SCIENCE CHINA
Chemistry

CrossMark

& click for updates

e ARTICLES -
- SPECIAL TOPIC - Electrochemical Power Sources

December 2017  Vol.60 No.12:1546-1553
doi: 10.1007/s11426-017-9125-y

Surface-engineering enhanced sodium storage performance of
Na3;V2(PQOs); cathode via in-situ self-decorated conducting polymer
route

Jiexin Zhang', Tianci Yuan', Haiying Wan?, Jiangfeng Qian', Xinping Ai',
Hanxi Yang' & Yuliang Cao'*

'Hubei Key Laboratory of Electrochemical Power Sources, College of Chemistry and Molecular Sciences, Wuhan University,
Wuhan 430072, China
2Jincheng Abound Energy Ltd., Jincheng 048000, China

Received June 29, 2017; accepted August 21, 2017; published online November 20, 2017

The key to the development of sodium ion battery is materials with a high rate capacity and cycle stability. Conducting coating is an
efficient approach to improve electrochemical performance. As a case study, the Na;V,(PO4);@PEDOT composite was prepared
through an in-situ self-decorated conducting polymer route without further calcination. The Na;V,(PO,); electrode with a 7%
poly(3,4-ethylenedioxythiophene) (PEDOT) coating can deliver an initial reversible capacity of 100 mA h g ' at 1 cycle, and 82%
capacity retention over 200 cycles. The results also show that the Na;V,(POs); electrode without and with a thick PEDOT coating
exhibits poor electrochemical performance, indicating that an appropriate coating layer is important for improving electronic
conductivity and regulating Na-ion insertion. Therefore, this work offers possibility to promote the electrochemical performance

of poor-conducting materials in sodium-ion batteries using an in-situ self-decorated conducting polymer.
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1 Introduction

The rapid development of new energy sources such as solar
and wind energy requires efficient energy storage technology
[1]. Among the various technologies, Li-ion batteries have at-
tracted much attention because of their high energy-conver-
sion efficiency and long-term life [2,3]. However, the high
cost and limited resources of lithium hinder the development
of Li-ion batteries for large-scale applications. Therefore,
Na-ion batteries (SIBs) are the most promising alternative for
large-scale storage applications because of low cost and wide-
spread availability of Na [4,5].
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Since the 1980s, a variety of polyanionic materials such as
silicates (A-MSiOy) [6-9], sulfate (AMSO,), [10—12] phos-
phate (AsM,PO,), [13,14] pyrophosphates (AMP,O;)
[15-17] have attracted much attention. Among them, NA-
SICON-type Na3zV,(PO4); (NVP) received considerable
attention [18-21], because of its high reversible capacity
of 117 mA h ¢! and potential plateau at 3.4 V vs. Na'/Na
corresponding to the redox couple V*/V** [22]. Moreover,
this material has a good safety standard even at 450 °C for
charging status [23]. The sodiation/desodiation behavior of
Na;V,(PO,); was first studied by Yamaki group [22], but the
results were unsatisfactory because of the poor electronic
conductivity of phosphate framework. After that, many
strategies such as carbon coating [24-26], decreasing the
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particle size [27,28] and doping [29] have been developed to
improve the ion transport kinetics.

An improved performance has been achieved for
NasV2(POs); cathodes following these approaches. Chekan-
nikov et al. [30] developed Nas;V2(PO4);/C/Ag nanocompos-
ite material using modified Pechini method that can deliver
117.2 mA h g™' reversible capacity at a current of 11 mA g .
Fang et al. [31] developed carbon fiber-wrapped Na;V,(PO4);
using chemical vapor deposition (CVD) method, and this
delivered 38 mA h g™! reversible capacity at 500 C and ob-
tained 50% more capacity for an ultralong cycle life of 20000
cycles at 30 C. Rui ef al. [32] reported a feasible freeze-dry-
ing assisted method to obtain NVP/C/rGO nanocomposite
with a capacity retention of 64% for a long cycle life of
10000 cycles at 100 C. Therefore, the development of a
better conductive matrix is a facile method to improve the
electronic conductivity of Na;V,(PO,)s.

Conducting polymers are ideal coating agents because they
not only improve the electrical conductivity, but also pro-
vide mechanical flexibility [33,34]. Moreover, the original
monomer material forms a conductive polymer membrane
using an in-situ oxidation polymerization method, ensuring
the uniformity of coating layer on the surface of the mate-
rials. Among the conductive polymers, poly(3,4-ethylene-
dioxythiophene) (PEDOT) is a commonly used conductive
intermediate because of its high electrical conductivity.
Therefore, coating of PEDOT on Na;V,(PO,); is a simple
and desirable approach to improve the electronic conductiv-
ity. Kim et al. [35] developed PEDOT-coated LizV2(POs);
under mild processing conditions at a low temperature and
delivered 110 mA h g! (more than 80% of its theoretical
capacity) at 30 C rate with 97% capacity retention after 100
cycles at 10 C rate without adding any carbon. Lepage et
al. [36] reported that the conducting polymer/LiFePO4 com-
posite delivers 163 mA h g™ at 0.1 C rate, which is similar
to the theoretical capacity of LiFePOs. Because of these
advantages, Na;V,(PO4);@PEDOT composite was prepared
for the first time using an in-situ self-decorated conducting
polymer route that does not require further calcination, and
its structural, morphological, and electrochemical properties
were also investigated.

2 Experimental

2.1 Synthesis of materials

2.1.1 Preparation of bare Na;V2(PO4);

Bare Na;V,(PO,); was prepared by ball mixing and subse-
quent calcination. All the reagents were purchased from Alfa
(USA) and used as received without further purification.
First, V,0s, NHsH,PO4 and Na,CO; were added in a stoichio-
metric ratio to ethanol in a high-energy ball mixing vial. To
reduce V** to V4+, H,C»04-2H,0 (V205:H.C,04-2H,0=1:4,
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molar ratio) was added during the ball-milling. The mix-
ture was ground for 2 h and dried in an oven at 80 °C for
8h. Then, the dried precursor was sintered for 8 h at
850 °C in Ar atmosphere to obtain bare Na;V,(PO4); (NVP).

2.1.2 Preparation of Na3V2(PO4);@PEDOT (NVP@PED-
OT) composite

NVP@PEDOT was prepared by in-situ surface-self-deco-
rated method using oxidized Na;-.V>(PO4); to evaluate the
effect of oxidative polymerization of 3,4-ethylenedioxythio-
phene (EDOT) monomer on the surface of Na3V(POy)s.
To partially oxidize NasVa(POs);, NO,BFs (97%, Alfa,
USA) was used as the oxidizing agent. First, NO.BF4 and
Na;V2(PO,4); were added to a Schlenk bottle, and then ace-
tonitrile was added. All the reactions were carried out in
Ar atmosphere. The product was washed with acetonitrile,
affording the oxidized Na;V2(POs)s. Then, the oxidized
precursor was added into an EDOT monomer solution
to initiate the polymerization reaction of EDOT. Finally,
NasV2(PO4);@PEDOT (NVP@PEDOT) was obtained. The
coating content of PEDOT can be controlled by tuning the
oxidizing state of NVP using different molar ratios of NVP
and NO,BF,. In this study, two different molar ratios of
NVP and NO,BF, (5:1 and 5:2) were selected to prepare
NVP@PEDOT composites, marked as NVP@PEDOT-1 and
NVP@PEDOT-2, respectively.

2.1.3 Preparation of PEDOT

The bare PEDOT was synthesized using a polymerization
method in an aqueous medium. First, HCI (37%, 0.1 mL), a
dopant, was added into deionized water. Then, EDOT
monomer (0.4 mL) was added dropwise into the HCI so-
lution and homogenized for 10 min. Oxidant, (NH4).S,O0s
(0.73 g), was dissolved in 10 mL deionized water and mixed
with the above solution. The mixture was reacted for
48 h, producing a navy-blue precipitate. This solid precipi-
tate was filtered, washed with deionized water, and dried at
50 °C for 24 h to obtain the product as a solid.

2.2 Material characterization

Scanning electron microscopy (SEM) images were ob-
tained using a Zeiss Merlin Compact instrument (ZEISS
Merlin Compact, Germany), and elemental distribution
mappings were obtained using an Oxford X-Max™ probe
(INCAPentalFETx3, Oxford Instruments, Britain). Trans-
mission electron microscopy (TEM) was performed us-
ing a JEM-2010FEF instrument (JEOL, Japan). X-ray
diffraction (XRD) data were obtained using a Shimadzu
XRD-6000 diffractometer (Japan) with Cu Ko radiation
(40 kV, 30 mA). The 26 range was from 10° to 60° with a scan
rate of 2° min~'. Micro-Raman spectra were obtained using
an Renishaw InVia Raman spectrometer (Renishaw, Britain)
with 532 nm radiation in the range of 500-2500 cm™'. The
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PEDOT content was measured by thermogravimetric anal-
ysis using a TGA Q500 instrument (TA instrumens, the
United States) under air. Electrochemical impedance spectra
(EIS) were obtained using an Autolab PGSTAT 128N (Eco
Chemie, Netherlands). X-ray photoelectron spectra (XPS)
were measured using an ESCALAB 250Xi (Thermo Scien-
tific, USA) with Al Ko radiation.

2.3 Electrochemical measurements

Electrochemical characterizations were carried out using
a half-cell, and a homemade Na piece was used as the
counter electrode. The NVP@PEDOT electrodes were
prepared by mixing active material, acetylene black, and 4%
poly(vinyldifluoride) (PVDF) in a N-methyl-2-pyrrolidone
(DMF) solution in a ratio of 7:2:1 by weight. The area of the
electrode was ~1.13 cm?, while the average loading of the
entire material was ~1.5 mg cm™.

All the cells were assembled in a glove box filled with
argon gas and tested at a constant temperature. The elec-
trolyte was 1 mol L™' NaClO, dissolved in ethylene carbon-
ate/diethyl carbonate (EC/DEC, 1:1, v/v). Cyclic voltamme-
try tests were performed using a CHI 660C electrochemi-
cal workstation (ChenHua Instruments Co., China) at a scan
rate of 0.1 mV s in the range from 2.6 V to 3.8 V. EIS
measurements were conducted in the frequency range from
10 mHz to 100 kHz on both bare NVP and NVP@PEDOT
electrodes using an AutoLab PGSTAT 128N (Eco Chemie,
Netherlands). Before the EIS tests, the electrodes were re-
laxed for 4 h. Galvanostatic charge/discharge measurements
were performed using a LAND cycler (Wuhan Kingnuo Elec-
tronic Co., China) in the voltage range 2.0-4.0 V.

3 Results and discussion

Surface engineering using an in-situ self-decorate conduct-
ing polymer on the surface of Na;V,(POs); provides a tight
and conductive coating that is beneficial for improving the
electrochemical performance of Na;V,(POs);. The mecha-
nism of coating is schematically illustrated in Figure 1. For-
mation of oxidized Na;V,(PO4); using NO,BF; as the ox-
idizing agent easily oxidizes the EDOT monomer, leading

NasV,(PO,);

NO,BF,

CH,CN
Na removal

to the formation of PEDOT. In the surface-polymerization
process, the formation of conducting polymer and Na-ion
reinsertion into the Na;V2(POs); occurred simultaneously,
resulting in a uniform coating of PEDOT on the surface of
reduced Na;V,(PO,)s. The reactions of NVP@PEDOT com-
posite are summarized below:

Na ,V(PO,), +xNO,BF, |
— Na, V(PO,), +xNaBF,+xNO, M
Na, V(PO,) +xNa'+EDOTs
()

— Na VPO, @PEDOT

Figure 2 shows the XRD patterns of pure Na;V,(POs); and
NVP@PEDOT composites. All the materials have similar
patterns, and all Bragg diffraction peaks of the sample can
be assigned to the R-3c¢ space group (2Na in 18e position,
INa in 6b position), consistent with the literature [20,37].
All the peaks showed good crystallinity, and no impurity was
observed in the diffraction patterns, indicating that PEDOT
coating and Na reinsertion have no influence on the structure
of NVP.

To investigate the PEDOT coating, the morphologies of
the materials were characterized by SEM and TEM. As
shown in Figure 3(a), the diameter of bare NVP particle
is ~500 nm, and the particles adhere to each other. The
particles show a smooth surface and clear corners. After the
coating of PEDOT (Figure 3(b, c)), the size and shape of
materials showed no obvious change, but the surface became
rough and wrinkled, proving the coating of PEDOT to a
certain degree. With increasing coating content of PEDOT
(NVP@PEDOT-2), clearly a polymer film was produced
among the particles (Figure 3(c)). The magnified TEM
images clearly show the coating of PEDOT in Figures 3(e,
). The sizes of the coating layers of NVP@PEDOT-1 and
NVP@PEDOT-2 were ~40 and 80 nm, respectively, and the
NVP@PEDOT-2 showed more peeled-off fragments of PE-
DOT. The elemental mapping spectra in Figure 3(k—m, o—q)
show that Na, V, P, C, O, and S elements were distributed
homogeneously in particles, indicating the uniform coating
of PEDOT. The PEDOT content was measured by TGA
under air condition, as shown in Figure 4. The weight perce-

EDOT PEDOT

VW aaNanN { . Y .,\"’J
BWAWE /=
CH,;0H
Na reinsertion

Naz xV,(PO,);

Na, ,V,(PO,),/PEDOT

Figure 1 Schematic illustration of the synthesis of NVP@PEDOT composites (color online).
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ntage of PEDOT was calculated to be ~7% and 15% for
NVP@PEDOT-1 and NVP@PEDOT-2, respectively, ac-
cording to the weight loss.

To further confirm the existence of PEDOT, its Raman
VP spectra were obtained, as shown in Figure 5. For pure
Na;V,(PO.)s (Figure 5(a)), three peaks corresponding to the

h stretching vibrations of POy, Ip, and Is were observed [31].
— NVP@PEDOT-1 However, for the coated materials shown in Figure 5(c, d),

Intensity (a.u.)

these peaks cannot be detected, while some typical peaks of
PEDOT were observed [38—40]. For instance, the stretch-
ing of the symmetric Co=CB(—O) band (1432 cm™'), de-

' ' — NVP@.PEDOT'Z formation of C-O—C band (1131 cm™), deformation of
10 20 30 20 40 50 60 Ca—S—Co’ ring (704 cm™"), and deformation of oxyethylene
ring (578 cm™') are consistent with those for pure PEDOT

Figure 2 XRD patterns of NVP and NVP@PEDOT electrodes (color on- shown in Figure 3(b).
line).

2000m 200 nm

(i)

v

v

' Energy (kev)

7 8

Y

Figure3 (a—c)SEM images of NVP,NVP@PEDOT-1 and NVP@PEDOT-2, respectively; (d—f) TEM images of NVP, NVP@PEDOT-1 and NVP@PEDOT-2,
respectively; (g—i) magnified TEM images of NVP, NVP@PEDOT-1 and NVP@PEDOT-2, respectively; (j, n) typical EDS and SEM image of NVP@PE-
DOT-1; (k-m, o—p) the corresponding elemental mapping of (k) sodium (red), (1) vanadium (yellow), (m) phosphorus (green), (o) carbon (cyan), (p) oxygen
(purple), and (q) sulfur (orange) (color online).
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Figure 4 TG curves of NVP and NVP@PEDOT electrodes (color online).
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Figure 5 Raman spectra of NVP (a), PEDOT (b) and NVP@PEDOTs (c,
d) electrodes (color online).

Cyclic voltammetry (CV) of bare NVP and NVP@PE-
DOT composite electrodes were performed in the potential
range of 2.8-3.8 V at a scan rate of 0.1 mV s as shown
in Figure 6(a). One couple of well-defined oxidation and

reduction peaks were observed for all the samples, cor-
responding to reversible V*"*" redox reaction along with
Na-ion insertion and extraction. However, it was clearly
observed that the shapes of the oxidation and reduction peaks
of NVP@PEDOT electrodes are more symmetrical and
sharper than those of bare NVP electrode, indicating a lower
polarization and highly reversible electrochemical reaction
owing to the conductive coating of PEDOT. Interestingly,
NVP@PEDOT-1 exhibited a higher electrochemical re-
versibility compared to NVP@PEDOT-2 with a high content
of PEDOT. This suggests that a thick coating layer could
hinder Na-ion diffusion, leading to poor electrochemical
properties. Electrochemical performances of NVP@PEDOT
composites were investigated in a coin cell using galvanos-
tatic charge/discharge measurement for comparison with the
bare NVP electrode. Figure 6(b) shows typical charge/dis-
charge profiles of NVP and NVP@PEDOT electrodes at a
current rate of 0.2 C. The NVP@PEDOT-1 electrode showed
the highest reversible capacity (105 mA h g™, based on the
mass of the NVP@PEDOT) and flattest voltage plateau.
However, the charge/discharge profile of bare NVP electrode
showed a severe trailing phenomenon, suggesting that the
movement of Na ion was suppressed because of low electron
conductivity. The result is in good agreement with the CV
curve shown in Figure 6(a).

Figure 7(a) shows the rate performances of NVP,
NVP@PEDOT-1, and NVP@PEDOT-2 at different current
densities (0.1,0.2,0.5, 1, 2, 5, 10, 20 and 30 C). The 1 C rate
is based on the theoretical capacity of 117 mA h g, cor-
responding to 2Na extraction/insertion of Na;V,(PO4)s.
Both NVP@PEDOT electrodes showed improved capacity
and rate performance compared to bare NVP electrode.
NVP@PEDOT-1 electrode showed the best electrochemical
performance, reaching a reversible capacity of as high as 89,
79, and 58 mA h g! at high rates of 5, 10 and 20 C, respec-
tively, while the bare NVP electrode only delivered 25, 13,
and 5 mA h g™', respectively. This indicates that the coating
of PEDOT conducting polymer can efficiently improve the
electron conductivity of the material and enhance the elec-
trochemical reversibility of the electrode. When the current
was returned to a low rate, the initial capacity of the three
electrodes was recovered, exhibiting excellent structural
stability. The cycling behaviors of bare NVP and NVP@PE-
DOT electrodes were also investigated between 2.0-4.0 V as
shown in Figure 6(b). NVP@PEDOT-1 electrode delivered
a high discharge capacity of 100 mA h g™ at the initial
capacity and 93 mA h g after 100 cycles at 1 C rate, corre-
sponding to a capacity retention of 93%, while only 89% and
59% for NVP@PEDOT-2 and NVP electrodes, respectively.
Even after 200 cycles, NVP@PEDOT-1 electrode exhibited
a capacity retention of 82%. The enhanced electrochemical
performance ofthe electrode with PEDOT coating can be
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Figure 6 (a) Cyclic voltammograms of NVP and NVP@PEDOT electrodes at a scan rate of 0.1 mV s'; (b) typical charge/discharge profiles of NVP and

NVP@PEDOT electrodes at a current rate of 0.2 C (color online).
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Figure 7 (a) Rate capability of NVP and NVP@PEDOT electrodes at different current rates; (b) charge/discharge profiles of NVP and NVP@PEDOT elec-

trodes at 1 C rate (color online).

explained as follows: the coated PEDOT improves the elec-
tronic conductivity and buffers the structural change during
the Na-ion insertion and extraction.

To explain the improved performance by PEDOT coating,
EIS analyses of NVP and NVP@PEDOT electrodes were
conducted at the discharge state of third cycle. As shown
in Figure 8, all the electrodes showed similar Nyquist plots:
an oblique line in the low-frequency region and a semicircle
in the high-frequency region, corresponding to the Na-dif-
fusion within the bulk phase of the electrode material and
charge-transfer impedance (R.) on the electrode/electrolyte
interface, respectively. The dynamic parameters of the
electrodes were investigated by simulating the experimental
result based on the equivalent circuit (inset in Figure 8).
Obviously, NVP@PEDOT-1 electrode showed the lowest
R« (850 Q), indicating the fastest charge-transfer kinetics for
Na-ion intercalation.

To further illuminate the electrochemical reaction in the
charge/discharge process, XPS was used to investigate the ox-
idation states of V in the as-prepared, charged, and discharged
states shown in Figure 9. The as-prepared material showed
a peak located at 516.7 eV, corresponding to V** [41-43].
Upon charging, the peak increased significantly from its orig-
inal value to 517.2 eV, indicating the formation of a higher

2000
—NVP
—NVP@PEDOT-1
——NVP@PEDOT-2
1500

T J
1000 1500

Z'(Q)

T
0 500

2000

Figure 8 Electrochemical impedance spectra of NVP and NVP@PEDOT
electrodes (color online).

oxidation state (V*") [43,44]. After the discharge, the XPS
peak moved back its original value, indicating that the V*
species was completely reduced to V**. The result clearly
shows that 2Na® ions can extract/insert reversibly from
Na;V,(PO,)s structure.
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Figure 9 XPS of NVP and NVP@PEDOT electrodes at the as-prepared (a),
charged (b), and discharged (c) states (color online).

4 Conclusions

NVP@PEDOT composite was successfully synthesized
using the in-situ self-decorated method to produce an ox-
idatively polymerized PEDOT monomer. As a result, the
Na;V,(PO,); particles were tightly coated with a PEDOT con-
ducting layer. Regarding electrochemical properties, NVP@
PEDOT-1 delivered a reversible capacity of 100 mA h g™ at
the first cycle and 82% capacity retention after 200 cycles.
Both the NVP without PEDOT coating (bare NVP) and
with a thick coating film (NVP@PEDOT-2) showed worse
electrochemical performances. The better Na storage perfor-
mance of NVP@PEDOT-1 can be attributed to the PEDOT
coating with an appropriate thickness, increasing the elec-
tronic conductivity and unhampering the transmission of Na
ions in the coating film. The experimental results show that
the conducting polymer-coated Na;V2(PO4); can be used as
a low-cost, high-energy, and long-cycling-life cathode ma-
terial for the construction of cost-effective Na-ion batteries.
This facile self-decorated synthetic method has a potential
to achieve an in-situ conducting coating on the surface of
materials in the energy storage, catalysis, and biomass fields.
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