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Abstract: Well-controlled nanostructures and a high fraction
of Sn/Li,O interface are critical to enhance the coulombic
efficiency and cyclic performance of SnO,-based electrodes for
lithium-ion batteries (LIBs). Polydopamine (PDA)-coated
SnO, nanocrystals, composed of hundreds of PDA-coated
“corn-like” SnO, nanoparticles (diameter ca. 5 nm) decorated
along a “cob”, addressed the irreversibility issue of SnO,-based
electrodes. The PDA-coated SnO, were crafted by capitalizing
on rationally designed bottlebrush-like  hydroxypropyl
cellulose-graft-poly (acrylic acid) (HPC-g-PAA) as a template
and was coated with PDA to construct a passivating solid-
electrolyte interphase (SEI) layer. In combination, the corn-
like nanostructure and the protective PDA coating contributed
to a PDA-coated SnO; electrode with excellent rate capability,
superior long-term stability over 300 cycles, and high
Sn—SnO, reversibility.

SnO2 has shown great potential as a substitute for graphite
anodes because of its numerous appealing features; including
abundance, environmental benignity, safe working potential,
and high theoretical capacity.'! The electrochemical interac-
tion between Li and SnO, can be described in two steps, as
shown below [Egs. (1)-(2)].?!

SnO, +4Li" 4+4e” — Sn +2Li,O 1)

Sn+xLi" +xe” < Li,Sn (0 <x <4.4) (2)

It is widely recognized that conversion from Sn to SnO,
(Equation (1)) is irreversible for bulk SnO, but can be
reversible for nanostructured Sn0,.”*% In contrast, Equa-
tion (2) is reversible, with a maximum uptake of 4.4 moles of
Li ions per unit of Sn. Assuming Equation (1) to be fully
irreversible, the commonly reported theoretical capacity is
782 mAhg™'.™ On the other hand, when considering both
reactions to be completely reversible, the theoretical capacity
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of 1494 mAhg™' can be obtained (that is, a Li ion uptake of
8.4 moles)."!

SnO, anodes experience a 358% volume change after
lithiation. Such a large volume change leads to mechanical
failure and loss of electrical contact.’™*! Additionally, the
formed active Sn nanoparticles have a strong tendency to
aggregate into big and inactive Sn clusters even at room
temperature.”) Moreover, the large volume change can easily
break the SEI layer and expose the fresh surface of active
materials to electrolyte, leading to continuous growth of the
SEI layer. Taken together, severe capacity fading in SnO,-
based electrodes is often observed.”!

In this context, much effort has been directed toward
constructing nanostructured SnO,.*** Nanostructured mate-
rials carry many advantages, such as better accommodation of
volume change,”! reduced transport length for lithium ions
and electrons, a high electrode/electrolyte contact area
favorable for improving the lithium reaction rate, and
a large volume fraction of Sn/Li,O interfaces that are
beneficial for Sn to SnO, conversion.?*!) However, the use
of nanostructured SnO, alone is not sufficient to significantly
enhance cycling stability, as SnO, nanomaterials and the
produced Sn nanoparticles will still easily aggregate.'! On the
other hand, the ability to form a passivating SEI layer is
critical for realizing high reversibility and long-term cycling
stability.'”” Thus, nanostructured SnO, with a high Sn—SnO,
reversibility, suppressed Sn aggregation, and a stable SEI
layer during cycling, would be an ideal material for realizing
high-performance LIBs.

Herein, polydopamine (PDA)-coated corn-on-the-cob-
like SnO, nanocrystals (denoted PDA-coated SnO,) compris-
ing SnO, nanoparticles (diameter ca. 5 nm) decorated along
a “cob” was crafted as an electrode. Specifically, PDA-coated
SnO, was created with the aid of a hydrophilic bottlebrush-
like hydroxypropyl cellulose-graft-poly(acrylic acid) template
(denoted HPC-g-PAA), as depicted by Figure 1. Hydroxy-
propyl cellulose (HPC) was first converted into HPC-based
macroinitiator (that is, HPC-Br) by homogeneous esterifica-
tion. The nearly 100% esterification efficiency (Supporting
Information, Figure S1) indicates that all hydroxyl groups on
HPC were converted into active Br-terminated groups. The
poly(tert-butyl acrylate) (PrBA) blocks were then grafted
onto HPC-Br by atom transfer radical polymerization
(ATRP), yielding HPC-g-PtBA. The hydrolysis of PrBA into
PAA produced hydrophilic bottlebrush-like HPC-g-PAA,
which served as the template for growing SnO, nanocrystals.
The instantly formed SnO, nanoparticles were quickly
bonded to PAA blocks of HPC-g-PAA because of the
strong coordinative interaction between the -COOH groups
of PAA blocks and SnO, nanoparticles,"”! yielding a nano-
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Figure 1. Synthesis of the hydrophilic bottlebrush-like HPC-g-PAA poly-
mer template and templated growth of PDA-coated corn-like SnO,
nanocrystals.

structure resembling a corn-on-the-cob. Finally, each SnO,
nanoparticle was coated with a thin layer of PDA by simple
polymerization of dopamine,"” forming PDA-coated SnO,
nanocrystals (lower right panel in Figure 1). Fourier trans-
form infrared spectroscopy (FTIR) confirmed successful
coating of PDA (Supporting Information, Figure S2).

Small SnO, nanoparticles (solid circles in Figure 2d) with
an average size of approximately 5 nm are bonded along the
bottlebrush-like HPC-g-PAA template, forming a corn-like
structure (Figure 2¢,d). The voids of 3-5 nm between SnO,
nanoparticles were clearly seen (dashed circles in Figure 2d).
To corroborate the role of bottlebrush-like HPC-g-PAA in
guiding the formation of SnO,, three control experiments
were also performed (Supporting Information, Table S1 and
TEM images in Figure S3).

The X-ray diffraction (XRD) patterns are shown in
Figure S4 (Supporting Information). All peaks can be
assigned to the tetragonal rutile-like SnO,.”! The calculated
SnO, sizes are summarized in Table S2 (Supporting Informa-
tion). The surface structure and porosity of the samples were
investigated by N,-sorption measurements (Supporting Infor-
mation, Figure SSa—c and Table S2). All samples exhibited
a type IV isotherm curve with a small hysteresis loop,
suggesting the presence of a mesoporous structure.

Figure 3a shows the cyclic voltammetry (CV) character-
istics for the PDA-coated SnO, electrode. For initial discharge
the broad peak in the range of 0.8 to 1.2V is due to the
formation of SEI layers and the conversion of SnO, to Sn and
Li, 0.5 The weak peak at approximately 0.2V can be
assigned to the alloying reaction between Sn and Li ions."® In
the first charge process the sharp peak at 0.58 V corresponds
to the reversible LiySn dealloying reaction, while the weaker
and broader peak at 1.27 V is attributed to the conversion
from Sn to SnO,.P'%! For the following cycles the broad
cathodic peaks in the range of 0.8 to 1.2 V shift to the lower

www.angewandte.org

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An dte

Chemie

Internatic

Figure 2. a,b) Lower magnification and c,d) higher magnification TEM
images of PDA-coated SnO, nanocrystals. Key (d): crystalline SnO,
nanoparticles (solid circles), pores (dashed circles), PDA coating
(arrows).

voltage with cycling, which was assigned to the conversion of
Sn0,—Sn0O —Sn.[""! Moreover, the cathodic peak at around
0.2 V becomes more significant during cycling. Additionally,
all the peak currents (also capacities in mA h) for later cycles
are higher than the previous cycles, suggesting an activated
electrochemical process.

Figure 3b depicts the charge—discharge profiles of the
PDA-coated SnO, electrode. The initial coulombic efficiency
is approximately 61.3% (945/1542=61.3%), larger than
52.3% (782/1494=52.3%), which is the largest initial cou-
lombic efficiency calculated if Equation (1) is assumed to be
completely irreversible after initial discharge; this signifies
that the widely assumed irreversible conversion from Sn to
SnO, is at least partially reversible for this PDA-coated SnO,
electrode.

The cycling performance at 160 mAg™' is shown in
Figure 3c. For the uncoated SnO, electrode, the capacity
displays a good cyclability for the first 150 cycles, reaches the
highest value at the 150th cycle, and continuously decays after
150 cycles. In sharp contrast, the PDA-coated SnO, exhibits
significantly improved cycling stability and demonstrates
a much higher capacity for the entire cycle life, which may
be attributed to the combined effects of the corn-like
nanostructures and the PDA coating. The PDA-coated CS3
anode that was templated by linear PAA and possessed
a similar corn-like structure displays a good cycling stability,
superior to that of PDA-coated CS2 anode that was formed in
the absence of polymer template (Figure 3d). However,
because of the limited mass loading of active SnO, in
PDA-coated CS3 (45 wt% in PDA-coated CS3, 84 wt% in
PDA-coated SnO,; Supporting Information, Figure S6), the
specific capacities calculated based on the total mass are
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Figure 3. a) CV curves of the first seven cycles for the fresh cell based on a PDA-coated SnO, electrode tested at 0.1 mVs™' in the range of
0.005-3 V. b) Galvanostatic charge—-discharge voltage profiles for the first five cycles, 100th, 150th, and 200th cycles of the PDA-coated SnO,
electrode tested at 160 mAg™" in the range of 0.01-3.0 V vs. Li/Li*. Cycling performance tested at 160 mAg™' for c) PDA-coated and uncoated
SnO, electrodes, and d) PDA-coated CS3 and CS2, in which CS3 and CS2 were formed using linear PAA as a template and in the absence of
a polymer template, respectively. Rate performance for €) PDA-coated SnO, electrode and f) uncoated SnO, electrode.

much lower. Nonetheless, the markedly improved cycling
performance of the SnO, electrodes indicates that the
combination of the nanostructured morphology and a protec-
tive PDA coating promotes reversible conversion from Sn to
SnO, and imparts long-term cycling stability to the SnO,-
based anodes.

Figure 3e,f compares the rate performance of PDA-
coated and uncoated SnO, electrodes. The LIBs were first
cycled at 160 mA g !, followed by testing at various current
densities, and then were back-cycled at 160 mA g™ to inves-
tigate any structural changes caused by previous rate testing.
For the PDA-coated SnO, electrode the average capacities
are 921, 851, 835, and 667 mAhg' at 400, 780, 1000, and
2000 mA g ', respectively (see closes-ups in the Supporting
Information, Figure S7a). When the current density returns
to 160 mA g ! the high capacity is resumed and continues to
rise over cycling; it is positioned at 1502 mA hg * at the 300th
cycling, implying an activated electrochemical process.”!"]
For the uncoated SnO, (Figure 3 f), however, the capacity
decays quickly over cycling and fails to return to previously
high values when back-cycled, indicating that the cyclability is
largely disrupted by the rate testing. The superior cyclability
of PDA-coated SnO, electrode is further manifested in the
cycling performance at various current densities of 200, 400,
780, and 1500 mAg ' for over 300 cycles (Supporting
Information, Figure S8a—d). This data further indicates that
the PDA coating is beneficial to maintaining cycling stability
and reversibility of SnO, electrodes; probably because the
PDA coating suppresses Sn coarsening and retains a large
Sn/Li,O interface that facilitates the reversible reaction
between Sn and Li,O.

Figure S9a,b (Supporting Information) compares the
electrochemical impedance spectroscopy (EIS) Nyquist
plots of the freshly assembled catalyst, and after the 1st,
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2nd, 100th, and 300th cycles. For the PDA-coated SnO,, the
R, after the 300th cycle is similar to that after the 100th
cycle. However, R, for uncoated SnO, after the 300th cycle
increases significantly compared with that after the 100th
cycle, indicating the formation of thick SEI films. Clearly, the
PDA coating provides an elastic buffer for accommodating
the volume change of active materials and prevents their
direct contact with the electrolyte. Thus, continuous depletion
of electrolyte is prevented and the long-term stability of the
SEI film is maintained.

The batteries were dissembled in a glove box after cycling
and characterized by ex situ scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS). As
shown in Figure 4, thick SEI films are clearly evident for the
uncoated SnO, electrode (Figure 4c,d), while the SEI film is
much thinner and the morphology remains almost unchanged
for the PDA-coated SnO, electrode (Figure 4¢,f), signifying
the protective function of the PDA coating. The protective
PDA layer combined with the corn-like nanostructure
accounts for the observed superior cyclability of the PDA-
coated SnO, electrode.

The XPS spectrum (Supporting Information, Figure S10)
for the PDA-coated SnO, electrode after cycling exhibits the
same binding energy as the as-prepared electrode with two
broad peaks centered at 495.6 and 487.2 eV. These two peaks
can be assigned to Sn 3d;, and Sn 3ds,, respectively, corre-
sponding to Sn** in SnO,,!'""® indicating that conversion from
Sn to SnO, [Eq. (1)] is reversible for the PDA-coated SnO,.
However, for the uncoated SnO, electrode after cycling the
peaks shift to lower binding energies, which can be attributed
to the formation of SnO."**I This comparison confirmed that
the PDA coating is helpful for reversible conversion from Sn
to SnO, [Eq. (1)].
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Figure 4. SEM images: a,b) freshly prepared electrode at different
magpnifications; ¢,d) uncoated SnO, electrode after cycling at

160 mAg™' for 300 cycles; e,f) PDA-coated SnO, electrode after cycling
at 160 mAg™' for 300 cycles.

In summary, we crafted corn-like PDA-coated SnO,
nanocrystals using a HPC-g-PAA template. Batteries based
on uncoated SnO, demonstrated a good short-term cycling
stability for 150 cycles and a good rate performance (attrib-
uted to shortened transport length), good structural stability,
high porosity, and limited aggregation of Sn nanoparticles,
which was endowed by the corn-like nanostructure. More-
over, the introduction of a protective PDA coating contrib-
uted to the construction of a passivating SEI layer. In
combination, the corn-like nanostructure and the protective
PDA coating enabled excellent electrochemical performance
of the SnO, electrode; including, superior long-term cycling
stability for over 300 cycles, high Sn—SnO, reversibility, and
excellent rate capability. The bottlebrush-like polymer
templating strategy is facile and robust; thus, we envisage
that this technique can be readily extended to create a rich
variety of functional metal oxides and metal sulfides for high-
performance LIBs.
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