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PX-phase PbTiO3 (PT) nanowires have been investigated for the first time as an anode material for sodium ion
batteries (NIBs). Their sodium storage properties are presented by employing sodium-carboxyl-methyl-
cellulose (CMC) and styrene-butadiene-rubber (SBR) as binders. Electrochemical results show that the PT/
CMC-SBR electrode delivers a specific capacity of 84.2 mA h g~ after 100 cycles. The PT nanowires are
found to undergo an irreversible conversion reaction to transform into a composite structure composed of
5-8 nm Pb nanoparticles uniformly dispersed in the amorphous matrixes in the initial discharge process. In
the subsequent cycling process, the discharge capacity is primarily attributed to alloying reaction between
Pb and Na and conversion reaction between Pb and PbO,. Furthermore, we use polyvinylidene fluoride
(PVDF) instead of CMC-SBR as binder to study the influence of binders on the electrochemical performance
of PX-phase PT anode. It is found that PT/CMC-SBR electrode exhibits better electrochemical properties
than PT/PVDF electrode in both cyclic performance and rate capability. Detailed analysis is conducted to
understand the underlying mechanism for the distinct NIBs anode performance of PT nanowires caused by
use of different binders. It is found that compared to PT/CMC-SBR electrode, the conversion reaction
between Pb and PbO, is missing in the PT/PVDF electrode, and that Pb active material has diffused out from
the wires and reprecipitated as microsized hexagonal particles during the discharge/charge process, leading
to the inferior electrochemical performance of PT/PVDF electrodes. This work signifies the importance of
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Introduction

In recent years, sodium-ion batteries (NIBs) have attracted lots of
attention due to the abundance, low cost and environmental
friendliness of sodium resources."” A number of cathode mate-
rials are proposed for NIBs, including Na,Co0,,> Na,MnO,,*
NaFeO,,® NaV¢0;5,° NaFePO,,” and NazV,(PO,); ® et al. A wide
category of candidate materials for NIBs anode materials have
also been intensively investigated. It turns out sodium ions could
not intercalate into graphite sheets which is the sate-of-the-art
lithium-ion anode material.” On the contrary, hard carbon,*
petroleum coke' and carbon microspheres*> show good sodium
storage capability. TiO,,"*"* sodium titanates''® and alloying
materials such as Sn,"” Sb,*®*' SnSb* and SnO, 2"** are also re-
ported as promising sodium-ion anode materials. However, a key
issue for alloying anode materials is significant volume change
and agglomeration of nanoparticles during charge/discharge
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binders to optimize the electrochemical performance for alloy anode materials in NIBs.

process, which results in the material pulverization, capacity
reduction and unsatisfactory cyclic performance.*® Therefore,
delicate composite systems such as core/shell structures®* or
introducing secondary carbon phases* are explored to solve the
problem. Another important factor in the stabilization of the
cycling capacity of alloying anode is binders, which can maintain
the structural integrity during the volume change. Polyvinylidene
fluoride (PVDF) is a most conventional binder in NIBs. Recently,
alloy anodes with some other kinds of binders such as sodium-
carboxyl-methyl-cellulose (CMC), polyacrylic acid (PAA), sodium
polyacrylate (PANa), and styrene-butadiene-rubber (SBR) have
been reported to exhibit better performance than that with PVDF
in NIBs.**?’

Sodium has been shown to electrochemically insert into Pb at
room temperature. The full sodiation lead of Na,sPb, phase has
a capacity of 485 mA h g™, corresponding to a volume expansion
of 365%. Both Jow et al*® and Komaba et al*® suggested the
formation of NaPb;, NaPb, NasPb, and Na,sPb, in order during
the sodiation of lead, but without any evidence of their forma-
tion. However, it was demonstrated by Ellis et al* that NaPb;,
NaPb, NagPb, and Na,;sPb, were formed sequentially instead of
NaPb;, NaPb, NasPb, and Na,;sPb, during the sodiation, when
they studied the sodiation process of lead film by in situ XRD.
Recently, Darwiche et al.** utilized in situ XRD to study the phase

This journal is © The Royal Society of Chemistry 2017
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transformation of the bulk lead during sodiation process and
reported phase formation process of Na-Pb alloy consistent with
that found by Ellis et al. In addition, the highly loaded Pb in this
system showed sustainable capacity retention of 464 mA h g *
after 50 cycles at 13 mA g~ *. Pb(NO3), was also investigated as
anode materials for sodium ion batteries with a specific capacity
of 81.5 mA h g " after 50 cycles.?® Different from the case of bulk
Pb, the sodiation process of Pb(NO3), does not show four distinct
potential plateaus.

In our previous studies, it was found that PX-phase PbTiO;
(PT) presents high reversible specific capacity, excellent cycling
property and rate capacity in the lithium-ion batteries because it
can combine the high specific capacity of Pb and good rate
capability of TiO,-based systems. In this work, PX-phase PbTiO;
nanowires are studied as novel anode material for NIBs. Elec-
trochemical results show that the PT/CMC-SBR electrode delivers
a specific capacity of 84.2 mA h g~' after 100 cycles. The PT
nanowires are found to undergo an irreversible conversion
reaction to transform into a composite structure composed of 5-
8 nm Pb nanoparticles uniformly dispersed in the amorphous
matrixes in the initial discharge process. In the subsequent
cycling process, the discharge capacity was primarily attributed
to alloying reaction between Pb and Na and conversion reaction
between Pb and PbO,. Furthermore, we use PVDF instead of
CMC-SBR as binder to study the influence of binders on the
electrochemical performance of PX-phase PT anode. It is found
that PT/CMC-SBR electrode exhibited better electrochemical
properties than PT/PVDF electrode in both cyclic performance
and rate capability. Detailed analysis is conducted to understand
the underlying mechanism for the distinct NIBs anode perfor-
mance of PT nanowires caused by use of different binders. This
work signifies the importance of binders to optimize the elec-
trochemical performance of alloy anode materials in NIBs.

Experiments
Materials preparation

PX-phase PT nanowires are prepared by a reported hydro-
thermal method.** 4 mmol of Ti(OC,4H,), (Sigma-Aldrich) is first
dissolved in 8 mL of ethanol and the obtained transparent
solution is hydrolyzed in 8 mL of deionized H,O. Subsequently,
20 mmol of KOH (Sigma-Aldrich), 5.2 mmol of Pb(NO3), (Alfa
Aesar), and 0.05 g of polyvinyl alcohol (PVA) (Alfa Aesar) are
added and mixed homogeneously under stirring. The volume of
the mixture is then adjusted to 40 mL with deionized H,O, and
transfered into a 50 mL Teflon-lined autoclave. Hydrothermal
treatment is carried out at 200 °C for 3.5 h, followed by washing
with deionized H,O until neutral pH is achieved. The Pb oxide
remnant is removed with 10 wt% CH;COOH aqueous solution.
The final pure PX-phase sample is obtained by another cycle of
washing with deionized H,0 and dried at 60 °C in air.

Material characterization

X-ray diffraction (XRD) is conducted using a Rint-2000V/PC
diffractometer (Rigaku, Japan) with Cu/Ke radiation (A =
1.5406 A). The scanning electron microscope (SEM, ZEISS

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

SUPRA® 55), which is equipped with an EDS detector (Oxford X-
Max 20), is used for the morphologies and EDS analysis of
materials. Transmission electron microscopy (TEM) analysis is
conducted with Tecnai G2 F30. X-ray photoelectron spectros-
copy (XPS) is performed using PHI-5000 Versaprobe II (Ulvac-
Phi, Japan).

Electrochemical measurements

Electrochemical tests of the anode materials are carried out
using coin cell CR2032. For preparing the PT/PVDF electrodes,
a slurry of 80% active materials (PX-phase PT), 10% carbon
black (Super P) and 10% PVDF in NMP is coated onto a copper
foil and then dried at 110 °C over night in a vacuum oven. The
procedure for preparing PT/CMC-SBR electrodes is the same
except that a mixture of 5 wt% CMC (1.5 wt% aqueous solution)
and 5 wt% SBR (50 wt% aqueous solution) is used instead of
PVDF. The sodium cells are assembled in an argon-filled glove
box (mbraum) with metallic sodium wafer as the counter elec-
trode, glass fibers as the separator, and 1 M NaClO, in 1:1
ethylene carbonate (EC)/dimethylcarbonate (DMC) as the elec-
trolyte. All the cells are aged for 12 h before conducting the
electrochemical measurements. The galvanostatic discharge-
charge tests are conducted in the voltage window of 0.005-3 V at
room temperature using LanHe BT2000 multichannel testing
equipment. Cyclic voltammograms (CVs) measurement is con-
ducted using a Bio-Logic VMP2 multichannel potentiostat. The
scan rate and potential interval in the CV tests are set at 0.1 mV
s~ ' and 0.005-3 V respectively.

Result and discussion

As shown in Fig. 1(a), all the diffraction peaks of as-prepared PX-
phase PT nanowires match well with the standard XRD pattern
(JCPDS #48-0105). The PX-phase PT material has a body-
centered tetragonal unit cell and contains ~5.5 A wide pores
in the a-b plane (inset in Fig. 1(a)). Fig. 1(b) presents a typical
SEM images of the as-prepared PX-phase PT, showing fibrous
morphology with the diameter in the range of 10 nm to more
than 300 nm and the length in the range of hundreds of
nanometers to over 30 pm.

The according electrochemical performance of PT as a NIB
anode material with CMC and SBR as binders is evaluated by
charge-discharge tests at the current intensity of 30 mA g *
with the voltage ranging from 0.005 V to 3 V. As depicted in
Fig. 1(c), the initial discharge/charge capacity of PT/CMC-SBR
electrode is 522.3/367.6 mA h g~'. An obvious gradual fading
similar to those normally observed in the PX-phase PT as LIB
anodes is seen in first several cycles. After 100 cycles, the
capacity still remains 84.2 mA h g~'. Fig. 1(d) shows the rate
capability of PT/CM-SBR electrodes. The specific current is
increased stepwise from 30 mA g ' to 2000 mA g " every 10
cycles, and finally reverts to the initial value of 30 mA g™ . It is
seen that PT/CM-SBR electrode delivers discharge capacity of
263.5 mA h ¢ ' at 30 mA g~ ' and then reduces to 166.3, 114.5
and 78.6 mA h g~ at a specific current of 50, 100 and 200 mA
g~ ', respectively. A discharge capacity of 30 mA h g ' is

RSC Adv., 2017, 7, 25678-25684 | 25679
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Fig. 1 (a) XRD pattern, and (b) SEM image of pristine PX-phase PT nanowires; (c) cycling capacity and coulombic efficiency of PT/CMC-SBR

electrode; (d) rate capability of PT/CMC-SBR electrode. The inset in (a) shows the atomic structure of PX-phase PT within a unit cell, in which the

black, blue and red balls represent Pb, Ti, O atoms, respectively.

delivered at the highest tested specific current of 2000 mA g~*
and 134.7 mA h g~ ' is remained when the specific current is set
back to 30 mA g~ .

Cyclic voltammograms (CVs) analysis has been conducted to
illuminate the Na-ions insertion/extraction mechanism of PT/
CMC-SBR electrode. As presented in Fig. 2(a), the first
discharge curve shows three reduction peaks, located at 0.43,
0.18 and 0.01 V respectively, whereas the peak at 0.43 V disap-
pears in the subsequent cycles. The reduction peak at 0.43 V
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(a) Cyclic voltammogram curves of PT/CMC-SBR electrode; (b)

voltage profiles of selected cycles for PT/CMC-SBR electrode; XPS
spectra of (c) Pb and (d) TiO, in the PT/CMC-SBR electrode at various
cut-off voltages: open circuit voltage, first discharged to 0.005 V, first
charged to 3.0 V.
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corresponded to a multiphase transition PbTiO; + 2Na" + e~ —
Pb + TiO, + Na,O. The peaks at 0.18 and 0.01 V are corre-
sponding to the alloying process of Pb to Na,Pb as well as
sodium ion inserting into the super P carbon.*** In the
subsequent charge process, three oxidation peaks at 0.28, 0.45
and 0.58 V are corresponding to the progressive dealloying
reactions from Na,Pb to Pb.*> There are two broad oxidation
peaks ranging from 1.2 V to 1.5 V and two broad reduction
peaks ranging from 1.4 V to 0.7 V in the CV curves, which can be
attributed to the conversion reaction between Pb and PbO,.**
Based on the CV profiles and reaction mechanisms of PX-phase
PT as anode materials of LIBs, the reactions that are involved in
PX-phase PT anode as NIBs can be expressed as follows:

PbTiO; + 2Na™ + 2¢~ — Pb + TiO, + Na,O (1)
Pb + xNa* +xe” < Na,Pb (2)

TiO, + yNa™ + ye~ « Na,TiO, (3)

Pb + Na,0~ < PbO, + 2Na™ + 2e~ (4)

The voltage profiles (vs. capacity) for first three cycles are
shown in Fig. 2(b). Two long potential plateaus at 0.6 V and
0.01 V and one short potential plateaus at 0.2 V appear during
the initial discharge process. The potential plateaus at 0.6 V
disappears in the subsequent cycles. This potential plateau
corresponds to the reaction described by eqn (1), which was the
main reason leading to low initial coulombic efficiency
(70.38%) of PT/CMC-SBR electrode. The slope (1.2-1.8 V) that
delivers a specific capacity of 100 mA h g~ was corresponding

This journal is © The Royal Society of Chemistry 2017
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to the reaction described by eqn (4). Different from the case for
PX-phase PT LIBs, the conversion reaction between Pb and PbO,
only proceeds in the PX-phase PT NIBs. It is first time to find
this reaction in the PT/CMC-SBR electrode. Darwiche et al.*
have suggested that the four distinct plateaus observed in the
discharge process of bulk lead, corresponding to the formation
of NaPb;, NaPb, NagPb, and Na;sPb, crystalline phases
sequentially, and phase transformation in the charge process is
just the opposite. However, for PT/CMC-SBR electrode, the four
plateaus cannot be clearly observed, especially for the second
and third cycles, with only two plateaus at 1.2 and 0.01 V in the
discharge process and three plateaus at 0.2, 0.4 and 0.56 V in the
charge process. This indicates that the sodiation process of Pb
produced by the decomposition of PX-phase PbTiO; is different
from that of bulk Pb.

XPS analysis of cycled electrode is performed to further track
the chemical state of Pb and Ti elements in the PT/CMC-SBR
electrode (Fig. 2(c) and (d)). At open circuit voltage (OCV), the Pb
4f peaks located at 137.65 eV and 142.55 eV are consistent with
the Pb>" state in PX-phase PbTiOj;. After discharged to 0.005 V,
the Pb 4f peaks shift to 136.27 eV and 141.22 eV, indicating the
occurrence of reduction of Pb*>" to Pb° in the first discharge
process as shown in reaction (1) and (2). Upon the completion of
the subsequent charging, the peaks for Pb*" (138.39 eV and
143.29 eV) appear as the dominant ones, indicating that a large
portion of metallic Pb are oxidized and thus conforming the
presence of reaction (4) in the PT/CMC-SBR electrode. Fig. 2(d)
shows the reversible valance state change of Ti from Ti*" to Ti**

Pb/(200)
v

: th\”c

Fig. 3
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in good accord with reaction (3). It is interesting to note that no
appreciable reversible peaks that are expected for the insertion/
de-insertion process of Na' in crystalline TiO, have been
observed in the CV measurements. This is due to the amor-
phous nature of the formed TiO,, similar to the case of PX-
phase PT-fiber electrode in LIBs.**

As indicated by reaction (1), PX-phase PT has undergone
a decomposition process during the first discharge. It is thus
interesting to investigate their structural change induced by the
reaction. Fig. 3(a) shows the microstructural image of PT/CMC-
SBR electrode after first discharged to 0.005 V. It is seen that the
active material has retained their integrity as wires. Neverthe-
less, a close inspection of the magnified TEM image (inset in
Fig. 3(a)) reveals a substantial change in microstructure, leading
to formation of a composite structure with 5-8 nm ultrafine
nanoparticles uniformly dispersed in an amorphous matrix.
The exposed crystalline fringes of the nanoparticles observed in
the HRTEM images (Fig. 3(b)) as well as the SAED pattern (inset
in Fig. 3(b)) indicate that those crystalline particles are fcc Pb
nanoparticles. Fig. 3(c) shows the HRTEM image and SAED
pattern of PT/CMC-SBR electrode after first charged to 3.0 V.
The results show that the nanoparticles in the matrix are Pb, but
their content is relatively reduced compared with Fig. 3(b).
Fig. 3(d) shows the XRD of PT/CMC-SBR electrode at various
cut-off voltages. Upon first discharged to 0.25 V new peaks
ascribed to Pb appeared instead of PX-phase PbTiO;. This
change indicates the occurrence of reaction (1). The TiO,-Na,O
phase had been reported to be amorphous which explains the
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(a) TEM image and (b) HRTEM image of the PT/CMC-SBR electrode first discharged to 0.005 V; (c) HRTEM image of the PT/CMC-SBR

electrode first charged to 3.0 V; (d) XRD patterns of PT/CMC-SBR electrode at various cut-off voltages: first discharged to 1.0 V, first discharge to
0.25V, first discharged to 0.005 V, first charged to 0.7 V and first charged to 3.0 V ("Cu” represents the peaks contributed from the Cu current
collector substrate). The inset in (a) presents a magnified view of the wires. The inset in (b) and (c) show the corresponding selected-area electron

diffraction patterns.
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lack of associated Bragg peaks. The XRD of fully discharged
state shows only Pb phase. While that of fully charged state also
shows only Pb phase, but with much weaken intensity. And this
indicates that Pb has been transformed, consisting with the
result of XPS analysis.

Although the CV curves show the alloying reaction (Pb +
Na' + e~ < Na,Pb) can proceed, the results of XRD and
repeated TEM characterizations do not show the presence of
crystalline Na,Pb alloy phases. Therefore we conclude that the
Na,Pb alloy phases after discharge process are amorphous
and alloying reaction is not fully completed. This is signifi-
cantly different from the case of bulk Pb.** The fact that
a substantial portion of metallic Pb that is reduced from
pristine PT does not further participate in the sodiation
reaction largely accounts for the lower capacity of PX-phase
PT relative to bulk Pb. The possible reason might be
ascribed to the existence of amorphous TiO,-Na,O matrix
formed after the PT decomposition, which makes it difficult
for Na* to diffuse through the amorphous surrounding to
reach Pb and completely alloy with it. This is similar to the
case of Sn0O, anode materials in NIBs.**

As indicated by Zhang et al.,*” the choice of binders could
have a significant influence on the anode performance in
NIBs. To have a deeper view of the role of CMC/SBR binder we
used, a comparative study is conducted on PX-phase PT anode
with PVDF as binder. As shown in Fig. S1(a),f the specific
capacity of PT/PVDF electrode is down to 26.8 mA h g™ after
100 cycles, which is only one third of PT/CMC-SBR electrode
(84.2 mA h g™'). Fig. S1(b)T shows the rate capability of PT/
PVDF electrode. The capacity of PT/PVDF electrode is drop-
ped to 0 mA h g~" when the current density is larger than
200 mA g~ ', while that of PT/CMC-SBR is still 100 mA h g " at
200 mAh g "and 30 mA h g " at 2000 mA g . Therefore, it is
clearly seen that CMC/SBR is superior to PVDF as binder in the
NIBs anode with PT nanowires as active material. To elucidate
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the detailed mechanism, further analysis has been performed.
As shown in Fig. S1(c),T the CV curves of PT/PVDF electrode
nearly coincide with that of PT/CMC-SBR electrode in the low
potential range (<0.7 V). However, in the potential range
higher than 0.7 V, the two broad oxidation peaks ranging from
1.2 V to 1.5 V and two broad reduction peaks ranging 1.4 V to
0.7 V in the CV curves of PT/CMC-SBR electrode are not
present in PT/PVDF electrode. This pair of oxidation/reduction
peaks is corresponding to the reaction described by eqn (4)
and delivers a specific capacity of 100 mA h g™ in the initial
cycle. The missing reaction (4) in the PT/PVDF electrode is in
good accord with its lower specific capacity compared to PT/
CMC-SBR electrode.

SEM analysis of the cycled electrodes at different discharge/
charge states is carried out to check the structural change
during discharge and charge processes (Fig. 4). Upon the initial
discharge, the pristine PX-phase PT wires with smooth surface
(Fig. 4(a) and (e)) undertake a decomposition into Pb and TiO,
and subsequent alloying process of Pb with Na, which lead to
a huge volume expansion and roughened wire surface (Fig. 4(b)
and (f)). In the charge process, the surface of the nanowires
become smooth again accompanied with a reduction in the
thickness due to deintercalation of Na ions from the matrix.
However, in the case of PT/PVDF electrode, hexagonal particles
appear on the surface of the electrode at 1.5 V (Fig. 4(c)), and
continues growing in size and number upon further charge to
3.0 V (Fig. 4(d)) while no presence of hexagonal particles is
detected in the PT/CMC-SBR electrode during the whole
charge/discharge process (Fig. 4(g) and (h)). The energy
dispersive analysis (EDS) result shows that the main elements in
the hexagonal particles are Pb, Na and O, which excludes that
the phase is PT (ESI Fig. S2f). Thus it can be inferred that
instead of reaction (4) which take place within the similar
potential range in the PT/CMC-SBR electrode, the Pb species
have diffused out from the wires and reprecipitated as

Fig. 4

(a—d) SEM images of the PT/PVDF electrodes at various cut-off voltages: (a) a pristine electrode, (b) first discharged to 0.005 V, (c) first

charged to 1.5V, (d) first charged to 3.0 V. The inset in (d) presented a magnified view of hexagonal particles. (e—h) SEM images of the PT/CMC—
SBR electrodes at various cut-off voltages: (e) a pristine electrode, (f) first discharged to 0.005V, (g) first charged to 1.5V, (h) first charged to 3.0 V.
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hexagonal particles in combination with Na and O when PVDF
is employed as binder. The formed microsized hexagonal
particles lead to a bigger volume change and further aggravate
electrode's disintegration, resulting the inferior cyclic and rate
capability of PT/PVDF electrode in NIBs.

Conclusions

In this paper, PX-phase PbTiO; nanowires is investigated as
anode materials for sodium-ion batteries. PT nanowires is
found to undergo an irreversible conversion reaction to trans-
form into a composite structure composed of 5-8 nm Pb
nanoparticles uniformly dispersed in the amorphous matrixes
in the first discharge process. In the subsequent process, the
capacity is primarily attributed to alloying reaction between Pb
and Na which formed amorphous Na,Pb alloys. With different
binders (CMC-SBR vs. PVDF), PT nanowires exhibit distinct
electrochemical performance, PT/CMC-SBR electrode delivers
a specific capacity of 84.2 mAh g " at 30 mA g~ after 100 cycles,
which is three times as the PT/PVDF electrode (26.8 mA h g™ ).
The initial coulombic efficiency of PT/CMC-SBR electrode
(70.38%) is also obviously higher than that of PT/PVDF
(55.21%). Meanwhile, PT/CMC-SBR electrode exhibits better
rate capability. It is found that compared to PT/CMC-SBR
electrode, the conversion reaction between Pb and PbO, is
missing in the PT/PVDF electrode, and that Pb active material
has diffused out from the wires and reprecipitated as micro-
sized hexagonal particles during the discharge/charge process,
leading to the inferior electrochemical performance of PT/PVDF
electrodes. This work manifests that binders have an important
influence on the reaction mechanism between PX-phase PT and
sodium ion and signifies the importance of binders to optimize
the electrochemical performance for alloy anode materials in
NIBs.
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