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ABSTRACT: NASICON-type Na;V,(PO,); is a promising cathode material for sodium-ion UBSCALABLESNTHESIS P
batteries (SIBs). However, large-scale synthesis of Na;V,(PO,); with a robust microstructure = (%) i “Q\

favoring enhanced sodium-ion storage, which is crucial for commercial usage as an electrode
for SIBs, is still illusive. In this work, in situ carbon-coated Na;V,(PO,); (C-NVP)
nanoparticles embedded in a three-dimensional mesoporous carbon matrix has been prepared
by the scalable microwave-assisted sol—gel route. It delivers stable specific capacities of ~112
and ~102 mA h ¢”" at 0.1 and 1 C-rates (1 C = 118 mA g'), respectively, in the potential
window of 2.3—3.9 V versus Na/Na". In a wider potential window of 1.2—3.9 V, C-NVP  soouron - o2
for 2 moles DIATION >2 moles
shows reversible insertion/extraction of ~2.4 moles of Na* ions corresponding to a specific 23035y o030y ol
capacity of ~143 mA h g™/, with 75% capacity retention after S00 cycles at 1.0 C-rate. We | 888 888 94 888
attribute such unusual stability at higher moles of Na'-ion insertion to the ability of ©o 0o ?S %o
nanocrystallites to freely expand against mesoporous carbon as Na;V,(PO,); converts to o0,
Na,V,(PO,);. Moreover, a symmetric full cell using C-NVP as both cathode and anode shows
excellent cyclability and rate performance, with a high specific capacity of SO mAh g™ ' at 2 A
g ! stable for >10,000 cycles, corresponding to specific energy and power density of 88 W h kg™' and 3504 W kg™, respectively. A
proto-type pouch cell (symmetric full cell) delivers 7 mA h capacity at 0.1 A g™'. The scalable microwave-assisted sol—gel route
provides a robust solution for the large-scale synthesis of C-NVP with superior sodium-ion storage performance.

NaN,(POJ,  NaysVilPO,core&

Na,V,(PO,), core & Na,V,(PO,),shell

Na,V,(PO,), shell

KEYWORDS: microwave, sol—gel, Na;V,(PO,); mesoporous carbon, symmetric cell, sodium-ion battery

1. INTRODUCTION connect to the PO, tetrahedra through the corners, creating
large interstitial sites for the Na" ions to diffuse.” However,
NVP suffers from poor electronic conductivity, leading to
inferior electrochemical performance, and hence is not suitable
as a cathode for practical SIB applications." """ Various
synthesis routes have been adopted to prepare the NVP
material with enhanced electronic conductivity through several
conductive coating strategies.” '® Zhou et al. reported the
synthesis of an irregular nanosheet-structured NVP material
through a solid-state route using anthracite as carbon
precursor, which showed 97.5 mA h g™ at S C-rate.'’ A 3D
interconnected carbon-coated NVP synthesized through
hydrothermal route showed good performance due to
enhanced sodium-ion transport kinetics.'* The conventional
sol—gel method has also been employed to synthesize the
NVP—carbon composite, which showed a reversible capacity of
170 mA h g~ between 0.01 and 3 V at 20 mA g~."* The

Sodium-ion batteries (SIBs) are getting great attention as
promising secondary power sources for large-scale grid energy
storage due to their low cost, abundance of sodium resources,
and similar intercalation mechanism, resulting in on-par
specific energy to lithium-ion batteries (LIBs).'~* In spite of
various advantages, the lack of suitable cathode materials of a
high specific energy and a long cycle life has delayed the
commercialization of SIBs. In addition, the larger ionic radius
of the Na* ion compared to the Li" ion brings down the
sodium-ion transport kinetics, resulting in poor rate perform-
ance.” The materials having a large number of channels or
interstitial space for sodium-ion transport can be employed as a
suitable cathode for SIBs. Among different cathode materials,
Na-super ionic conductor (NASICON)-type structures
provide three-dimensional (3D) open frameworks with a
large number of channels for faster sodium-ion transport.” In
addition, they show better structural and thermal stability due
to strong covalent bonding of the phosphate (PO,)*" units."” Received:  August 6, 2021
NASICON-type Na;V,(PO,); (hereafter NVP) can be Accepted:  October 11, 2021
employed as a potential cathode owing to its high Na*-ion Published: October 25, 2021
intercalation potential (~3.4 V vs Na*/Na) with a theoretical

specific capacity of 117.6 mA h g™.° The NVP framework

consists of 3D V,(PO,); units, in which VOg octahedra

ERAPPLI
ENERG:

© 2021 American Chemical Society https://doi.org/10.1021/acsaem.1c02367

W ACS PUbl ications 12581 ACS Appl. Energy Mater. 2021, 4, 12581—12592


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.+Laxman+Mani+Kanta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Lakshmi+Priya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prajeet+Oza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Venkatesh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satyesh+Kumar+Yadav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bijoy+Das"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="G.+Sundararajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="G.+Sundararajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+Gopalan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.1c02367&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aaemcq/4/11?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/11?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/11?ref=pdf
https://pubs.acs.org/toc/aaemcq/4/11?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.1c02367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

scalable aerosol spray process has been adopted to synthesize
carbon-coated NVP porous hollow spheres, which showed
90% capacity retention at 20 mA g~ after 300 cycles."
However, these synthesis routes involve various issues such as
the formation of secondary phases (in the case of the solid-
state route), low yield, being unsafe and expensive (in the case
of hydrothermal or solvothermal), or inhomogeneous gelation
due to a prolonged reaction time (conventional sol—gel).'*™"*
Microwave radiation has been used extensively as a source of
heat during material synthesis in either solid-state or solution-
based routes.'””>' The solution-based microwave synthesis
yields nanomaterials at a shorter reaction time with improved
functional properties (high purity) due to the lower activation
energies and chemical homogeneity obtained from the
localized super heating.””~>* However, the issue of scalability
arises for microwave-assisted hydrothermal or solvothermal
synthesis, where pressure developed inside the reaction vessel
leads to safety concerns. Moreover, microwaves have been
used earlier for quicker drying of the gel formed by the
conventional sol—gel method, which is not so beneficial.*>~**
The application of microwaves to the precursor solution in an
open vessel can be an effective approach to synthesize the
materials in a large scale through gelation within a very short
time without any safety issues. However, there is no report on
the microwave-assisted sol—gel synthesis of the C-NVP
material to the best of our knowledge.

NVP has been mainly studied in the normal voltage window
of 2—4 V versus Na/Na*, which covers only the V**/V** redox
couple, resulting in a low specific energy. However, reports on
cycling in an extended voltage window of 1—4 V versus Na/
Na* covering both V¥*/V* (~3.4 V) and V**/V** (~1.6 V)
redox couples are limited. The two different voltage plateaus at
~34 and ~1.6 V correspond to the reversible insertion/
extraction of >3 Na' ions, resulting in a specific capacity of
>177 mA h g7'*’ Kang et al. have reported the cycling of
polyol-assisted pyro-synthesized NVP in the extended
potential window of 1.2—3.8 V versus Na*/Na, where they
have shown a specific capacity of 234 mA h g™' for only 20
cycles.” Sequentially processed NVP, when cycled between 1
and 4 V at 0.5 C-rate showed dramatic fade in capacity after 20
cycles.’’ A similar cycling trend has been seen by Wei et al,
where they have reported capacity degradation from 200 to 10
mA h g™! when cycled between 1 and 4 V.* Cycling in the full
voltage window furnishes to utilize the reversible insertion/
extraction of >3 Na* ions, which corresponds to a specific
capacity of 177 mA h g~'. Even though a very high specific
capacity has been realized with cycling in an extended potential
window, capacity degradation remains a big challenge, possibly
due to structural disintegrity of the electrode material. The
synthesis of nanostructured electrode materials with a robust
microstructure can improve the cyclic stability by retaining the
structural integrity.

Herein, we report the synthesis of in situ carbon-coated
Na,V,(PO,); (hereafter C-NVP) embedded within the
mesoporous carbon matrix through a scalable microwave
assisted sol—gel route for Na'-ion storage applications. A low-
cost organic precursor (citric acid) was used as both chelating
agent and source for carbon coating as well as for the 3D
mesoporous carbon matrix. C-NVP shows excellent capacity
retention of 92% after 500 cycles when cycled at 1.0 C-rate
within 2.3—3.9 V versus Na*/Na. Excellent electrochemical
performance has also been noticed in an extended voltage
window. At 1 C-rate, a high specific capacity of 143 mA h g™

is seen with 75% of capacity retention after 500 cycles in the
wide voltage window of 1.2—3.9 V. Higher cyclic stability with
reversible insertion/extraction of ~2.4 moles of Na* ions in the
wide potential window of 1.2—3.9 V is attributed to the
presence of a mesoporous carbon matrix which aids the NVP
nanocrystallites to freely expand during the charge/discharge
process. Lower capacity retention in the voltage window of
1.6—3.9 V has been understood in terms of poor kinetics of
Na* ions in Na,,,V,(PO,); particles beyond 2 moles of Na*-
ion insertion. Excellent electrochemical performance of
delivering a high specific energy of 88 W h kg™ and power
density of 3504 W kg~ within 1.5 min have also been noticed
when used as both a cathode and anode in a symmetric full cell
with cyclic stability >10,000 cycles at 2.0 A g~'.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. C-NVP was synthesized through a
microwave-assisted sol—gel process. NaH,PO,-2H,0 (99%, Sigma-
Aldrich), NH,VO; (98%, Loba Chemie), and citric acid (99.5%,
Sigma-Aldrich), with a molar ratio of 3:2:2, were used as the
precursors during the synthesis. First, NaH,PO,-2H,0 was added to
deionized water and ultrasonicated for S min until it was completely
dissolved to form a clear solution. Further, NH,VO; and citric acid
were added to the solution sequentially under continuous stirring
until a dark-reddish-colored transparent solution was obtained. The
prepared solution was transferred to a microwave synthesizer (CEM
Mars 6 Synthesis, USA), in which it was exposed to microwave
radiation of maximum 400 W until 80 °C was reached. The gel was
formed within 10 min of exposure to microwave radiation at 80 °C,
followed by drying the gel at 120 °C in a hot air oven. The dried gel
was ground and subjected to calcination by a series of heating at 400
°C for 4 h and 800 °C for 10 h in a tubular furnace under flowing
argon gas to obtain a single-phase material. The experiment was
carried out to prepare 30 g per batch and scaled up to 250—300 g per
batch with consistent electrochemical performance using the existing
facilities.

2.2. Structural Characterization. The structure of the as-
synthesized C-NVP was characterized using a Rigaku Smart lab X-ray
diffractometer with Cu Ka (1.5406 A) radiation between 10 and 90°
at a scan rate of 1° min~". The morphology and energy-dispersive
spectroscopy (EDX) analyses were conducted by field emission
scanning electron microscopy (FE-SEM) using a Carl Zeiss Merlin
instrument at an accelerating voltage of 10 kV. Further, the
morphology of the C-NVP composite was studied using a Technai
G2 transmission electron microscope, having the LaBy filament with
an electron beam of 200 kV. The lattice images were studied using an
FEI TITAN D3300 high-resolution transmission electron microscope
at an accelerating voltage of 300 kV. The infrared spectrum of the gel
was recorded with attenuated total reflectance—Fourier transform
infrared spectrometry (ATR—FTIR, Bruker VERTEX 70v) in the scan
range of 50—4000 cm™ under the transmission mode. Thermogravi-
metric analysis (TGA)/differential scanning calorimetry (DSC) was
recorded on the synthesized gel using a Netzsch STA449 F1 Zupiter
at a scan rate of 10 °C min™' in an argon atmosphere. The carbon
content in C-NVP has been estimated using a PerkinElmer 2400
CHNS—-O analyzer. Confocal Raman images and spectra of C-NVP
were recorded using an alpha 300 RAS WiTec spectrometer
UHTS300 at a LASER excitation wavelength of 532 nm and 600
grooves mm ™' grating with a spectral center of 2100 rel cm™". The
Brunauer—Emmet—Teller (BET) surface area of C-NVP was
measured by nitrogen absorption—desorption technique using
Micromeritics ASAP2020.

2.3. Computational Methods. Density functional theory (DFT)
calculations were performed using the Vienna ab initio simulation
package (VASP) with projector-augmented wave (PAW) pseudopo-
tentials. The calculations employed the Perdew, Burke, and Ernzerhof
(PBE) generalized gradient approximation (GGA) exchange
correlation functional with Hubbard U-corrections and rotationally
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Scheme 1. Schematic Diagram of Microwave-Assisted Sol—Gel Synthesis, Followed by Calcination to Prepare the Mesoporous
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invariant approach. The value of 4.2 eV as U, was used for the
vanadium ion as suggested by Lim et al’> All the calculations
employed a plane wave basis with an energy cutoff of 520 eV and 4 X
4 X 2 Monkhorst—Pack mesh for k-point sampling for all converged
results. Hereafter, the different stoichiometries of Na,V,(PO,); are
represented as NaxVP (x = 0 to 4), where Na ions sit in two
crystallographic sites, namely, the 6b site and 18e site, commonly
referred to as Na(1) and Na(2), respectively. For NalVP, all 6b sites
were filled. To create structures with more Na atoms, filling of Na(2)
sites was carried in a way so that there is minimum electrostatic
repulsion between Na ions. To do so, one of the Na(2) sites is chosen
as the starting point. The next site chosen was farthest from the first
site. Similarly, the average distance between next sites from the
previously chosen site was the largest. Also, this process continues
until all the sites are filled. Occupancies of Na(1) and Na(2) sites for
various stoichiometric structures are provided in Supporting
Information, Table S1.

To understand relative stability of various stoichiometries, we
calculate the formation energy of NaxVP with NaOVP and Na4VP as
references

AE;(NaxVP) = E(NaxVP) — L:@E(NaOVP)

- ZE(Nazwp) )

where E(NaxVP), E(NaOVP), and E(Na4VP) are the DFT energies
of Na,V,(PO,);, V,(PO,);, and Na,V,(PO,),, respectively. The Hull
plot is constructed by drawing formation energy versus composition,
which conceptualizes the formation of mixed stoichiometry based on
the two stable stoichiometries that are taken as references. The mixed
stoichiometry is represented as a convex combination of the reference
ones. The stable stoichiometry falls on the Hull plot, while the
unstable stoichiometry falls above the Hull plot.

2.4. Electrochemical Characterization. For electrode prepara-
tion, a homogeneous slurry was made by thorough mixing of as-
prepared C-NVP, carbon black, and the polyvinylidene fluoride
(PVDF) binder in a weight ratio of 80:13:7. N-Methyl-2-pyrrolidone
(NMP) was used as a solvent for the PVDF binder. The slurry was
coated onto an aluminum current collector (AA1060, Gelon, 25 um
thick) using a doctor blade. The coated electrode was further dried at
80 °C for 24 h in a vacuum oven (Binder GmbH), followed by
calendaring at a pressure of 3000 psi. 2032-type coin cells were
fabricated using the C-NVP electrode as a cathode against sodium
metal as the reference/counter electrode using in-house prepared 1 M
NaClO, in EC/PC (1:1 by vol %) as the electrolyte and glass
microfiber filters (Whatmann GF/D) as a separator. The as-prepared
electrolyte has an ionic conductivity of 7.54 mS cm™ at 27 °C
measured using a Metrohm 914 pH/Conductometer. In addition, the
symmetric cell consisting of C-NVP as both cathode and anode was
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fabricated for its performance evaluation. The symmetric pouch cell
was fabricated using electrodes of dimensions of 73 X 43 mm (length
X width) with a loading weight of 3.8 mg cm™ using polypropylene as
a separator and a polymer-laminated aluminum sheet as a pouch
material. The electrode preparation and cell fabrication were carried
out inside an argon-filled glovebox, where H,O and O, were
maintained at <0.1 ppm. Electrochemical characterization of the C-
NVP electrode in the half- and full-cell modes was conducted by
cyclic voltammetry (CV) and galvanostatic cycling with potential
limitation (GCPL) techniques using biologic (BCS-810) and Arbin
(BT2000) battery testers under different testing conditions,
respectively. Electrochemical impedance spectroscopy (EIS) was
conducted on C-NVP using an AMETEK PARSTAT MC electro-
chemical work station at an applied AC voltage amplitude of 10 mV
between 10° and 10~ Hz.

3. RESULTS AND DISCUSSION

Scheme 1 shows the schematic diagram of the detailed
synthesis procedure for gel formation with the exposure of
microwave radiation, followed by calcination to achieve in situ
carbon-coated Na,V,(PO,);. Here, an open vessel-based
microwave-assisted sol—gel synthesis has been employed,
where sodium dihydrogen phosphate (NaH,PO,2H,0) was
dissolved initially in deionized water, which dissociated into
Na® and H,PO,” ions, resulting in a transparent colorless
solution. With the addition of ammonium metavanadate
(NH,VO,;), the solution changed to transparent yellow
containing dissociated NH," and VO;~ ions where vanadium
is in the +5 oxidation state. Finally, addition of citric acid
(C¢HgO,), the chelating agent, results in a dark-red-colored
transparent solution where the pH was around 4.5. The highly
oxidizing nature of VO,~ in the acidic medium (pH < 7) has
oxidized some part of C¢HgO, to CsHOs.'> With exposure to
microwave radiation maintained at 80 °C, the rapid hydrolysis
of Na*, H,PO,~, NH,", and VO, occurred in the presence of
a chelating/reducing agent to form NaOH, H;PO,, NH,OH,
and VO(OH),, where vanadium has been reduced to the +4
oxidation state.

The detailed chemical reactions have been discussed in
Supporting Information (Equations S1—S9). The polyconden-
sation occurred with the aid of carbonyl groups of both
CsH4O5 and C4HgO, chelators at the expense of rapid
evaporation of the solvent at 80 °C. An ultrafast gelation (<10
min) resulted in a blue-colored gel representing the oxidation
state of vanadium as +4. The gel formed after the chelation
process by the interaction of VO** with the chelators having
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Figure 1. (a) TGA and DSC plots of NVP gel in an argon atmosphere. (b) X-ray diffraction pattern of the C-NVP material. (c) BET surface area
plot. (d) BJH pore size distribution. Confocal Raman spectroscopy of (e) C-NVP particles embedded in the mesoporous carbon matrix; and (f)
combined distribution showing C-NVP particles (blue) in the mesoporous carbon matrix (red).

carboxyl bonds (C=0) has been evidenced from the ATR—
FTIR spectrum as given in Supporting Information (Figure
S1). The calcination temperatures are determined from the
TGA data of the gel where major weight losses are seen. The
TGA plot depicts major weight losses in the temperature range
of 140 to 400 °C, followed by minor weight losses until 1000
°C (Figure la). Based on the TGA data, the first-step
calcination has been carried out at 400 °C to remove all the
volatile compounds and to ensure the decomposition of citric
acid to form amorphous carbon. Further calcination at 800 °C
was performed to reduce V*' to V*' through in situ
carbothermal reduction and crystallization of NayV,(PO,);.
Part of the carbon formed during initial calcination acts as a
reducing agent. Such reduction of V* to V3" at 800 °C is
supported by the weight loss and endothermic peak in the
temperature range of 700 to 900 °C (Figure la).

Figure 1b depicts the powder XRD pattern of the
synthesized C-NVP material. All the observed peaks due to
NVP are well indexed to the NASICON-type rhombohedral
crystal structure with the R3¢ space group (JCPDS Card no.
00-053-0018).">°*** No peaks due to the secondary phase are
observed. The ascertained peaks are slightly broadened in spite
of the high synthesis temperature, indicating nanocrystalline
nature of the synthesized NVP particles with a crystallite size of
55 + 2 nm as calculated from the Scherrer equation.” The
amount of carbon present in the material is found to be 5.83%
from CHNS—O analysis. The optimum percentage of carbon
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present in this nanocomposite is lesser than most of the earlier
reports, and a comparison table is given in Supporting
Information (Table S2). A lower carbon content is preferred
in order to increase the specific energy with respect to the total
weight as carbon is electrochemical-inactive in the cycling
range of a cathode. Figure 1c shows the Brunauer—Emmett—
Teller (BET) isotherms of C-NVP, indicating a type IV
adsorption mechanism of N2 gas.”® The BET surface area is
found out to be 27.7 m* g™" with the pore size distribution in
the range of 7—8 nm, conveying the mesoporous nature of the
carbon present in the C-NVP material (Figure 1c,d). Figure le
shows the Raman spectrum of C-NVP powder, where various
bands at 450, 881, 992, and 1111 cm™! due to NVP are seen
along with the bands of mesoporous carbon at 1364 cm™ (D-
band) due to sp* hybridization and 1598 cm™ (G-band) due
to sp> hybridization. Raman bands between 150 and 1200
cm™' represent the vibrational or bending modes of VO, or
PO, polyhedra of NVP. The intense energy bands observed at
1111 and 992 cm™ represent the asymmetric and symmetric
stretching modes of PO, respectively. The energy band due
to V—O vibration in VO,* is observed at 881 cm™. The weak
energy band due to the P—O bending mode in PO,*” is
noticed at 450 cm™.'* The I,/I; ratio obtained from the
Raman spectrum of carbon (Figure le) was found to be 1.103,
indicating the disordered nature of carbon obtained from the
decomposition of citric acid.’” The combined distribution of
confocal Raman imaging taken on the C-NVP pellet has shown

https://doi.org/10.1021/acsaem.1c02367
ACS Appl. Energy Mater. 2021, 4, 12581—12592


https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02367/suppl_file/ae1c02367_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02367/suppl_file/ae1c02367_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c02367/suppl_file/ae1c02367_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c02367?fig=fig1&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c02367?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

a clear distribution of C-NVP particles within the mesoporous
carbon matrix, where the blue and red zones represent C-NVP
particles and the mesoporous carbon matrix, respectively
(Figure 1f). The mesoporous carbon encapsulation on NVP
particles greatly improves the electronic conductivity of the
composite material, leading to enhanced electrochemical
performance.

Figure 2a,b shows FE-SEM images of as-prepared C-NVP
powder at different magnifications. FE-SEM image at a lower

Figure 2. (a,b) FE-SEM images of C-NVP nanoparticles at different
magnifications. (c,d) TEM images showing C-NVP nanoparticles
embedded within the mesoporous carbon matrix. (e,f) HRTEM
lattice images of C-NVP nanoparticles showing carbon coating.

magnification (Figure 2a) depicts the NVP nanoparticles with
an irregular shape and size ranging from 300 to 500 nm. At a
higher magnification, it is noticed that the NVP nanoparticles
with a particle size of 100—150 nm agglomerated to form the
particles of a sub-micron size (Figure 2b). EDX analysis
showed a uniform distribution of Na, V, P, and O with
elemental mapping (Supporting Information, Figure S2).
Further, TEM analysis depicts the distribution of NVP
nanoparticles within the mesoporous carbon matrix (Figure
2¢,d), supporting the confocal Raman imaging (Figure lef).
The pores present in the gel not only acted as nucleating sites
for NVP nanoparticles but also restrained their growth in order
to achieve a controlled particle size, which is confirmed from
the TEM images (Figure 2c,d). Such a microstructure of
embedded NVP nanoparticles within the mesoporous carbon
matrix provided continuous transport paths for sodium ions to
diffuse three-dimensionally. The coral-like mesoporous carbon
network also aids in easy percolation of the electrolyte during
electrochemical cycling, which enhances the accessibility of the
active material. The high-resolution transmission electron
microscopy (HR-TEM) image depicts clear lattice fringes of
different inter-planar distances, indicating different orientation
of NVP crystallites. The inter-planar distances of 0.37 and 0.44

(£0.02) nm between two fringes represent (113) and (104)
planes, respectively, as shown in Figure 2e,f. A uniform carbon
coating of a thickness <10 nm, which is obtained due to the
decomposition of citric acid, is depicted from the HR-TEM
images, as shown in Figure 2f.

Cyclic voltammetry (CV) was performed on the C-NVP
cathode against Na-metal as the reference electrode to
determine the electrochemical-active redox couples. Figure
3a shows the CV plots of the first cycle to the fifth cycle swept
between 2.3 and 3.9 V at a scan rate of 100 4V s™". During the
charge process, a sharp and well-defined peak is noticed at
~3.45 V, which represents the Na'-ion extraction from the
Na,V,(PO,); structure, leading to the oxidation of V** to V*'.
Unlike the charge process, two distinct peaks are noticed at
~3.34 and ~3.25 V during discharge, which are due to the
reduction of V** to V**. The splitting of the peak is due to the
local arrangement of sodium ions in the structure, possibly the
migration from Na(1) to the Na(2) site. Such phenomena are
commonly observed in NASICON-type structures.”**”*' At a
higher cycle number (fifth cycle), the peak intensity at ~3.25 V
remained almost same, indicating the reversibility of Na*-ion
migration from Na(1) to the Na(2) site, which contributes to
the total discharge capacity. The CV profile of C-NVP in a
wide range of the potential window of 1.0—3.9 V depicts an
additional reversible redox couple at ~1.67 V (due to V3*/V?*)
and at ~1.7 V (due to V**/V**) during the discharge and
charge processes, respectively (Figure S4).

The first-cycle galvanostatic charge/discharge plots of C-
NVP in different voltage windows at a 0.1 C-rate are shown in
Figure 3b. The charge profile of C-NVP, when cycled between
2.3 and 3.9 V, shows a flat voltage plateau at ~3.4 V due to
V3*/V* similar to that of CV (Figure 3a). The specific
capacity of 112 mA h g™ is observed at the end of charge (3.9
V), which corresponds to the extraction of ~1.9 moles of Na*
ions from the NVP structure (eq 2). The following discharge
curve also exhibits a flat voltage plateau at ~3.3 V with a
voltage hysteresis of ~0.1 V, which is lower compared to that
of other cathode materials.”'”*” At the end of the first
discharge, a high specific capacity of ~110 mA h g™' is
observed with 98% of coulombic efficiency. With lowering of
the cutoff voltage to 1.6 and 1.2 V, further insertion of Na" is
observed into the NVP structure, thereby increasing the
specific capacity. When cycled down to 1.6 and 1.2 V, C-NVP
has shown higher discharge specific capacities of 137 and 169
mA h g™'ata 0.1 C-rate (Figure 3b) with first-cycle coulombic
efficiencies of 96 and 97%, respectively. The observed specific
capacities correspond to insertion of ~2.33 and ~2.87 moles of
Na' ions into the NVP structure, respectively (eqs 4, S). The
reduction of V** to V** at ~1.67 V facilitates reversible
insertion of nearly one more Na* ion into the Na,V,(PO,),
structure to form Na,V,(PO,);. The overall electrochemical
reactions have been proposed based on the observed reversible
specific capacities at various lower cutoff voltages as follows:

During the first charge:

charge
Na,V,(PO,), E Na, VoV, **(PO,);, + 1.9Na”*
+19 (23-39V) )

During the first discharge:
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Figure 3. (a) Cyclic voltammograms of C-NVP at 100 4V s~ scan rate; (b) galvanostatic charge/discharge plots of C-NVP at 0.1 C-rate (1 C =
118 mA ¢ ') in different voltage windows. Specific capacity vs cycle number plots of C-NVP (c) at 0.1 C-rate and (d) at different C-rates. Specific
capacity vs cycle number plots at 1.0 C-rate, (e) 2.3—3.9 V vs Na*/Na and (f) 1.6—3.9 V and 1.2—3.9 V vs Na*/Na.

Na, V"V, **(PO,); + 1.87Na™ + 1.87¢~

discharge
T NayorVoos Vi (PO, (23 —39V)
(©)
Na, V,o"V, **(PO,), + 2.33Na™ + 2.33¢~
discharge
il Nay 43Vou5" Visy* (PO, (1.6 —39V)
(4)
Na, V"V, **(PO,); + 2.87Na™ + 2.87¢~
discharge
) > NaygrVogr Vigs  (PO)3(12 = 39V)  (5)

Figure 3c depicts the capacity versus cycle number plot for
C-NVP cycled within different voltage windows at 0.1 C-rate.
When cycled within 2.3—3.9 V, it exhibits a high reversible
specific capacity of ~112 mA h g~' without any noticeable
capacity degradation up to 100 cycles with 99% retention.
Excellent rate performance is also seen when cycled at various
current rates (Figure 3d), with high specific capacities of 112,
110, 109, 102, 99, 90, and 89 mA h g at 0.1, 0.2, 0., 1.0, 2.0,
5.0, and 10 C-rates, respectively, in the voltage window of 2.3—
3.9 V versus Na*/Na. At 1.0 C-rate, it still exhibits ~102 mA h
g~ with 92% of capacity retention after 500 cycles (Figure 3e).
In extended voltage windows of 1.2—3.9 and 1.6—3.9 V, when
cycled at 0.1 C-rate, it delivers high reversible capacities of 169
and 137 mA h g™ with 90 and 82% capacity retention after

12586

100 cycles, respectively (Figure 3c). Cycling at 1 C-rate in the
extended voltage window of 1.2—3.9 V shows a high specific
capacity of 143 mA h g~' with capacity retention of 75% after
500 cycles (Figure 3f). In the case of 1.6—3.9 V, only 107 mA
h g™! specific capacity is noticed, which drastically fades after
100 cycles (Figure 3f). In this study, an unusual cyclic stability
has been noticed when deeply cycled between 1.2 and 3.9 V
rather than 1.6—3.9 V. Although there are reports on a high
specific capacity of >150 mA h g™" in the wide voltage window,
the gradual fade in capacity has been noticed with <10%
capacity retention after a certain number of cycles. The reason
for such capacity degradation has been explained in terms of
huge volume expansions or biphasic phase transforma-
tions.””’" To the best of our knowledge, there is only one
report on dual nitrogen-doped carbon-decorated NVP
embedded in the expanded rGO (NVP@C/rGO-U) compo-
site, exhibiting 89% capacity retention after 100 cycles at 1 C-
rate.*” In our work, a simple mesoporous carbon-encapsulated
NVP (C-NVP) nanocomposite even showed better capacity
retention of 93% after 100 cycles at 1 C-rate (Figure 3f). The
presence of mesoporous carbon provides additional electronic
conductivity, whereas the pores allow the easy percolation of
the electrolyte, promoting faster Na*-ion transport.”"** Such a
microstructure is beneficial, which helps to prevent any
structural changes and electrode degradation while minimizing
the physical contact with the electrolyte through carbon
coating. The electrochemical impedance spectroscopy (EIS)
measurements on fresh and cycled C-NVP (after 200 cycles at
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Figure 4. (a) TEM image showing the typical inter-particle distance (d; is 489 nm) in as-prepared Na3VP. Also shown is the typical separation
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Representation of Na3VP particles embedded in the mesoporous carbon matrix dispersed in carbon black and the binder in the electrode level.

1.0 C) further support such explanation. The Nyquist plots of
C-NVP before and after cycling shown in Figure 6d depict
minor change in charge-transfer resistance, and it remained
almost the same even after 200 charge/discharge cycles.

The unusual cycling behavior of C-NVP with higher capacity
retention when cycled between 1.2 and 3.9 V compared to that
of 1.6—3.9 V has been explained with the help of both
experimental and theoretical (DFT) data. Figure 4a depicts the
TEM image indicating the typical inter-particle distance of as-
prepared Na3VP along with the distances when particles have
changed to Na4VP. The change in distance when Na3VP
converts to Na4VP was estimated by assuming particles to be
spherical. Twice the change in radius of the particle is taken as
the change in distance on conversion. Volumes per formula
unit as calculated from DFT are listed in Table 1, which are

Table 1. Calculated Volume Change at Different Sodiation
Levels

volume of the unit cell change in volume w.r.t NalVP

composition (A% (%)
NalvP 1390.26 0
Na3vP 1487.58 6.5
Na3.5vP 1513.04 8.1
Na4VvP 1532.87 9.3

used to estimate the volume change of particles. It confirms
that particles can freely expand in the amorphous carbon
matrix without exerting stress on each other, hence achieving
high-capacity retention. Figure 4b shows the schematic
representation of Na3VP particles embedded in the meso-
porous carbon matrix (secondary particles) dispersed in
carbon black and the binder in the electrode level, confirming
how particle expansion takes place without the straining
binder, which has been suggested as a reason of failure in
previous studies.’’

At 0.1 C-rate, after 100 cycles, we find capacity retention of
90% when cycled between 1.2 and 3.9 V, with an initial specific
capacity of ~169 mA h g™, compared to 82% capacity
retention when cycled between 1.6 and 3.9 V, with an initial
specific capacity of ~137 mA h g™'. This behavior is
counterintuitive to the well-established notion that a larger
amount of ion cycling results in poor cyclic stability. A similar
discrepancy was observed by Ceder et al, where they observe
poor cyclic stability in the voltage window of 1.5—-4.5 V
compared to 1.0—4.5 V in NaMnCr(PO,),, but no explanation
was provided."* We explain the origin of higher stability at a
wider cyclic window in terms of the barrier associated with
bulk diffusion of Na* ions in particles and the driving force for
intercalation of Na' into the particle. The driving force for
intercalation is dictated by the voltage; lower the voltage,
higher the driving force. The barrier to diffusion may change as
the concentration of Na® present in the particle changes.
Figure 3c lists capacity retentions in various voltage windows at
0.1 C-rate. When cycled between 2.3 and 3.9 V, cyclic stability
is very high compared to cycling at a wider voltage window at
both 0.1 and 1 C-rates. This is due to the low barrier to
diffusion of Na* ions as the concentration of Na ions is low,
which in turn results in uniform distribution of Na ions
throughout the particles (Figure Sa). However at a lower
voltage, the stoichiometry of particles has to reach
Na,,,V,(PO,);. Insertion of more than 2 Na* in NalVP
results in a larger barrier to diffusion. Also, their thermody-
namic stability decreases compared to that of Na3VP, which is
the most stable stoichiometry as shown in Figure SS. Through
CV, we established that under very slow charging, Na4VP
formation can be achieved at 1.67 V in the half cell (Figure
S4). As the cell is cycled between 1.6 and 3.9 V, although the
voltage is low enough to form Na4VP; however it is not
sufficient enough to diffuse Na® fast to form Na4VP
throughout the particle. This results in the formation of the

(@) ~ (b)
~500 nm
Na3-VP
~112 mAh g*! ~137 mAh g ~107 mAh g ~169 mAh g ~143 mAh g1
99% at100,0.1C 82 at100,0.1 C 0% at 200,1 C 90% at 100, 0.1 C 75% at 500, 1C
~102 mAh g 1.6-39V 1.6-3.9V 1239V 1.2-3.9V
92% at 500,1 C
2339V

Figure S. Representation of concentration of Na ions in discharged particles at various cycling windows and capacity retention at the number of

cycles.
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Na4VP shell and Na3VP core leading to the lattice mismatch
between the core and shell, and hence the particle loses
stability (Figure Sb). An even sharp separation between the
Na4VP shell and Na3VP core emerges when cycled at 1 C, as
shown in Figure Sc, resulting in total deterioration of the
particle after 200 cycles (Figure 3f). On the other hand, in the
1.2—3.9 V cycling window, as the driving force for diffusion of
Na® ions is higher at a slower rate of 0.1 C, a uniform
distribution of Na® ions occurs, resulting in better stability
(Figure 5d). At a higher charging rate of 1 C, the core—shell-
type structure forms, resulting in poor stability, but as the
lattice mismatch between the core and shell is less due to the
formation of Na3.5VP in the core region, it results in better
stability (Figure Se).

The CV measurements at different scan rates were
performed on C-NVP versus the Na/Na* system to understand
the Na*-ion transport mechanism, and the profiles at various
scan rates (0.1—2.0 mV s™') are shown in Figure 6a. It is
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Figure 6. (a) Cyclic voltammograms of C-NVP at different scan rates
in the voltage window of 2.3—3.9 V vs Na/Na*. (b) Peak current vs
square root of scan rate plots of C-NVP. (c) Diffusion coefficient vs
scan rate plot of C-NVP. (d) Nyquist plots of C-NVP in a half cell
before and after cycling at 1.0 C-rate.

noticed that peaks due to the reduction (cathodic) and
oxidation (anodic) processes are shifted. With the increase in
scan rates, the peak current (I,) has been increased during
both the processes. It was found that the current measured
during the oxidation process is higher than that of the current
measured during reduction, indicating little difference in the
kinetics of Na*-ion insertion and the extraction process. Figure
6b shows the plots of peak current (IP) versus square root of
scan rates during the redox process. The peak current in both
the processes followed a linear relationship to the square root
of the scan rate (1), implying the transportation of Na* ions
via solid-state diffusion. A similar Na*-ion storage mechanism
has also been reported for other electrode materials, when
cycled against Na metal.”’ =

The chemical diffusion coefficient of the Na* ion (Dy,) was
determined from the CV plots (Figure 6a) recorded at
different scan rates, and the data are shown in Figure 6¢c. The
Dy,* values were calculated by measuring the peak current

along with other parameters using the Randles—Sevcik’s
equation45’46

ip = 2.69 X 10°Y7AC/Dy,+v (6)

where i, is the peak current (A), n is the number of electrons
transferred during reaction, F is the Faraday constant (96486 C
mol ™), C is the concentration of Na* ions (mol cm™2), A is the
surface area of the electrode (cm?), Dy, is the chemical
diffusion coefficient (cm?® s™') of the Na* ion, and v is the scan
rate (V s7'). The calculated Dy,* values are in the range of
3.97—5.22 X 107" cm® s7". Such a high diffusion coefficient is
possibly due to the synergetic effect of the mesoporous carbon
microstructure and nanoscale nature of the NVP material.

The electrochemical performance of as-prepared C-NVP
was further investigated in the symmetric full cell owing to the
two different redox couples of vanadium, where C-NVP was
used as both cathode and anode. In the symmetric full cell,
based on the vanadium redox couple (V**/V**), the following
reactions are possible:

At the cathode,

charge + _
Na,V,(PO,); «— NaV,(PQ,); + 2Na™ + 2e (7)
At the anode,
+ _ charge
Na,V,(PQ,); + 2Na™ + 2¢” «—— Na,V,(PO,), (8)

The cyclic voltammogram of C-NVP versus Na/Na* at lower
voltages showed a redox peak at 0.4 V, confirming the further
sodiation up to S Na* ions (Figure S6). After complete
occupation of 6b (Nal) and 18e (Na2) crystallographic sites,
Na' ions occupy 6a sites of the unit cell when the fifth sodium
is inserted. Jian et al. have reported that the occupation of 6a
sites at lower voltages was due to huge coulombic repulsions
experienced by the Na* ions which demand more energy to
overcome the barrier.*’ Based on this reversible shuttling of 2
Na* ions in the symmetric full cell, the cathode to anode
weight ratio is maintained as 1, whereas the loading of both the
electrodes are taken as 1.5 mg cm2each. Figure 7a depicts the
CV profile for C-NVP symmetric cell cycled at 100 xV s7*,
whereas intense oxidation and reduction peaks centred at
~1.67 and ~1.85 V are noticed, with an average voltage of 1.76
V, which is almost same as the expected value on the basis of
the voltage difference between the V3 / V¥ (~3.4V) and V**/
V¥ (~1.67 V) in NayV,(PO,); (Figure S4). The C-NVP
symmetric full cell exhibited an output voltage of ~1.8 V. The
galvanostatic charge/discharge profiles of the C-NVP sym-
metric full cell at 0.1, 1, and 2 A g_1 (equivalent to 0.85, 8.5,
and 17 C-rates based on the capacity calculation of 1 C = 118
mA h g™') are shown in Figure 7b,c. The time taken for
completing a full cycle at 1, 2, and 5 A g_1 is 6.6, 3, and 1.2
min, respectively (Figure 7b). At the end of the first discharge,
~90 mA h g™! is noticed at 0.85 C (Figure 7d), corresponding
to the high specific energy of ~157 W h kg™', which is higher
than that reported in the literature on symmetric SIBs to the
best of our knowledge.**™>® The performance of the C-NVP
symmetric full cell at 1 and 2 A g™' (8.5 and 17 C) shows a
similar voltage plateau with a slight increase in voltage
polarization (AV = 0.12 and 0.42 V). The reversible specific
capacity of ~60 and ~50 mA h g~! with an excellent cyclic
stability is noticed with capacity retention of 88.4 and 65%
after 1400 and 10,000 cycles, respectively (Figure 7d,e). The
relatively high specific energy of 106 W h kg™' has been
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Figure 7. (a) Cyclic voltammogram of the C-NVP symmetric full cell at 100 1V s™". (b,c) Galvanostatic charge—discharge curves of the C-NVP
symmetric full cell at 0.1, 1,2, and 5 A g~" during the first cycle. (d) Cyclic stability of the C-NVP symmetric full cell at 0.1 and 1 A g”". (e) Long-
term cycling study at 2 A g™*. (f) Ragone plot for the C-NVP symmetric full cell at different current densities. (g) Nominal capacity vs cycle number
plot of the symmetric pouch cell. (h) Symmetric pouch cell of ~1.8 V with glowing red LED.

exhibited by C-NVP at 1 A ¢! (8.5 C) without compromising
on the power density (1743 W kg™') as shown in the Ragone
plot (Figure 7f). A symmetric pouch cell fabricated using the
C-NVP displayed a cell voltage of 1.8 V with a ~7 mA h
nominal capacity glowed a red LED light (Figure 7gh). The
studies in literature until now have followed a cathode to
anode ratio of 1:2, which leads to excess mass loading on the
anode side, resulting in the increase of cell weight as well as
unnecessary side reactions due to the excess Na* jons coming
out of the anode.”*™*° The optimized mass loading of 1:1 is
sufficient enough to achieve good performance in the cell level.
A shell kind of mesoporous carbon-encapsulated NVP
synthesized through the microwaves exhibited specific energy
and power density values (Table S3) superior to those of the
pristine,sh52 congeneric,53 codoped,54 rGO-based,” and
expanded graphite-based®® NVP symmetric cells reported
earlier (Figure 7f).
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4. CONCLUSIONS

In summary, a simple, fast, and scalable microwave-assisted
sol—gel route has been employed to synthesize the in situ
carbon-coated Na,;V,(PO,); (C-NVP) cathode embedded in a
3D mesoporous carbon matrix. Such a robust microstructure
has been optimized through the gelation time and content of
citric acid. C-NVP has delivered specific capacities of 112 and
102 mA h ¢! at 0.1 and 1 C-rates, respectively, with enhanced
cyclic stability when cycled between 2.3 and 3.9 V. In addition,
the robust microstructure provides cyclic stability at a wider
potential window with a very high specific capacity of ~143
mA h g™ with 75% retention after 500 cycles at 1.0 C-rate,
resulting in enhancement of specific energy. In situ synthesized
mesoporous carbon acted as a buffer and resisted the volume
expansions during the complete [Na,V,(PO,);] and partial
sodiation [Na;V,(PO,);] in the NVP structure. A symmetric
SIB utilizing C-NVP as both cathode and anode resulted in
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excellent rate performance and long cycle life. It has delivered a
high specific capacity of S0 mA h g™' at 2 A g™ (17 C-rate),
corresponding to a specific energy of 88 W h kg™" and a power
density of 3504 W kg ™" with cyclic stability > 10,000 cycles. An
enhanced Na*-ion diffusivity of 3.97—5.22 X 107'° cm® s has
been observed due to the synergetic effect of 3D mesoporous
carbon obtained during the synthesis, which can enable to
prepare high-power sodium-ion batteries (SIBs) using the
synthesized C-NVP electrode material. Our approach of
scalable and fast synthesis of the Na;V,(PO,); electrode with
a robust microstructure, which provides a high specific energy
and power density with a long cycle life, can open up the
possibility of its application in the future.
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