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Abstract

A V,05 anode material significantly challenged on its further development to be used in lithium ion
batteries in-terms of its structural degradation, poor cyclability and low conductivity. Thus researchers started to
work on composite matrix such as V,05—P,0s and in this work we synthesized pristine and 7.5% GNP modified
75V,05-25P,05 and used for the first time as anode for lithium-ion batteries; the anodes delivered with
corresponding first discharge capacities of ~ 1400 and ~ 1600 mA h g~* (almost equal to theoretical capacity of
V,0s 1472 mA h g* during a fully reduction from V°* to V°), respectively. The rapid capacity fade was
observed in the first few initial cycles (up to 10" cycle) for both materials; however highest discharge capacity
of 446 mAh g'1 was retained after 100" cycles for 7.5% GNP modified 75V,05-25P,05 than unmodified
composite, with the capacity retention of 89% with respect to 10" cycle discharge capacity. The electrical
conductivity of 75V,05-25P,05 drastically increases with GNP modification. The superior electrochemical
performance of 75V,05-25P,05—7.5%GNP attributed to the high electronic and ionic conductivity due to

graphene nano-platelets.
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1. Introduction

Until now and for the years to come, lithium-ion battery (LIB) remains as the effective energy storage system
even though other options like magnesium, sodium batteries have become getting research momentum. For LIB
to be more competitive it is essential to search for substitutes of the traditional LiCoO, cathode and graphite
anode with high voltage and high capacity electrode materials to improve the energy density of the existing
LIBs systems. The anode part of lithium ion battery plays significant role just as the cathode part plays a crucial
role. The commercially used conventional graphite-based anode materials for lithium-ion battery not only have
low theoretical capacity (372 mA h g %) but also have low power density which greatly limit their application to

match the development of particular high-specific capacity cathode materials[1,2].

Nowadays, alloys (Si-Li, Sn-Li, etc.), metal oxides (MnO, CoO, etc.) and three-dimensional phosphate-
based polyanionic structures (VPO,, LiVOPO, etc.)[3,4] are getting a great deal of attention as alternative
anodes for lithium ion battery applications to the traditional graphite-based anode materials. Unfortunately,
anodes using alloys and metal oxides typically known to suffer extensive capacity fading during repeated
cycling due to severe volumetric change (for instance ~300% for Si, ~250% for SnO,, etc.) when they react with
lithium electrochemically, which leads to pulverization, cracking and fracturing of the initial particle
morphology and thereby structural collapse of active materials[3,5,6]. Interestingly, three-dimensional
phosphate based polyanionic structure anodes are more stable unlike alloys and metal oxides based anodes as
their larger anions PO,> build an open 3D framework for the lithium ion pathway which can help to stabilize the
structure by reducing the volume change during the charge and discharge process. Thus, the issue of
pulverization is no longer a challenge for phosphate-based polyanionic structures thereby they are so promising

anode materials for LIBs.

Recently, amorphous V,0s—P,0s5 has been used as cathode material for magnesium ion batteries and
showed improved high-voltage electrochemical magnetization compared to poly-crystalline V,05[7]. Moreover,
previously the amorphisation of V,05 through high-temperature melt-quenching with P,Os has been studied as
cathodes for Li-ion batteries [8]. Delaizir et al. [9] reported that a ternary Li,O-V,05-P,05 glass system as
electrode material for rechargeable lithium batteries and the material shows stabilized cycling behavior over 15
cycles with a relatively small capacity of 75 mA h g. The commonly accepted hypothesis about the

amorphisation is due to the re-orientation of the V,0s sheets to accommodate the inclusion of PO, units. The
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theoretical capacity of vanadophosphate (VPO,) is relatively high about 550 mA h g*, that can be delivered
when 3 lithium ions per molecule intercalate in the electrode material. Since VPO, has no good electronic
conductivity, the strategy of carbon coating or forming carbon composites improves the electronic conductivity

of pristine VPO, that in turn enhances the rate performance.

Therefore, in the present manuscript we are reporting for the first time the amorphous GNP modified
75V,05—-25P,05 composite as superior performing anode materials for lithium-ion battery applications.
Moreover, this paper explains about the comparison of electrochemical performance of pristine 75V,05—25P,05

and graphene nanoplatelets modified 75V,05—25P,0s.
2. Experimental
2.1 Material preparation and characterisation

Graphene nanoplatelets Grade M GNP (Electrical conductivity 107 S/m, surface area 120-150 m?/g)
has been imported from XG Science Company. V,0s and P,Os have been sourced from Sisco Research
Laboratories Pvt. Ltd. (SRL, India). Analytical grade chemicals GNP, V,0s, and P,0Os were used as precursors
to obtain the vanadophosphate glasses of nominal composition 75V,05-25P,05 doped with 7.5 wt.% graphene
nano-platelets through melting the mixed mixtures in alumina crucibles in an electric furnace at 900 °C for 30

minutes.

The electrode materials crystal structure were characterized using a Rigaku X-ray diffractometer with
Fe filtered Cu- Ka (A= 0.154 nm) monochromated radiation source. Data were collected in the 26 range of 10 —
90° at a scan rate of 2°/min. The morphology of the as-synthesized powders was analyzed using a JEOL-JSM
7500F scanning electron microscope (SEM) operated at 2.0 kV. Transmission electron microscope (TEM) and
high resolution transmission electron microscope (HR-TEM) images were obtained from a JEOL-Jem 2100
microscope operated at an acceleration voltage of 200 kV. TGA analysis has been recorded with a TA
Instruments balance, model TA Q500 instrument. Measurements were carried out on the samples from room
temperature (25 °C) to 600 °C under Nitrogen gas flow of 60 mL/min.

2.2 Coin cell fabrication and electrochemical testing

The electrodes for electrochemical testing were prepared by making slurry of 70 wt% active materials of anode
samples (75V,05-25P,0s, and 75V,05—-25P,05—7.5% GNP), 15 wt% conducting acetylene black, and 15 wt%

polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) as the solvent. The slurry was coated
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on cupper foil using doctor-blade film coater(MTI, USA) followed by vacuum drying at 100 °C for 12 h. The
electrodes were cut into circular disk with the diameter of ~16 mm. More details on electrode fabrication
reported elsewhere [10-12]. The coin cells were assembled in an argon-filled glove-box (MBraun, Germany)
with moisture and oxygen levels maintained at less than 0.1 ppm. Coin cells of 2032 configuration were
assembled using lithium foil as reference /counter electrode, Celgard 2400 as separator, 1 M solution of LiPFg
dissolved in 1:1:1 volume ratio mixture of ethylene carbonate (EC), dimethyl carbonate (DMC) and diethylene
carbonate (DEC) as the electrolyte. The electrochemical measurements were characterized via a LIR2032 coin-
type cells. Cyclic voltammetry (CV) carried out in the voltage window 0.005 to 3.0 V at a can rate 0.1 mV s*
and electrochemical impedance (EIS) analysis were performed using a Bio-Logic VMP3
potentiostat/galvanostat controlled by EC-Lab v10.40 software at a frequency range between 100 kHz and 10
mHz with a perturbation amplitude (rms value) of the ac signal of 10 mV. Every EIS experiment was performed
after allowing the electrode to equilibrate for 1 h at the chosen fixed potential. The cells were galvanostatically
charged and discharged from 0.005 to 3.0 V at different current densities 200, 500, 1000 and 1500 mA g™ using
a Maccor 4000 series battery tester. The specific capacity of the electrode materials in unit mAh g refers to the
capacity which was calculated using unit mass of the active material of the electrodes alone by excluding the

masses of Cu foil, binder and carbon black.
3. Results and discussion
3.1 X-Ray Diffraction and Thermogravimetric analysis

The X-Ray diffraction pattern of pristine 75V,05—25P,05 and graphene nanoplatelets modified
75V,05-25P,05 glassy powders is shown in Fig. 1(a). The X-ray pattern in figure 1(a) did not exhibit the
presence of any crystalline plane reflections, demonstrating that the as-synthesised powder electrode materials
are structurally amorphous. Graphene nanoplatelets modified V,05—P,05 sample does not show any peak which
related carbon, indicating that all the carbons are in the amorphous state.

The thermogravimetric pattern of 75V,05—25P,05 and 75V,05—25P,05—7.5%GNP samples is shown in
Fig. 1(b, ¢). The weight loss from 20 to 200 °C attributed to evaporation of moisture in both 75V,05-25P,0s,
and 75V,05-25P,05-7.5%GNP samples. Followed by the weight loss from 200-300 °C could be due to
condensation of structural hydroxyl groups [13-15] in both materials. The observed weight loss from room
temperature to 300 °C is <0.5 % in both materials. Overall, both samples are thermodynamically stable which

could enhance the electrochemistry of the batteries.



3.2 SEM and TEM characterization

The SEM micrograph images for 75V,05-25P,05 and 75V,05—25P,0:—7.5%GNP are given in Fig.
2(a, b). The surface of the pristine sample (0 mol% GNP) clearly reveals micro irregular size particles (Fig. 2a),
while the morphology drastically changes to large irregular shapes surrounded with a distribution of small
particle sizes for 75V,05-25P,05—7.5%GNP (Fig. 2b). Thus the large irregular shapes are the vanadophosphate
whereas the small surrounding distributions of particles are the graphene nanoplatelates (GNP). The EDS
spectrum in Fig. 2(c, d) show that the intensity of carbon has increased for the GNP modified sample which
confirms the presence of GNP.

Fig. 2 (e-h) shows the transmission electron microscopy (TEM), high resolution transmission electron
microscopy (HR-TEM), selected area electron diffraction (SAED) (insets) images for the pristine 75V,05—
25P,05 and 75V,05-25P,05-7.5%GNP samples. The HR-TEM images for the samples, did not show lattice
fringes due to amorphous nature of the samples (Fig. 2f&h), which is in agreement with the above XRD results
and the literature [7]. Instead, a halo pattern was observed for both samples in the SAED which confirmed that
the samples are amorphous materials.

3.3 Electrochemical performance analysis

Electrochemical property of 75V,05-25P,05—-7.5%GNP and its counterpart pristine 75V,05-25P,05
electrodes were examined by using cyclic voltammetry (CV) at a scan rate of 0.1 mV s in the potential range
of 3.0 to 0.005 V. The initial ten cycles cyclic voltammograms of the samples are shown in Fig. 3(a, b). During
first cathodic scans the prominent reduction peak appears at 0.55V vs. Li/Li" for 75V,05—25P,05 and 75V,0s—
25P,05—7.5%GNP corresponds to the first lithium insertion and associated to the formation of solid electrolyte
interface film due to the decomposition of electrolyte [16]. In the consecutive cycles the cathodic peaks at ~1.05
V and ~0.6 V can be assigned to reductive reaction of VPO, glass and the formation of metallic phases V and
LisPO4 [7]. While, during anodic process, two successive oxidation peaks found at ~1.25 and ~1.8 V belongs to
reversible reaction of metallic phases to VPO, glass formation [6]. The V,05—P,05 glass system readily can be

reduced and leading to VPO, [17].
The reversible reaction process can be written as:

V + Li;PO, = VPO, + 3Li* + 3¢~ 1)



There are three lithium ions to react with VPO, reversibly, similar to the mechanism proposed in
previous reports [18,19]. The cyclic voltammetric (CV) curve show that part of the capacity of the electrode is

from non-faradic phenomena. The non-faradic capacity behaviour is typical for conversion oxysalts electrode

materials and they are described in literature as conversion materials [20-22]. In the conversion reaction versus

lithium the metal ions in the transition metal oxides/oxysalts in the process leads to the reduction of the metal
ions to the metallic clusters embedded in a Li,O matrix that involves the reversible reduction and oxidation of
metal oxides, coupled with the formation and decomposition of Li,O [5,23-25] during lithiation/delithiation.
Then the other reduction peaks found at ~2.3 and ~1.6 V for the first cathodic scan of both samples can be
related to the continuous phase changes of V,0Os to y-Li,V,05 and w-Li,V,0s, respectively after insertion of

lithium in to anode matrix [26].

Fig. 4(a) shows the first and second cycle discharge/charge characteristic curves of pristine 75V,05—
25P,05 and 75V,05—-25P,05—7.5%GNP glassy anode materials cycled between 0.005 and 3.0 V with the current
density of 200 mA g*. During the first discharge-charge, the pristine 75V,05-25P,05 and 75V,05—25P,05—
7.5%GNP delivered a specific capacity of 1409-768 and 1644-897 mA h g™ with the corresponding coulombic
efficiency of 54.5, 54.6%, respectively. However, their corresponding second cycle discharge capacities are 693
and 812 mA h g %, respectively. The huge irreversible capacity loss (ICL) were observed in the first cycle can be
attributed to the decomposition of the electrolyte and the formation of the SEI films which is in agreement with
the CV result [27]. The graphene modified sample has delivered a higher discharge capacity in both the 1% and
2" cycles. Both the samples show a coulombic efficiency >92% in the 2™ cycle and improving in the next
cycles and reaches 99% after 10" cycle which indicates that the as-synthesized samples are a very good

reversible for lithium-ion battery application.

In order to get insight into the electrochemical mechanism of lithium storage in 75V,0s—25P,05 and
75V,05-25P,05—7.5%GNP electrode, XRD patterns were taken for the samples from the electrode at the
charged state (3.0 V) and discharged states (0.8 V), (0.005 V), and are presented in Fig. 4(b, c). Fig. 4(b, c) is
the in-situ data taken after 1% cycle discharged (DC) states to 0.005 V, 0.8 V and charged (CH) states to 3.0 V of
the coin cells. Since, the XRD spectrum dominated by high intensive peaks from the copper substrate we only
considered until 40 degrees to exclude the Cu substrate effect. It is clearly observed that the peak at around 18
degree which can be indexed to LisPO, [19] appears and disappears during discharge as lithium enter the system

and discharge/charge as lithium leaves the system for both the samples.



The cyclic performance of 75V,05-25P,05 and 75V,05-25P,05—7.5%GNP glassy system for 100
cycles is shown in Fig. 5(a). At the 100" cycle the 75V,05-25P,05 and 75V,05-25P,05—7.5%GNP samples
respectively deliver a capacity of 277 and 447 mA h g™* and with capacity retention of 40% and 55% of their 2"
cycle discharge capacity. It is noteworthy that after the 20" cycle the graphene modified sample shows high
stability, 456 mA h g™ (at 20" cycle) and 447 mA h g™ (at 100" cycle) with 98% retention, whereas the pristine
364 mA h g™ (at 20" cycle) and 277 mA h g™ (at 100" cycle) retains only 76%. The graphene nanoplatelets

modified sample has shown improved capacity retention and delivered higher capacity.

Fig. 5(b) plots the specific discharge capacity versus cycle number of the electrode materials studied
for various current densities of 200, 500, 1000 and 1500 mA g with the potential range of 0.005-3.0 V.
75V,05-25P,05-7.5%GNP and its pristine counterpart showed the specific capacity of 752— 633, 359-333,
240-151 and 104-70 mAh g™ corresponding current densities of 200, 500, 1000 and 1500 mA g™, respectively.
The electrodes stability study was done by carrying out deep cycling at 1500 mA g™ and taking back the current
density to 200 mA g™*. The specific capacity becomes to around 446-410 mAh g in the initial cycles and the
capacity reduced to 377-157 mAh g™ at the end of the 100" cycle, at the 100" cycle the GNP modified sample
delivered capacity more than double of the pristine. The GNP modified sample showed a superior capacity and
stability as compared to pristine 75V,0s—25P,0s for all current densities. Specially, for the 200 mA g in the
case of the rate capacity, 75V,05-25P,05 and 75V,05—25P,05—7.5%GNP respectively retained 38 and 84% of
their discharge capacity after 100 cycles. The as-synthesised 75V,05-25P,05—7.5%GNP showed a great
potential anode for lithium ion battery as it delivered high capacity and superior electrochemical performance

than some related works reported so far and they are summarised in Table 1 [6,16,18].
EIS for electrodes in the coin cells

The lithium ion diffusion kinetics in the as-prepared 75V,05—25P,05 and 75V,05-25P,05—7.5%GNP electrode
materials were evaluated by carrying out electrochemical impedance spectroscopy (EIS) using fresh and after
100 cycle coin cells at open circuit voltage (OCV). Figure 6 shows the Nyquist plot for the compound and the
impedance spectra were fitted using an equivalent circuit shown in inset of Fig. 6 (b). In the equivalent circuit,
R, corresponds to the combined resistance of electrolyte and cell components. The first semicircle appears at the
high frequency region was due to the process of the surface film resistance (Ry) that represents the migration of
Li* ions within the solid electrolyte interface (SEI) film, while at the middle frequency region is due to charge

transfer resistance (R which is the Li* ion charge transfer resistance between the electrodes and electrolyte,



and Ry, is the bulk resistance [11]. The CPE(f+dl) is related to the constant phase element arises from the surface
film (f) and double layer (dl), and CPE, is bulk capacitance; C;. is for intercalation capacitance. The straight
line next to the semicircles represents the Warburg resistance of the composite electrodes, Zy, [28]. The fitting
values and fitted elements of the spectra are given in Table 2. The result indicates that for the fresh electrodes,
the obtained R, is 7 and 51 Q, Rg. is 293 and 296 Q for 75V,05-25P,05 and 75V,05-25P,05-7.5% GNP,
respectively. After 100 cycle, the resistance (Re¢) 19 and 16 Q values of the compounds decreases compared to
before cycling which implies that the Li* ion charge transfer at the interface between the electrode and
electrolyte has been improved after cycling. This is evidenced by the stability of the cells becomes higher after

repetitive 100 cycles as compared to initial cycles. The fitting errors are lower than 1% and y2 is 2.752 x 10™.
Electrical properties for the bulk electrode materials

Before we did the coin cell characterisation for two selected samples, we have done thorough
investigation for the bulk materials with various GNP concentrations (0%, 2.5%, 5%, 7.5%, and 10%) to choose

the best conductive candidate. We have found that 7.5%GNP is the best in terms of electrical conductivity.

The impedance spectra, Z' versus Z' for the as-synthesized 75V,05-25P,05 and 75V,05—25P,05—
7.5%GNP samples is shown in Fig. 7(a, b). The spectra show depressed semicircle followed by inclined line at
low frequencies. The equivalent circuit may be modelled as a parallel combination of a resistance R and a
constant phase element for bulk in series with Warburg impedance. The diameter of the semicircles R, gradually

decreases with concentration and temperature rise. The bulk conductivity is calculated using the relation

_t
RpA

2

Op

where A is the surface area of the sample and t is the thickness. Fig. 7(c) shows the GNP concentration

dependence of the bulk conductivity at 303 K. The bulk conductivity can be expressed as [29]:

o =nqu 3)

where n is the number of charge carriers and q is the specific charge of the electron ~ 1.6x10™ C. The increase
in the bulk conductivity of V,05-P,O5 glassy system with increasing GNP concentration can be related to the

increase in the number of mobile charge carriers and free volumes.

The relaxation time can be calculated from the relation [30]:



v

Z — (w_[)l—h (4)

where v denotes the distance on the impedance plot between (O, R,) and an experimental point, u is the distance

between the experimental point and (0, 0) and h = 2"‘/ﬂ

_Fig.7 (a) inset. Fig. 7(d) shows the variation of the relaxation time of 75V,05-25P,05 glassy system as a
function of GNP concentrations. The relaxation time decrease from ~10° to 107 sec with increasing GNP
content which can be attributed to the change in the free volume of 75V,05—25P,05 glassy system by changing

GNP content according to the following equation:

b
(f+) )

(T, 8) = Tyexp [

where &equal the possible excess free volume Ve, to initial equilibrium volume V.., b ~ yV'/V.,, is a factor close to
unity (an overlapping factor close to unity, V" is an activation volume for molecular transport, and f=Veo/ Vs iS

the fractional free volume at equilibrium [31].

The frequency dependence of the total conductivity for 75V,05-25P,05 doped by 7.5 mol.% GNP is
shown in Fig. 8(a). The glassy system shows two regions of frequency conductivity dispersion, the behaviour

can be expressed by the following relation:-
Oac(@) = 04c + A 051 + Ay, 0*2 (6)

where A is the frequency independent pre-exponential factor, w is the angular frequency and s;, and s, are the
frequency exponents. The values of the exponents have been obtained using the least square fitting of Eq. (6) for
the two regions. Fig.8 (b) shows the temperature dependence of the power exponent for 75V,05s—25P,05 doped

by 7.5 mol.% GNP. The values of the power exponent in the two regions appear contradictory behaviour.

The s; (Region I, (Fig. 8b)) values decreases with temperature indicating that AC conduction
mechanism follows the Elliot's correlated barrier hopping model (CBH) [32]. The s, (Region I1) values increases
with temperature indicating that AC conduction mechanism follows small polarons quantum mechanical

tunneling model [33]

S=1—m (7)



where oy is dc conductivity, ay is crossover frequency separating dc regime(plateau region) from the dispersive
conduction, kg is Boltzmann's constant, w, is the so called attempt frequency. The transition from CBH
conduction mechanism at low frequencies to tunneling conduction mechanism at high frequencies can be

attributed to the polaron conduction is predominating at high frequencies.

Fig.8(c) shows the temperature dependence of ac conductivity for 75V,05-25P,05 glassy system
doped with different GNP concentrations at 10 kHz. The increase in ac conductivity with increasing temperature
show thermally activated process. The o-1/T are divided into two regions. The activation energy for each region

was obtained by fitting the conductivity to Arrhenius equation:-

—E,

o = o () ®

where o, is a pre-exponential factor and K is the Boltzmann constant. The activation energy values in two
temperature regions are listed in Table 3. It is observed that the activation energy E, in the two regions
moderately increase with the increase in concentration of GNP. Although this behaviour contrasts with the
results of a relaxation time, but we can accept it, taking into account the dual role of graphene. The first role of
graphene is increase in the free volume of the glassy system while, the second role is cut the bridge between the
vanadium ions (V** and V*°). Those two roles were competed each other to produce activation energies by that

sight.
4. Conclusions

We synthesized graphene nanoplatelets modified 75V,05-25P,05—7.5%GNP glassy system and evaluated it as
anode for LIBs. The 75V,05-25P,05—7.5%GNP glassy anode delivered the first discharge capacity of 1644 mA
h g™ and reversible discharge capacity of 812 mA h g*, much higher than its pristine counterpart 75V,0s—
25P,05 with first discharge capacity of 1409 mA h g * and reversible discharge capacity of 693 mA h g * at 200
mA g current density. The GNP modified 75V,05—25P,0s deliver a discharge capacity of 447 mA h g™ at the
end of 100 cycles with capacity retention of 55%. It is noted that, after the 20™ cycle the graphene modified
sample becomes more stable and retains 98% capacity at the end of 100 cycles. The electrical property analysis
revealed that, the bulk electrical conductivity drastically increases with GNP moadification. This superior
electrochemical performance attributed to the high electronic and ionic conductivity due to graphene. This new
anode material has potential application to match high voltage cathode materials. In order to improve the

capacity and the stability of the anode materials, further work is required to make crystalline VPO,.
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Figure captions:

Fig. 1 (a) The XRD pattern of 75V,05-25P,05 and 75V,05-25P,05—7.5%GNP glassy system as-prepared

powder samples; The TG pattern for (b) 75V,05-25P,0s, and (c) 75V,05—25P,05—7.5%GNP samples.

Fig. 2 (a, b) SEM micrographs, (c, d) EDS spectrum, (e, g) TEM images and (f, h) HR-TEM images including
SAED pattern (inset) of the 75V,05-25P,05 and 75V,05-25P,05—7.5%GNP glassy system as-prepared powder

samples.

Fig. 3 The initial 10 cyclic voltammetry recorded for (a) 75V,05—25P,05 and (b) 75V,05—25P,05—7.5%GNP

glassy system at a scan rate of 0.1 mV s * in the potential range of 0.005-3.0 V.

Fig. 4 (a) The 1% two cycle charge/discharge voltage profile of a 75V,05—25P,05 and 75V,05—25P,0s—
7.5%GNP glassy systems at a current density of 200 mA g™*; The XRD pattern of (b) 75V,0s-25P,0s and (c)
75V,05-25P,05—7.5%GNP glassy system during the first cycle at the discharged state (0.005 V), (0.8 V) and

(3.0 V), respectively.

Fig. 5 (@) The cyclic performance of 75V,05-25P,05 and 75V,05-25P,05—7.5%GNP glassy systems; (b) The

rate capability of 75V,05-25P,05 and 75V,05-25P,05—7.5%GNP glassy system.

Fig. 6 The EIS spectrum for coin cells with 75V,05-25P,05 glassy and 75V,05—25P,0s—7.5%GNP glassy

system (a) fresh and (b) after 100 cycle (inset equivalent circuit).

Fig. 7 (a) Nyquist plot of 75V,0s-25P,05 and 75V,0s-25P,05 —7.5%NGP (b) 75V,05-25P,05-7.5% GNP

glassy system for various temperature, (c¢) Conductivity, and (d) Relaxation time at 303 K.

Fig. 8 (a) In(o) versus In(F) plots for 75V,05—25P,05 — 7.5% GNP glassy system (b) Power exponent as a

function of temperature (c) Temperature dependence of conductivity for different GNP concentrations

14



Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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Fig. 8
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Table 1: The comparison result of this work with previously reported works.

Sample 1% cycle discharge | 2™ cycle discharge | 30™ cycle discharge
capacity (mAh g™?) | capacity (mAhg?) | capacity (mAhg™)

VPO,/C 788.7 506.5 230.1

VPO,/C 887.3 502.0 343.0

LiVOPO, 7255 497.0 380

75V,05-25P,05-7.5%GNP | 1644.3 897(811.9) 436

Table 2: Fitting results of Nyquist plots of as-synthesized 75V,05—25P,05 and 75V,05—25P,05—7.5%GNP

anode materials.

Sample Re(Q) Riset (Q) CPEg.q (UF) CPE, (mF) Ry ()
Before 100 cycles
75V,05-25P,05 7 293 9055
75V,05-25P,05-7.5% GNP 51 296 12760
After 100 cycles
75V,05-25P,05 6 19 194 53 11
75V,05-25P,05-7.5% GNP 14 16 470 2 8
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Table 3: Activation energies of 75V,0:—25P,05 glassy system doped by different GNP concentrations.

GNP mol.% Ea (273-373 K) Ea (373-473 K)
0 0.200853 20.01427

25 0.2076 0.023355

5 0.167897 0.17992

75 0.2422 0.185975

10 0.26296 0.2076
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