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Synthesis of high rate capability N-doped carbon
coated on lithium zinc titanate via a surfactant-
assisted solid-state routet

Zhaohui Meng,*® Song Wang, 1 Xinfeng Chen,? Lijuan Wang {2 *? and Fei Wang©?

N-doped carbon coated on a LiZnTizOg (LZTO@C-N) anode has been successfully synthesized via a simple
surfactant-assisted solid-state method using Tween 80 as surfactant, gelatin as nitrogen source, gelatin and
Tween 80 as composite carbon source, and ammonium oxalate as pore-foaming agent. It is shown that
nano-sized LZTO particles (~30 nm) are coated with a carbon layer. The N-doped carbon greatly benefits
the electrochemical performance of LZTO@C-N. The largest capacities of 205.4, 193.1, 1748 and
164.9 mA h g™t are delivered at 2, 3, 5 and 6 A g2, respectively. 193.2, 183.2, 159.6 and 139.9 mA h gt are
still kept at the 100th cycle, respectively. The good electrochemical performance of the LZTO@C-N
electrode at high current densities is due to its large specific surface area and pore size, small particle size,
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Introduction

In recent years, Ti-based materials have been extensively
studied as promising anode materials for lithium-ion batteries
(LIBs).** Lithium zinc titanate (Li,ZnTizOg, LZTO) with the
cubic spinel structure, a well-known member of the Ti-based
family, has been regarded as a promising anode of LIBs due
to its various advantages of low cost, environmental friendli-
ness, good safety and relatively large theoretical capacity of
227 mA h g~ .43 However, its electronic conductivity is low and
rate capability is not perfect.

Conductive carbon coating can both effectively enhance the
electronic conductivity of LZTO and suppress the particle
growth during the heat treatment. In addition, porous structure
can shorten the diffusion distances of Li" ions and then benefit
the rate capability of LZTO. Recently, N-doped carbon-based
materials (C-N) have attracted great interest,*>?* since N-
doping can modify the structure, chemical reactivity as well as
electronic conductivity of carbon-based materials, and generate
a large number of extrinsic defects as well as active sites.*®
Therefore, if an N-doped carbon coating layer is used to modify
LZTO, good electrochemical performance is expected. Gelatin is
an amphoteric macromolecule, possessing amino groups
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low charge-transfer resistance, high Li* diffusion coefficient and the existence of N-doped carbon.

(-NH,) and carboxyl groups (-COOH). Owing to its low cost,
environmental friendliness and high content of carbon/
nitrogen, gelatin is considered as an unexceptionable candi-
date precursor producing C-N materials.

So far, solid-state and liquid-state reactions are the main
methods of preparing carbon-coated Li,ZnTi;04
(LZTO@C).*****1%2° The former is simple and easy in industriali-
zation. However, it is difficult to homogeneously disperse the raw
materials and then obtain pure phase. The electrochemical
performance of the final product will be adversely affected. For the
latter route, although good electrochemical performance can be
easily achieved, the processes are complicated. Therefore, a simple
and efficient route to synthesize LZTO@C is highly necessary.

As a nonionic surfactant, polyoxyethylene-(20)-sorbitan
monooleate (Tween 80, C¢,H;,40,¢) with low cost and toxicity,
possesses all the positive features of nonionic surfactants.’” The
surfactant enables the closed combination and good dispersion
of different components due to its amphiphilic nature.
However, Tween 80 has not yet been used as surfactant and
carbon source in the preparation of LZTO@C.

In the work, the N-doped carbon coated on LZTO (LZTO@C-
N) anode is firstly synthesized via a simple surfactant-assisted
solid-state method using Tween 80 as surfactant, gelatin and
Tween 80 as composite carbon source. The physicochemical
properties of the LZTO@C-N anode are also researched in detail.

Experimental
Synthesis of Li,ZnTi;Os@C-N

The LZTO@C-N anode was synthesized via a surfactant-assisted
solid-state route. Firstly, Li,CO; (A.R.), ZnO (A.R.) and TiO,
(anatase, A.R.) were mixed for 5 h by ball-milling using ethanol
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as the dispersing medium. The molar ratio of Li:Zn: Ti is
2.2:1:3. The excess Li salt is used to compensate for the
volatilization of Li. The mixture was dried at 100 °C for 12 h, and
then pre-heated at 600 °C for 1 h in air. Secondly, the 1 g
obtained intermediate product, 6 mL gelatin solution
(0.05625 g mL™"), ammonium oxalate (0.1000 g) and Tween
80 (0.1437 g) were ball-milled for 5 h. The mixture was dried at
90 °C for 12 h, and then sintered at 700 °C for 3 h in N,. The
obtained product was denoted as LZTO@C-N-3. As comparison,
LZTO@C-N-2 was also fabricated by the same method without
Tween 80. LZTO@C-N-1 was obtained without ammonium
oxalate and Tween 80.

Physical and electrochemical performance measurements

Bruker D8 Advance X-ray diffractometer with Cu Ko radiation (2
= 1.54 A) was used to collect X-ray diffraction data in the 26
range from 5 to 85° with 4° min~". SU8010 scanning electron
microscope (SEM) was applied to investigate the morphologies
of the products. The specific surface areas and pore size
distributions were measured by a specific surface area and pore
size distribution analyzer (3H-2000PS2) via N, adsorption. High-
resolution transmission electron microscope (HR-TEM) (FEI
Tecnai F20) was used to observe the nanoscale microstructures
of the products. The carbon content was measured by the
thermogravimetric analysis in air using a RD496 thermal
analyzer. Element analysis was conducted on a vario EL
elemental analyzer. The surface species were identified by X-ray
photoelectron spectroscopy (XPS) measurements (PHI 5600 CI,
mono-chromatic Al-Ka radiation).

The electrochemical measurements were performed in
CR2025 coin-type cells, which consisted of the working elec-
trode for LZTO@C-N, the counter electrode for lithium metal
foil, the separator for Celgard2300, and the electrolyte for 1 M
LiPF¢ dissolved in ethylene carbonate (EC) and dimethyl
carbonate (DMC) (V/V = 1:1). The working electrode was
composed of 85 wt% LZTO@C-N as active material loading
about 4.0 mg cm ™2, 10 wt% acetylene black as conductive agent,
and 5 wt% polyvinylidene difluoride (PVDF) as binder. The
content of carbon from gelatin as well as Tween 80 was different
and the content of acetylene black was 10 wt% for each elec-
trode. The charge-discharge measurements were conducted on
a Neware battery test system from 0.02 to 3.0 V. The specific
capacity data were based on the mass of LZTO. Cyclic voltam-
mograms (CVs) and electrochemical impedance spectroscopies
(EIS) were performed by an electrochemical workstation
(CHI660E). The CV tests were done in the potential range of
0.02-3.0 V at 0.5 mV s . The EIS were measured with an ac
voltage of 5 mV from 10 MHz to 100 kHz.

Results and discussion

The strategy of synthesizing porous LZTO@C-N is schemati-
cally shown in Fig. 1. First of all, the precursor 1 including Li, Zn
and Ti sources was heated at 600 °C for 1 h in air. Second, the
obtained intermediate product was mixed with ammonium
oxalate, Tween 80 and gelatin via a ball-milling process. Finally,

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
A® He
LA Ctorth ﬂ ® Lisource
—_—
A B 20 Zn source
Ll VYt Intermediate
Precursor 1 product A Tisource
+ +
- > Tween 80
FlZs
é— & § 4 Ammonium oxalate
E g E B Gelatin
5[+ 5
®1lae
(<]
5 8
=3
= 8
0000 ¢ A ¢
0000 700°Cfor3h 8§
—
0000
0000 %0,
LZTO@C-N Precursor 2

Fig.1 Schematic illustration of the preparation process for LZTO@C-N.

the produced precursor 2 was sintered at 700 °C for 3 h in N, to
obtain LZTO@C-N. Ammonium oxalate used as pore-foaming
agent could release a large amount of gas during the pyrolysis
process. Tween 80 was surfactant to help to uniformly disperse
the raw materials. Gelatin and Tween 80 were composite carbon
sources.

TG measurements were used to quantify the carbon content
of the LZTO@C-N composites and the results are shown in
Fig. 2a. The evaporation of adsorbed water (1.0-2.0 wt%) occurs
from room temperature to 150 °C. The oxidation of carbon in air
occurs from 300 to 480 °C. It can be seen that there is no weight
loss over 480 °C, indicating that the parent LZTO is stable.’®
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Fig. 2 (a) TG curves and (b) X-ray diffraction patterns of LZTO@C-N
composites.
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Table 1 Lattice parameters of LZTO@C-N-1, LZTO@C-N-2 and

LZTO@C-N-3

Samples a (A) Vv (A%
LZTO@C-N-1 8.370(8) 586.5(5)
LZTO@C-N-2 8.370(4) 586.4(8)
LZTO@C-N-3 8.373(2) 587.0(6)

Based on the TG results, the carbon content is 3.80, 3.56 and
5.61 wt% for LZTO@C-N-1, LZTO@C-N-2 and LZTO@C-N-3,
respectively.

The XRD patterns of the LZTO@C-N composites are shown
in Fig. 2b. The diffraction peaks can be assigned to the cubic
spinel structure of LZTO (JCPDS#44-1037) for every sample, in
line with the previous reports.** Although carbon exists in the
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Fig. 3 SEM images of (a) LZTO@QC-N-1, (b) LZTO@C-N-2 and (c)
LZTO@C-N-3.
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LZTO@C-N composites from the TG results, no diffraction
peaks of carbon are detected from the XRD patterns. As the
carbon layer is too thin or the carbon is
phous.11316:2226.2829 The ]attice parameters are listed in Table 1
and similar to the previous reports,*>*>*>?¢ calculated from the
XRD data for the three samples.

SEM images of the LZTO@C-N composites are shown in
Fig. 3. Compared with the LZTO@C-N-1 sample, LZTO@C-N-2
and LZTO@C-N-3 have better dispersion, which will be advan-
tageous to their electrochemical performance. Moreover, the
specific surface areas, the total pore volumes and average pore
diameters obtained from adsorption-desorption isotherms
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Fig. 4 N, adsorption—desorption isotherms of (a) LZTO@C-N-1, (b)
LZTO@C-N-2 and (c) LZTO@C-N-3. The insets are the pore size
distributions of the LZTO@C-N composites.
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Table 2 Specific surface areas, total pore volumes and average pore
diameters of LZTO@C-N-1, LZTO@C-N-2 and LZTO@C-N-3

Specific surface  Total pore volume Average pore

Samples area (m* g ") (mLg™ diameter (nm)
LZTO@C-N-1  28.8 0.120 11.5
LZTO@C-N-2  29.7 0.287 22.4
LZTO@C-N-3 31.8 0.269 21.9

(Fig. 4) show that the introduction of ammonium oxalate greatly
enhances the total pore volumes and average pore diameters of
LZTO (Table 2). The pore sizes mainly concentrate on 2-5 nm for
LZTO@C-N-1. When the ammonium oxalate exists, the pore
sizes mainly concentrate on 2-5 and 38-110 nm for LZTO@C-N-2
and LZTO@C-N-3 materials. It is well known that the large pores
are advantageous to electrolyte penetrating into the electrode
materials and the quick diffusion of Li' ions. Among the
LZTO@C-N composites, LZTO@C-N-3 has the largest specific
surface area, which can increase the contact areas between the
active particles and electrolyte, and then be beneficial to its
reversible capacity.

TEM images of the LZTO@C-N composites are depicted in
Fig. 5. Among the three samples with nano-size, LZTO@C-N-3
has the smallest particle size (~30 nm), which can shorten
the diffusion distance of Li" ions. The surfaces of LZTO particles
are coated with carbon shown in the high-resolution TEM
(HRTEM) images of the LZTO@C-N composites. Element
analysis results (Table 3) show that N exists in the carbon for
every sample.

The surface chemical compositions of LZTO@C-N compos-
ites were examined by the XPS technique. The XPS spectra
(Fig. S1a-cf) indicate the existence of Zn, Ti, O, C and N
elements in LZTO@C-N. Fig. S1d-ff presents the high-
resolution XPS spectra of C 1s for LZTO@C-N composites,
fitted into three types of C contributions, i.e., sp> C (C-C) about
284.7 eV, sp” C (C-N) about 285.8 eV and sp> C (C-N) at 289.1 eV.
Fig. S1g-if shows the high-resolution XPS spectra of N 1s for
LZTO®@C-N composites, containing pyridinic N and pyrrolic N.
The XPS results further verify successful doping of N element
into the carbon. The existence of C=C and C=N could make
some attribution to the form of a conducting network.

Fig. 6a exhibits the initial charge-discharge curves of the
LZTO@C-N composites at 1 A g~ in the voltage range of 0.02-
3.0 V. For each sample, there is a pair of charge plateau (1.44 V)
and a corresponding discharge plateau (0.52 V) on the curves,
which agrees with the previous reports.*™* The initial discharge
specific capacities are 254.2, 271.2 and 274.0 mA h g~ with the
coulombic efficiency of 79.7%, 80.3% and 82.1% for LZTO@C-
N-1, LZTO@C-N-2 and LZTO@C-N-3, respectively. Among the
three samples, LZTO@C-N-3 has the largest specific capacity,
which may originate from its large specific surface area, agree-
ment with the BET results. In addition, carbon can provide
capacity for the LZTO@C-N composites. Based on the TG
results (Fig. 2a), the high carbon content is advantageous to its
large specific capacity for LZTO@C-N-3. Moreover, the initial

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TEM images, HRTEM images (inset, upper-right corner), and
histograms of particle size distribution (inset, bottom) of (a) LZTO@C-
N-1, (b) LZTO@C-N-2 and (c) LZTO@C-N-3, respectively.
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Table 3 Content of N in the samples of LZTO@C-N-1, LZTO@C-N-2
and LZTO@C-N-3

Samples Content of N (%)
LZTO@C-N-1 0.73
LZTO@C-N-2 0.69
LZTO@C-N-3 0.65

coulombic efficiency is not high for each sample, owing to the
formation of solid electrolyte interface (SEI) layer, which can
weaken the side reaction and then will benefit the cyclic
performance of LZTO@C-N.!1315717,26

Cyclic performance of the LZTO@C-N composites at 1 A g~
from 0.02 to 3.0 V is shown in Fig. 6b. 200.6, 207.9 and
208.2 mA h g~ are delivered at the 2nd cycle for LZTO@C-N-1,
LZTO®@C-N-2 and LZTO@C-N-3, respectively. When cycled for
200 cycles, 71.3%, 77.7% and 83.0% of the capacities for the 2nd
cycle are kept, respectively. LZTO@C-N-3 exhibits the best cyclic
performance due to its good dispersion and proper specific
surface area. Nevertheless, the bad cyclic performance may
originate from the severe agglomeration of LZTO@C-N-1.

The CV curves were recorded at 0.5 mV s~ in the potential
range of 0.02-3.0 V and are shown in Fig. 6c-f to further
research the electrochemical performance of the LZTO@C-N
composites. There is a pair of cathodic and anodic peaks from
1.0 to 2.0 V for each sample, corresponding to the Ti**/Ti**
redox couple. The cathodic peak below 0.5 V may be assigned to
multiple restoration of Ti*" as previous reports.***® Additionally,
for each electrode, the reduction process differs between the
initial and subsequent cycles, which originates from the acti-
vation and/or polarization of the electrode.”?® The values of the
CV peaks for the three electrodes at the 1st cycle are listed in
Table 4. The potentials of the anodic peak and the cathodic
peak, and the difference between anodic and cathodic peak
potentials are denoted as ¢p., ¢pc and ¢p, respectively.
Compared with LZTO@C-N-1, the other two samples have
smaller ¢, (0.44 V). That is to say, the polarization is small for
the samples and the intercalation and de-intercalation of Li"
ions are highly reversible, agreement with the charge and
discharge results.

For the LZTO®@C-N composites,
impedance data were collected on as assembled cells cycling for
200 cycles at 1 A g " and are presented in Fig. 7. The anodes
were charged to 3.0 V in the tests. The curve is composed of
a small intercept, two semicircles and a straight line for every
electrode. Fig. 7 (inset) is the equivalent circuit model. Ry, is the
combined impedance of the electrolyte and cell components;
Csei and Rg; represent the capacitance and the resistance of the
SEI layer for the first semicircle; Cq; and R, are the double layer
capacitance and charge transfer resistance corresponding to the
second semicircle, respectively; W represents Warburg imped-
ance, which usually is a 45°-slope straight line. However, the
straight line branches here may be due to capacitance compo-
nents, as previous reports.”**"** For the three samples, the small
intercept (Rp) is almost same, about 5-7 Q. Among the three

the electrochemical
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Fig. 6 (a) Initial charge—discharge curves and (b) cyclic performance
of LZTO@C-N composites at 1 A gf1 from 0.02 to 3.0 V (vs. Li/Li*);
cyclic voltammograms of (c) LZTO@C-N-1, (d) LZTO@C-N-2, (e)
LZTO@C-N-3 electrodes from the 1st to the 4th cycle and (f)
comparison of cyclic voltammograms for the three electrodes for the
1st cycle at a rate of 0.5 mV st in the range of 0.02-3.0 V (vs. Li/Li*).
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Table 4 Values of the CV peaks for LZTO@C-N-1, LZTO@C-N-2and Table 5 Impedance parameters calculated from equivalent circuit
LZTO@C-N-3 electrodes at the first cycle model
Samples (ppa (V) (ppc (V) (pp (V) = (ppa - (ppc Samples Rb (Q) Rsei (Q) Rct (Q)
LZTO@C-N-1 1.56 1.06 0.50 LZTO@C-N-1 6.561 10.58 16.7
LZTO@C-N-2 1.54 1.10 0.44 LZTO@C-N-2 5.773 7.147 7.224
LZTO@C-N-3 1.54 1.10 0.44 LZTO@C-N-3 5.912 4.593 4.731
samples, the LZTO@C-N-3 exhibits the smallest charge transfer
600 resistance (R.) of 4.731 Q and SEI layer resistance (Rs.;) of 4.593 Q
(a) —0— LZTO@C-N-1 (Table 5), which is advantageous to its electrochemical perfor-
500 - —O0—LZTO@C-N-2 mance, consistent with the charge and discharge results.
& 3
~—LZTO@C-N-3 To further investigate the electrode kinetics, the diffusion
o 400+ coefficients of lithium ions in LZTO@C-N-1, LZTO@C-N-2 and
E =00 LZTO®@C-N-3 are estimated based on the Warburg diffusion in
' low frequency using the following equation*®
Csei Cd'
200 |
Dy, = R*T* QA F* C*o?) (1)
100 |
R 7w where R is the gas constant (8.314 ] mol ' K™ '); T is the room
0 === . o e absolute temperature (298.5 K); A is the surface area of the
P
0 100 200 300 400 500 600 electrode (1.13 cm? in this work); 7 is the number of electrons
En |arge ZIQ transferred in the half reaction for the redox couple; F is Faraday
constant (96 485 C mol '); C (8.5 x 107> mol cm?) is the
100+ —° t§$8@8':'; concentration of Li* ion in the compound, and ¢ is the Warburg
LZTO%C:N:S factor which obeys the following relationship:
80 -
L\
Zre = Ro + Ry + g™ 2 (2)
G 6o}
N Fig. 7b shows the relationship between Z,. and w~ /. Based
" a0l on the eqn (1) and (2), the lithium diffusion coefficients (Dy; ) o
0 he eq d he lith diff ffi Dy; ) of
LZTO@C-N-1, LZTO@C-N-2 and LZTO@C-N-3 can be calcu-
20| lated and the specific values are 1.4 x 10~ ", 5.6 x 10 ** and 6.1
x 107" em? s7, respectively. Among the three electrodes,
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(inset); (b) relationship between Z,. and w

and corresponding equivalent circuit
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Cycle number

Fig. 8 Cyclic performance of the LZTO@C-N-3 electrode at high
current densities of 2—6 A g~ in the range of 0.02-3.0 V.
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and thus guarantees good electrochemical performance of
LZTO@C-N-3.

The LZTO@C-N-3 exhibits the best electrochemical perfor-
mance based on the researches above. Fig. 8 presents the cyclic
performance of the LZTO@C-N-3 electrode at 2-6 A g~ ' to
further evaluate its rate capability. The capacities sharply
decrease at the first cycles due to the increase of polarization for
2-6 A g~ '. Then, the largest capacities of 205.4, 193.1, 174.8 and
164.9 mA h g~ ' are reached after several cycles at 2, 3, 5 and
6 A g, respectively. 193.2, 183.2, 159.6 and 139.9 mA h g " are
still delivered at the 100th cycle, respectively. The capacities are
larger or the cyclic performance is better than the previous
reports®>>* for the electrode, owing to its large specific surface
area and pore size, small particle size, low charge-transfer
resistance, high Li" diffusion coefficient and the existence of
N-doped carbon. Especially, the electrochemical performance of
LZTO@C-N-3 is comparative or better than the LZTO®@C
previously reported with higher carbon content,**** which may
be related to the existence of N-doped carbon or the good
dispersion of LZTO@C.

Conclusions

LZTO®@C-N anode has been successfully prepared by a simple
surfactant-assisted solid-state method using Tween 80 as
surfactant, gelatin and Tween 80 as composite carbon source
and ammonium oxalate as pore-foaming agent. The introduc-
tion of ammonium oxalate greatly improves the total pore
volume and average pore diameter of LZTO@C-N. The large
pores benefit electrolyte penetrating into the active material and
the quick diffusion of Li* ions. Tween 80 as surfactant helps to
uniformly disperse the raw materials, and then enhances the
electrochemical performance of LZTO@C-N. The product
exhibits large specific capacities and good cycling performance
at high current densities. This work may provide an efficient
method of preparing electrode materials with outstanding
electrochemical performance via introducing pore-foaming
agent and surfactant.
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