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New Ni, ;Ti, (PO,);@C NASICON-type Electrode Material
with High Rate Capability Performance for Lithium-lon
Batteries: Synthesis and Electrochemical Properties

Mohammed Srout,>® Nam Hee Kwon,® Wen Luo,® ¢ Andreas Zittel, ' ©
Katharina M. Fromm,” and Ismael Saadoune**

NigsTi>(PO,);/C NASICON-type phosphate is introduced as a
new anode material for lithium-ion batteries (LIBs).
NigsTi>(PO,)s/C was synthesized through the sol-gel route and
delivered some remarkable electrochemical performances. Spe-
cifically, the NiysTi,(PO,);/C electrode demonstrates a high rate
capability performance and delivers high reversible capacities
ranging from 130 mAhg™' to about 111 mAhg™' at current
rates ranging from 0.1 C to 5 C in the voltage window of 1.85-
3V (vs. Li*/Li). In the same voltage range, the material reaches

Introduction

Research and development of energy storage materials are
considered as high priority topics owing to their key role in
the development and use of clean and renewable energy sour-
ces as alternatives to fossil fuels."? Because of their high
energy density, energy efficiency, long cycle life, and the con-
tinuous drop in their cost, lithium-ion batteries (LIBs) are con-
sidered as some of the most promising energy devices for the
portable electronics and electric vehicles (EVs) markets.®
However, LIBs still suffer from safety issues related to the for-
mation of metallic lithium (dendrite) when using graphite as
an anode material because of the low plateau voltage
(=0.1V).”® With the aim of finding safer alternatives to be
used as anodes for LIBs, many research efforts have been
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an initial capacity of 105 mAhg™" with a capacity retention of

about 82 % after 1000 cycles at the high current rate of 10 C.
The electrodes are also tested in the wider voltage range of
0.5-3 V (vs. Li*/Li) and show good reversibility and rate capa-
bility performance. Moreover, the Niy;Ti,(PO,);/C electrodes
enable fast Lit diffusion (in the order of 10~* cm?s™') com-
pared with other NASICON-type materials. As a result, a first

discharge capacity of 480 mAhg ' is reached.

made to investigate new materials providing good and stable
electrochemical performance and better safety conditions than
graphite [®?

Among the panoply of known materials, phosphate-based
materials provide attractive properties such as long cycling life,
good structural stability, better safety, and high ionic conduc-
tivity, and are thus considered as promising electrode materials
for LIBs, as well as sodium-ion batteries (SIBs)."""'? As part of
this compound class, NASICON-type materials with the general
formula A,MM'(PO,); where “A” can be either monovalent (Li™,
Na™) or divalent (e.g., Mg*", Ca’*, Mn?") ions and M and M’
are transition metals (e.g., Ti, Fe, V, Zr, Sc), stand as potential
candidates that can be used either as electrode materials or as
solid electrolytes for both LIBs and SIBs.> "'

Among the NASICON materials, the Ay;Ti,(PO,); family,
where A is a divalent ion (e.g., Mn**, Mg**, Ca’", Fe’"), is
being considered for negative electrodes for LIBs and SIBs, be-
cause of the low working voltage (~2.5 vs. Li*/Li and a2.2 vs.
Na*/Na), as well as the empty sites that these compounds pro-
vide for lithium (or sodium) hosting (3.5 empty sites)."*'” Nev-
ertheless, NiysTi,(PO,); has not been reported to date although
Ni?* is the cation exhibiting the ionic radius closest to that of
Li*. This property could be considered as an advantage for the
lithium-ion insertion during electrochemical cycling as a result
of a better diffusion of Li* inside the existing channels, as re-
ported by Wu et al. in their interesting review regarding the
use of NASICON-type phosphates as solid electrolytes for all-
solid-state lithium batteries."® According to these authors, the
high Li" ionic conductivity can be only achieved as the chan-
nel size of the NASICON framework structure is comparable to
the ion size.
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Similarly to the known Li,Ti;Os anode material, AysTi,(PO,);
materials offer a minimum chance for the formation of a solid-
electrolyte interphase (SEI) and lithium dendrites owing to the
relatively higher working voltage corresponding to titanium
(T) redox reactions (=~1.5V for Li,Ti;O,, and =25V for
AysTi,(PO,); materials) compared with graphite (~0.1V). The
electrochemical behavior of the A,;Ti,(PO,); materials is based
on a two-step lithium insertion/extraction mechanism owing
to the existence of two different vacant sites for lithium inter-
calation, whereas in Li,TisOs anodes, with spinel structures, the
insertion mechanism is based on a two-phase step, where lithi-
um is inserted into the vacant site (16¢) and at the same time
structural lithium ions existing in the structure migrate from
their structural site (8a) to the new hosting site (16¢).1"**%

Herein, we report the optimization of the synthesis process
of a new NASICON-structured electrode material, NiysTi,(PO,);/
C (NTP@Q), and its electrochemical behavior as a novel anode
material for use in Li-ion batteries within two potential ranges,
1.85-3.0 V and 0.5-3.0 V. Furthermore, an analysis of the struc-
ture, morphology, and electrochemical kinetics of the as-pre-
pared NTP@C material are provided.

Results and Discussion
Structure and morphology

NASICON-type NiysTi,(PO,); was reported to be a thermody-
namically unstable material that decomposes easily to an oxy-
phosphate phase.?"?? With the aim of optimizing the synthesis
conditions related to this NiysTi,(PO,); NASICON material, its
crystallization process was followed by X-ray powder diffrac-
tion in the temperature range 660-700 °C. As demonstrated in
Figure 1a, at a temperature of 660 °C, only some characteristic
peaks related to the TiP,0, phase appear. At 680°C, the XRD
pattern shows the crystallization of the material as a NASICON
phase (space group R3) with minor impurity traces of TiP,0,
(~3%) and NiysTiOPO, (=3%). At 700°C, the NASICON struc-
ture of the material was preserved but the appearance of
more intense TiP,0; and Niy;TiOPO, related peaks compared
with the ones obtained at 680 °C was observed.

Based on these results, only the NiysTi,(PO,); material ob-
tained at 680 °C was considered for the following characteriza-
tions. At this synthesis temperature, the peaks identified as the
NASICON crystalline phase were indexed by assuming a rhom-
bohedral symmetry (space group R3).

In the R3 space group, the structure of the material (see the
Supporting Information, Figure S1) is built from lantern-like
units in sequence along the c-axis and each unit is composed
of four [TiOg¢] octahedra and two [PO,] tetrahedra sharing O
atoms as corners.""! Theoretically, Ni** ions occupy only the
more stable 3a site, leaving more vacant voids at the 3b
sites.'17)

Moreover, the carbon content in the NTP@C composite ma-
terial was qualitatively determined by Raman spectroscopy as
XRD analysis was unable to prove the presence of carbon in
an amorphous form. Indeed, the Raman spectra of the NTP
pristine powder (Figure 1b) shows the presence of all charac-
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Figure 1. a) XRD patterns of the NTP material at different calcination temper-
atures. b) Raman spectra of the NTP pristine powder. ¢) Raman spectra of
the NTP@C composite material. d) TGA measurements of NTP@C material.

teristic modes related to the NASICON-type structure,** where-

as the spectra related to the NTP@C composite shown in Fig-
ure 1c show two extra broad bands situated at approximately
1353 and 1589 cm™, corresponding to the D and G bands of
carbon, respectively. Furthermore, TGA (Figure 1d) was used
for quantifying the amount of carbon in the NTP@C composite
material, which was measured to be approximately 5.7 wt%
carbon of the total weight of the composite. BET measure-
ments on both pristine and carbon-coated NTP powders reveal
surface areas of 12.43 m?g~" and 13.60 m?g™"', respectively.

The morphologies of the NTP and NTP@C materials were ex-
amined by SEM and TEM techniques. As shown in the SEM
images (Figure 2a,b), NTP and NTP@C exhibit nano-sized pri-
mary particles ranging from approximately 70 to 100 nm with
agglomerates. The corresponding TEM images (Figure 2c,d)
confirmed these results and demonstrated that the shape of
the primary particles is considered as spherical. Figure 2d also
gives clear insight into how the NTP primary nanoparticles and
agglomerates are embedded in the amorphous carbon matrix.

Electrochemical properties

The electrochemical behavior of the NTP@C material was eval-
uated based on the galvanostatic tests at two different poten-
tial windows, 1.85-3 V and 0.5-3V, and further confirmed by
cyclic voltammograms.
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Figure 2. a) SEM image of the NTP material. b) SEM image of the NTP@C
composite. ¢) TEM image of the NTP material. d) TEM image of the NTP@C
composite.
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Potential window 1.85-3 V

Figure 3a shows the voltage profiles of the NTP@C electrode
material versus Li*/Li in a half-electrochemical cell, during the
first five cycles. The lithiation was conducted at 0.1 C current
rate in the potential range 1.85-3.0 V (vs. Li*/Li). In this voltage
range, the theoretical capacity of the NTP@C material corre-
sponding to the insertion of two Li™ into the structure is
about 130 mAhg™". This theoretical capacity is calculated by
considering the reduction of two Ti*" to Ti**, normally taking
place at the voltage approaching 2.48 V. The experimental ca-
pacity recorded at the potential plateau of 2.48 V is equal to
123 mAhg™', which is close to the theoretical one. Note that,
the overall experimental capacity (considering the voltage cut-
off of 1.85V) delivered at the first discharge is about
200 mAhg™', which drops to approximately 136 mAhg™'
during the four subsequent cycles. The small capacity excess is
probably due to the contribution of the electrochemically
active impurity phase. Furthermore, the obtained extra capaci-
ty during the first discharge can also be attributed to the for-
mation of an SEI layer even though we are above 1 V.

The voltage difference between the first discharge profile
and the following ones can be attributed to the active material
environment changes that take place after the first Li* inser-
tion into the structure at the first discharge.

Figure 33, inset, shows the first five CV curves of the NTP@C
material (vs. Li/Li"). During the first discharge, one large peak
is observed, reaching its highest intensity at about 2.04 V relat-
ed to the reduction of Ti*' to Ti*".*¥ After the first cycle, two
peaks are observed during charging at 2.53 V and 2.8V, then
at 2.78 V and 2.44 V during discharge. These peaks are due to
lithium (dis)insertion (out of) into the NTP@C structure, while
reducing and oxidizing titanium (Ti**/Ti**), confirming the ob-
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Figure 3. Electrochemical properties of the NTP@C electrode material in the
potential range 1.85 V-3 V. a) Charge/discharge curves at 0.1 C—correspond-
ing cyclic voltammetry at a scan rate of 0.02 mVs™". b) Rate capability and

) long-term cycling performance at different current rates 0.5 C (100 cycles),
10 C (1000 cycles), and 20 C (1000 cycles).

tained galvanostatic results. The observation of these separat-
ed peaks is attributed to lithium insertion into two thermody-
namically different vacant sites (M1 and M2).'*¢

For comparison, the electrochemical behavior and rate per-
formance of the NTP material (without carbon coating) were
also tested. The NTP material showed a lower electrochemical
rate performance than the NTP@C (Figure S2b), whereas the
galvanostatic cycling profiles were analogous (Figure S2a),
confirming the importance of the carbon coating in the phos-
phate-based materials, to improve their electronic conductivity
and consequently improve their electrochemical performance.
Accordingly, EIS measurements of both NTP and NTP@C elec-
trode materials were obtained. The Nyquist plots of both ma-
terials at the open circuit voltage (OCV) showed quite similar
profiles (Figure S3a), whereas after 20 cycles at the current rate
of 1 C, within the voltage range 1.85-3.0 V, the Nyquist plots
were different (Figure S3b). When the obtained curves were
fitted, R values related to the electrolyte resistance (R,), the
solid electrolyte interphase (SEI) layer resistance (Rg), the elec-
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tronic conductivity of the active material (R,), and the charge-
transfer resistance (R,) of the NTP@C composite were smaller
than those obtained for the non-coated NTP material
(Table S2), confirming the effectiveness of the applied carbon
coating to improve the electrochemical kinetics of the studied
composite.

Furthermore, compared with other titanium-based NASICON
materials used as anodes for lithium-ion batteries,”*%%"]
NTP@C delivered superior rate capability performances (Fig-
ure 3b). Capacities of about 130 mAhg™' and more than
110 mAhg~" were attained at current rates of 0.1 C and 5 C, re-
spectively. This superior performance can be linked to the pres-
ence of nickel (Ni) in the structure. The ionic radius of Ni is of
the same order as that of lithium, which provides an optimized
channel size for lithium ion intercalation, and therefore better
Li* ionic conductivity."® Moreover, Ni provides better electron-
ic conductivity compared with that provided by Li or Mg.

Inspired by the relatively superior rate performance of the
NTP@C material, the long-term cycling stability was also inves-
tigated at different current rates of 0.5C, 10 C, and 20 C (Fig-
ure 3¢), where the first three cycles were measured at a cur-
rent rate of 0.1 C in all three measurements.

The NTP@C electrode material delivered a capacity retention
of about 96 % after 100 cycles at the current rate of 0.5 C. The
capacity retention decreases slightly after cycling the material
at a much higher current rate of 10 C. After 1000 cycles, the ca-
pacity retention is around 82%. At the very high current rate
of 20 C, the capacity fades clearly during the first 200 cycles
before it is stabilized, and only a capacity retention of about
62% was obtained. These remarkable rate performances con-
firm the structural (mechanical) stability of the studied elec-
trode upon cycling. To support this, we recovered the elec-
trode material after 100 cycles under a current rate of 20C,
within the potential window of 1.85-3 V. The recovered sample
(at 3V) was analyzed by SEM and its morphology was com-
pared with the pristine material. No clear change in the mor-
phology nor in the particle size of the cycled phosphate was
detected (Figure S5). The open 3D framework of the NASICON
structure, offering a large available crystallographic site for lith-
ium insertion, leads in fact to low volume variation of the elec-
trode material, avoiding any mechanical degradation upon re-
peated Li insertion/extraction.

Potential window 0.5 V-3 V

As shown in Figure 4a, unlike some other NASICON structure-
type materials,”® the NTP@C material showed a first charge/
discharge profile that is very similar to the four subsequent
ones upon cycling between 0.5 and 3V, revealing a good
structural stability at this voltage range. This result was also
confirmed by cyclic voltammetry. This better structural stability
can be directly related to the presence of Ni, which contributes
to the formation of a structural network with stronger “cova-
lent” bonds with oxygen (O) than for Li in the LiTi,(PO,); mate-
rial. Also, providing an extra 0.5 empty void for Li insertion
when using divalent ions such as Ni** instead of Li* can also
lead to better structural stability.
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Figure 4. Electrochemical properties of the NTP@C electrode material in the
potential range 0.5 V-3 V. a) Charge/discharge curves at 0.1 C—correspond-
ing cyclic voltammetry at a scan rate of 0.02 mVs™". b) Rate capability and
¢) long-term cycling performance at different current rates 0.5 C (80 cycles),
5 C (400 cycles).

At this potential range, the material delivered a first dis-
charge capacity of about 480 mAhg™' at a current rate of
0.1 C. This capacity dropped to about 380 mAhg™' after the
first cycle and stabilized at the same value for the four subse-
quent cycles. During the first discharge, a first plateau was ob-
served between 2.5 and 2.1V, which is attributed to the reduc-
tion of Ti** to Ti** following the reaction mechanism:

NigsTil (PO,); + 2Li* 4+ 2 « Li,NigsTil (PO,),

Another plateau was observed around 0.7-0.6V (about
1.7 V lower than the first plateau), which can be attributed to
the reduction of Ti** to Ti** and also the formation of an SEI
layer."®

Li,NigsTi! (PO, ); + 2Li* + 2e~ «» Li,NigsTi! (PO,),
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These obtained plateaus were in very good agreement with
the different cyclic voltammetry obtained peaks (inset of Fig-
ure 4a).

The structural stability of the NTP@C material during the
first galvanostatic cycle at this widened voltage range (0.5-
3.0V) was also investigated. Ex situ XRD measurements at dif-
ferent states of discharge and charge confirmed that all charac-
teristic peaks related to the NASICON structure were preserved
while inserting/extracting lithium into/out of the structure, al-
though the diffraction peaks became broader as a result of the
decrease in the phosphate crystallinity (Figure S4). This good
reversibility of the NTP@C material during the first galvanostat-
ic cycle at this wide voltage range was also confirmed with
XPS by following changes in the valence state and the atomic
ratio of Ti and Ni after the first cycle. As a reference, XPS mea-
surement of the NTP@C electrode at the OCV was executed.
For the as-prepared electrodes, no Ni or Ti could be detected
by XPS, although other elements such as C, F, and O were
easily detectable, indicating the presence of the SEl and elec-
trolyte residues on the electrode surface (Figure S7). An SEM
image of the electrode discharged to 0.5V (Figure S5) con-
firmed the presence of a thick homogeneous layer of SEI on
the electrode surface explaining the limited signal (no Ti, Ni
signals) detected by XPS (analysis depth max 10 nm). However,
after sputtering the electrode with Ar™ ions (etching), peaks of
Ni and Ti were detected (Figure S8). At the OCV, the Ti2p;,
peak of the NTP@C electrode was observed at approximately
459 eV, which is consistent with that of Ti*".*? After the first
cycle, the oxidation state of Ti was recovered to the initial oxi-
dation state obtained at the OCV. Even though Ar* sputtering
could slightly reduce the Ti*' to Ti**,” shown as a small
shoulder in the Ti2p spectrum, the similar Ti*"/Ti*" ratios of
the two samples can be an indicator of their comparable oxi-
dation states. The similar Ti/Ni atomic ratio (~5.0), calculated
by normalizing the Ti2p;, and Ni2p;, peak area to their
atomic selectivity factors®" of the two samples also indicates
that the surface composition does not change after one
charge/discharge cycle. Further, SEM images of pristine and
cycled electrodes showed no significant changes in the mor-
phology of the active material after one cycle (Figure S5).

Moreover, to further study the electrochemical performance
stability of the NTP@C electrode material, long-term galvano-
static cycling measurements were performed at current rates
of 0.5 C (80 cycles) and 5 C (400 cycles). As shown in Figure 4c,
a significant capacity fading was observed for both measure-
ments. This capacity fading can be directly related to the struc-
tural changes that take place after the first few cycles. Once
the NTP@C electrode material is discharged to 0.5V, at least
four Li* are inserted into the structure, which is more than the
NASICON structure of the NTP@C material can theoretically
host (3.5 vacant sites).

Ex situ XRD patterns of the NTP@C electrodes after cycling
(Figure S6), show that the NASICON structure of the NTP mate-
rial can resist the massive Li* insertion during the first cycle
(more than 3.5Li*), but after 80 cycles at a current rate of
0.5 C, and 500 cycles at the current rate of 5C, all the NASI-
CON structure characteristic peaks disappeared, confirming the

structural changes of the NTP@C material, and consequently
leading to the observed capacity fading.

The rate capability of the NTP@C material was also tested in
this potential range. Even with the noticed structural changes
that take place during the long-term cycling measurements,
the material showed a relatively good reversibility and high
coulombic efficiency at different current rates ranging from
0.1 C to 5 C. The NTP@C electrode material delivered its high-
est capacity of about 370 mAhg™' at a slow current rate of
0.1 C, whereas the lowest one was obtained at the high cur-
rent rate of 5C with an average value of about 250 mAhg™".
When switching back to a 0.1 C rate, the electrode material re-
covered a capacity of around 315 mAhg™" (Figure 4b).

Electrochemical kinetics of lithium ions

To better understand the lithium diffusion kinetics leading to
the good electrochemical performances of the NTP@C materi-
al, the galvanostatic intermittent titration technique (GITT) and
cyclic voltammetry (CV) were used to calculate the electro-
chemical lithium diffusion coefficient D;. during the first lithia-
tion process. Figure 5a shows the GITT curve during the first
discharge at the rate of 0.05C (insertion of 0.1Li" into the
structure for 2 h, then relaxation for 16 h to reach the thermo-
dynamic equilibrium). This measurement demonstrates a slight
polarization at both plateaus related to the reduction of Ti cat-
ions (Ti**/Ti*™ around 2.4V and Ti**/Ti** at 0.6 V) during the
lithiation process, whereas more important polarization is no-
ticed far from the mentioned plateaus. Moreover, the inset of
Figure 5a shows a single GITT step at around 2.36 V. The cell
voltage during titration is considered to be linearly proportion-
al to 7' (Figure S9). Then, based on Fick’s second law of diffu-
sion, the diffusion coefficient of lithium in the NTP@C material
can be calculated by considering the following simplified Equa-
tion (1):3234

4 (ngV,\? [(AEN?
o =2 (") (38) 1)

where 7 is the duration of the current pulse (s), ng is the
number of moles (mol), V,, is the molar volume of the active
materials in the electrode (cm?*mol™), S is the electrode/elec-
trolyte contact area (cm?), AE, is the change of the steady-
state (equilibrium) voltage owing to the current pulse, and
AE, is the total change in the cell voltage during the constant
current pulse, neglecting the IR drop. 7, AE,, and AE, are la-
beled in the inset of Figure 5a.

Figure 5b shows the variation of the calculated D, as a
function of the voltage during the discharge process. The cal-
culated values of D;;; ranged between 1.21x10'? and 1.2x
107" cm?s™", with an average of approximately 1.08x
107" ecm?s™". D, fluctuations towards a lower diffusion coeffi-
cient are observed around the same voltage as the reduction
peaks in the CV curve. This might be attributed to the different
changes (structural, electronics) that take place while inserting
Li* into the structure.
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Figure 5. Electrochemical kinetics of the NTP@C material in the range 0.5-3.0 V. a) GITT curve during the first discharge (inset: one GITT step around 2.38 V).
b) Lithium diffusion coefficient during the first discharge. c) CV at different scan rates. d) Linear relationship between the current peaks and the square root of

the scan rates.

The cyclic voltammetry technique was also used to deter-
mine the kinetics of Li* insertion and extraction in the NTP@C
electrode. The major reversible cathodic reduction and anodic
oxidation of Ti**** occurred at 2.36 and 2.64 V (vs. Li*/Li), re-
spectively, by using a scan rate of 0.1 mVs™', which correspond
to the insertion and extraction processes of Li*, respectively
(Figure 5c¢). Another redox reaction is observed at a potential
of 0.7 V (vs. Li*/Li), but the current intensity is lower than that
at higher potential. The potential difference between anodic
and cathodic peaks becomes narrower with decreasing scan
rate.

Figure 5d shows that the cathodic and the anodic current
peaks are linearly dependent on the square root of the scan
rate (R* of 0.9963, 0.9962, 0.9813, and 0.9957 for cathodic and
anodic lines, respectively). Based on this relationship, the Li*
diffusion coefficient D;; in the NTP@C electrode was calculated
by using the Randles-Sevcik equation [Eq. (2)]:*"

I, = (2.69 x 10°) n*? S D;."/? C v'/? (2)

where |, is the current peak (mA), n is the number of electrons,
S is the surface area of the electrode (cm?g™"), D is the diffu-
sion coefficient (cm?s™'), C is the concentration of Li*
(molcm™), and v is the scan rate (mVs™).

The calculated Dy for the insertion of Li* in the NTP@C was
3.42x 107" cm?s~', whereas that for the extraction of Li* was
7.38x107 " cm?s™" at 25°C. Dy at 0.7V (vs. Li*/L) and scan
rates between 0.02 and 0.1 mVs~' was 3.89x 107" and 2.22x

107 cm?s~" for the insertion and extraction of Li*, respective-

ly, which are similar to the ones at higher potential (2.7 V).
Overall, these values are of the same order as the average
value obtained by the GITT method. They are higher than the
D, of LiTi,(PO,); (1.31x107 and 1.55x107 " cm?s™" for the
insertion and the extraction of Li*, respectively) by using the
same technique.B®

When the lower cut-off voltage of the CV measurement was
increased to 1.85 V instead of 0.5V (vs. Li*/Li), the current den-
sities were increased (Figure S10a). D;- was 2.54x107'? and
8.0x 107" cm?s™! for the anodic oxidation and cathodic reduc-
tion, respectively. Specifically, the diffusion coefficient of the
extraction of Li* is one order of magnitude higher than that of
the extended voltage window between 0.5 and 3V (vs. Li*/Li).
This higher diffusion coefficient can be directly related to the
structural stability of NTP@C in this voltage range. In addition,
the voltage difference between the anodic and the cathodic
potential is 0.4V for the range between 1.85 and 3V (vs.
Li*/Li), whereas it is 0.7 V in the range 0.5-3 V (vs. Li*/Li) at the
scan rate of 0.5 mVs ™. This indicates that the lower cut-off po-
tential increases the resistance of lithium ion diffusion.

Conclusions

NTP NASICON material was synthesized by the sol-gel route
and carbon-coated by using sucrose as the carbon source to
obtain the NTP@C composite material. The physicochemical
and electrochemical properties of both materials were investi-
gated. When tested as anode material for Li-ion batteries,
NTP@C showed a high reversible capacity, an excellent rate ca-
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pability, and very stable long-term cycling performance at the
voltage range of 1.85-3.0V (vs. Li*/L). At a wider voltage
window of 0.5-3.0V, the NTP@C electrode material also
showed a good reversibility and good rate capability but ca-
pacity fading was noted during the long-term cycling tests.
This capacity fading was related to the structural changes that
take place after some cycles in this voltage window. Based on
more the detailed study of Li* diffusion kinetics in the NTP@C
by using GITT and CV techniques, the improved electrochemi-
cal performance of this material results from its high Li* diffu-
sion coefficient compared with the one calculated for
LiTi,(PO,);.

Experimental Section
Synthesis and characterization

The synthesis of the NijsTi,(PO,); (NTP) NASICON-type material was
accomplished by the conventional sol-gel synthesis route, by
mixing stoichiometric amounts of C,HgNiO,-4H,0 (99.0%; Sigma-
Aldrich) dissolved in ethanol, H;PO, (85.8%; Sigma-Aldrich), and
TiCl, solution (99.0%; Sigma-Aldrich) diluted in ethanol. After
mixing for about 2 h, a gel was obtained. The gel was then dried
at 90°C for 24 h and calcined at 680 °C for 12 h under air. This syn-
thesis temperature was selected as the best after numerous at-
tempts in a narrow temperature range (660-700°C). The resulting
NTP powder (85 wt%) was ground with 15 wt% sucrose in ace-
tone, then the mixture was dried and annealed at 600°C for 5 h
under an argon flow. The final Niy;Ti,(PO,);/C (NTP@C) composite
material was black. The phase structure and morphology of the
prepared NTP and NTP@C material were characterized by powder
X-ray diffraction (XRD, Rigaku Ultima IV, CuK, radiation), Raman
spectroscopy (Cofotec MR520 3D Raman confocal microscope;
532 nm beam), field-emission scanning electron microscopy (SEM,
TESCAN Mira 3 LM field emission), and field-emission transmission
electron microscopy (TEM, FEI Tecnai Spirit). The specific surface
area of the NTP and NTP@C materials was determined at 77 K by
using the Brunauer-Emmett-Teller (BET) method with a Gemini VII
2390 Surface Area Analyzer (Micromeritics Instrument Corp.). The
degassing conditions were set to be 200°C for 24 h for both sam-
ples. The carbon content in the composite material was deter-
mined by thermogravimetric analysis (TGA), with a heating rate of
10°Cmin~" by using a Discovery TGA instrument under air atmo-
sphere. The X-ray photoelectron spectroscopy (XPS) data were col-
lected with a SPECS Phoibos 100 spectrometer using MgK, X-ray.
Samples were transferred into the XPS chamber through a glove-
box without exposure to air. To remove the electrolyte residues on
the surface, samples were sputtered using Ar™ prior to the XPS
measurement. The binding energy was corrected by using the C1s
peak at 285 eV.

Electrochemical measurements

Electrodes were prepared by blending 75 wt% NTP@C active mate-
rials, 15 wt% Super P as the conductive additive, and 10 wt% car-
boxymethyl cellulose (CMC) as a binder dissolved in distilled water.
The obtained slurry was then pasted onto a cooper foil and dried
at 80°C for 12 h in a vacuum chamber. The electrodes were cut
into discs with two different diameters, 11 and 12.6 mm with an
active material mass load of around 1-2 mgcm—2. Metallic lithium
foil was used as the counter and reference electrodes. Commercial
Celgard was used as a separator. The used electrolyte was 1m

LiPF, dissolved in ethylene carbonate (EC) and dimethylcarbonate
(DMC, 50:50), 1m. Electrochemical tests were performed with
CR2032 coin cells. Cells were assembled in an argon-filled glovebox
with water and oxygen contents below 0.1 ppm. The cells were
electrochemically tested at two different potential ranges of 1.85-
3.0V and 0.5-3.0V vs. Li*/Li. The electrochemical tests were car-
ried out with MPGE (Biologic instrument), Arbin instrument, and
Autolab (Metrohm autolab) instruments. Electrochemical impe-
dance spectroscopy (EIS) tests were performed by using an SP150
Biologic instrument.
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