability of the SnO2 and SnO2d electrodes. With
respect to the SnO2, the discharge capacity of SnO2d is substantially
increased at all charge–discharge rates from 0.1 C to 5 C. For
example, the discharge capacity of SnO2d at 5 C is 101 mA h g1,
6.5 times higher than that of the SnO2. The better rate capability of
the SnO2d anode is due to oxygen vacancies and its nanostructure
that provide the following benets: (1) the oxygen vacancies provide
improved electronic conductivity during the electrochemical
process by accommodating the formation of insulated Li2O. Fig. 4d
compares the Nyquist plots of the SnO2d and SnO2 electrodes.
Apparently, the SnO2d electrode shows a much lower resistance
than the SnO2 electrode (49 vs. 115 U). The conductivity of SnO2d
powders was increased by around 1 order of magnitude, showing
z2.3  106 S cm1, by inducing oxygen vacancy into stoichiometric SnO2 (z4.9  107 S cm1). (2) The nanoparticles prevent
coarsening of Sn particles (transformed from SnO2) in the subsequent cycling. The mode of formation of metallic tin from SnO2 is
an important factor for the rate ability, and Sn particles with a small
size enable a fast charge rate of the battery system. Wang et al.16
pointed out the spatial relationship between Sn and Li2O in the
electrochemical reaction, and direct observation indicates that the
coarsening of Sn can be minimized by using nanoscale SnO2 as
starting particles.

Conclusion
By using an aberration-corrected TEM, we observed oxygen
vacancies and proled their concentrations in SnO2d nanocrystals
on an atomic scale. As an anode material for LIBs, SnO2d shows
improved initial Coulombic eﬃciency, rate capability and charge/
discharge capacity compared with stoichiometric SnO2. The eﬀect
of the oxygen vacancy concentrations on the electrochemical
properties of SnO2 or other electrode materials will be further
studied.

Experimental section
Sample preparation

Fig. 4 (a) Charge–discharge curves and (b) cycling performance of the SnO2d
and SnO2 electrodes at 0.1 C (79 mA g1); (c) comparison of the discharge
capacity of the SnO2d and SnO2 electrodes at diﬀerent rates; and (d) impedance
of coin cells using SnO2d and SnO2 as electrode materials.
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Synthesis of SnO2d nanoparticles. In a typical experiment,
1 mmol of tin dichloride dihydrate (SnCl2$2H2O) was added to 40 ml
mixed solvent consisting of ethanol and de-ionized water in a 1 : 1
volume ratio to reach a tin(II) concentration of 25 mM. The white
turbid suspension obtained was magnetically stirred for 1 h before
being transferred to a Teon-lined stainless steel autoclave and then
heated in an electric oven at 120  C for 6 h. A yellow product was
obtained aer centrifugation and dried at 50  C for 24 h.
Synthesis of SnO2 nanoparticles. The procedure was the same
as that for the SnO2d nanoparticles except for using SnCl4$5H2O as
the tin source to replace SnCl2$2H2O. Aer the solvothermal reaction, a white product was obtained.
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Characterization
X-ray diﬀraction (XRD) patterns of the samples were recorded on a
Rigaku diﬀractometer using Cu Ka irradiation. Scanning electron
microscope and TEM images were obtained on a Nova NanoSEM
430 and Tecnai F20, respectively. High resolution TEM images were
obtained on a Titan 80-300 aberration-corrected TEM. In this study,
the diﬀracted intensity of atoms is proportional to the number of
atoms because of the validity of the weak-phase object approximation in our nanoparticles. Chemical compositions and valence-band
spectra of SnO2 were analyzed by X-ray photoelectron spectroscopy
(ThermoEscalab 250, monochromatic Al Ka X-ray source). All
binding energies were referenced to the C 1s peak (284.6 eV) arising
from adventitious carbon. The optical absorbance spectra of the
samples were recorded in a UV/Vis spectrophotometer (JASCO-550).
Conductivity measurements
For conductivity measurements, SnO2 and SnO2d powders were
pressed by cold isostatic pressing with z10 MPa for 5 min to make
pellets (1.15 mm in thickness and 10 mm in diameter). For
measuring their I–V curves, two probes were used to connect to a
Keithley 4200-SCS semiconductor characterization system.
Electrochemical measurements
The electrochemical properties of SnO2d and SnO2 as anode
materials in LIBs were evaluated by a galvanostatic charge/discharge
technique. The working electrodes were prepared by mixing SnO2d
and SnO2, carbon black (Super-P), and poly(vinyl diuoride) (PVDF)
with a weight ratio of 80 : 10 : 10 and pasted onto a pure copper foil,
and then pressed and dried under vacuum at 120  C for 12 h. Coin
cells were assembled in an argon-lled glove box, with metallic
lithium as the counter/reference electrode, 1 M LiPF6 in ethylene
carbonate (EC)–dimethyl carbonate (DMC) (1 : 1 vol) as the electrolyte, and Celgard 2400 polypropylene as the separator. The electrochemical tests were performed between 0.05 and 2 V vs. Li+/Li
and the C-rate currents used were calculated based on an SnO2
theoretical capacity of 790 mA h g1.
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