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Since LiFePOg4 batteries play a major role in the transition tosafe, more affordable and sustainable
energy production, numerous strategies have been applied-te.modify LLFP cathode, with the aim of
improving its electrochemistry. In this contribution, a highly-vanadium-doped LiFe.9V01PO4/C
composite (LFP/C-10V) is synthesized using the glycine eombustion method and characterized by
X-ray diffraction (XRD), X-ray photoelectron™ spectroscopy (XPS), Thermogravimetry
Differential Thermal Analysis (TGDTA) and Cyclic \Joltammetry (CV). It is shown that 10wt.%
of vanadium can substitute Fe positions, thus decreasing unit cell volume, which is followed by
generation of LisV2POs traces, as detected by CV. High vanadium doping does not change the
carbon content in the composite (= 13 wt%) but improves its electronic conductivity and
electrochemical performance in both._agueous and organic electrolytes. The reversibility and
current response are increasing followang thestrend: LFP/C, LFP/C -3mol%YV, LFP/C - 5mol %
and LFP/C-10 mol %. The best specific capacity Is obtained for the most highly doped olivine,
which exhibits a reversible process at 1 mV sin an aqueous electrolyte, thus showing a peak-to-
peak distance of 56 mV. The high.capacity of LFPC-10V is measured in both LiNO3z and NaNO3
electrolytes amounting to around 100 mAh g* at 20 mV s*. Still, the material is only stable in
LiNO3 electrolyte, making it mor&suitable for Li than Na-ion aqueous rechargeable batteries.
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1.Introduction

Since Sony released the first Li-ion battery, the number of scientific papers and patents has grown
exponentially [1], which has resulted in its improved performance and Nobel prize in 2019. The
current energy density of around 300 Wh kg™ has enabled Li-ion batteries not.only to rule high
technology, but also integrate into renewable energy infrastructure and penetrate the market of
electric vehicles. However, there is still room for improvement in energy density to reach
theoretical values for some battery systems, based on the mass of all integrated eomponents [2].
Therefore, one part of the research is strongly focused on increasing the energy density of Li-ion
batteries by developing high-capacity materials and/or highly conductive electrolytes [3,4] mostly
relying on solid-state, metal-air, and metal-sulfide batteries, whilg the.other part puts the accent
more on safety and sustainability aspects than on energy improvement [5-8] .

LiFePO4 (LFP) batteries are considered one of the best options when it comes to addressing issues
of safety, sustainability and environmental suitability. Their combination, with an aqueous system,
makes the battery system "ideal" from an ecological and nen-toxic point of view. Since the
discovery of LiFePO4 (LFP) by John Goodenough [9,10], many strategies have been developed in
the literature to improve its performance. These include the synthesis of olivine nanoparticles [11],
their carbon coating and anchoring with CNT or RGQ/[12=14], doping with various cations and
anions [15-17], etc. Vanadium substitutionsinto olivine was found to be an effective strategy to
boost its electrochemical performance[16,18-21]. Although there were initial discrepancies
[16,18,21-23]as to whether the vanadium ion occupied the cationic or anionic position of LiFePOs,
most authors agreed that vanadiumpreferentially replaced Fe positions [21,23-25], while
occupation of Li sites was also possible [26]. By‘occupying Fe positions, vanadium increases the
effective Li* cross-sectional area of the LiOs'octahedral face [25] and lowers the energetic barrier
for Li ion diffusion through a one-dimensional olivine channel [27]. Furthermore, secondary
phases such as VO, LisV2(PO4)z ... are.usually observed as an accompanying phase of V-doped
LFP, especially at higher doping levels [21,23], which may have a positive effect on the electronic
conductivity and hence electrochémicalperformance. The phase composition of V-doped LiFePO4
strongly depends on the amount of doped vanadium [23].

Our group has focused a.lot onthe vanadium doping strategy [28,29], where we showed that the
performance of LiFePO4/C (LEP/C), synthesized by the glycine-nitrate combustion process, can
be successfully improved by doping with low vanadium fraction of 3 and 5 mol%, in both organic
and aqueous electrolytes. Namely, incorporation of vanadium into Fe sites is capable of increasing
the electroniciconductivity of LFP/C and extending Li-O bonds, thereby promoting the diffusion
of Li-ions. The aim here was to investigate the influence of a high level of vanadium doping on
the structureand electrochemical behavior of the synthesized olivine, targeting the composition of
LiFeooVo.1PO4/@. Therefore, heavily vanadium-doped LiFePOs, more specifically
LiFeooV01PO./C (LFP/C-10V), was synthesized by our developed gel-combustion procedure and
subjected to structural analysis and electrochemical testing in both Li- and Na-containing aqueous
electrolytes [28-30]. The results are discussed by comparing the electrochemical behavior of
LFP/Cwith different vanadium doping levels (3, 5 and 10 mol %). The insertion behavior of
lithium and sodium was also compared. While the influence of high vanadium doping level on the
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electrochemical performance of LFP in an organic electrolyte has been the subject of several
studies [21,23], no similar reports have been found regarding the electrochemical behavior inan
aqueous electrolytic medium. This way we complete the puzzle relying on the electrochemistry of
V-doped LiFePOs. Besides, there is no report on the use of glycine combustion Synthesis for
producing highly doped LFP. The study also shows that 10 mol% of vanadium can.be successfully
incorporated into an olivine lattice at higher temperatures, via a gel-combustion route: Such high
vanadium doping in LFP/C is an effective way to improve performance, even beyond that achieved
with a low doping level. A novel LFP-based cathode, with an excellent‘high-rate performance, is
proposed for aqueous rechargeable Li-ion batteries.

2. Experimental

LiFeogVo.1PO4/C composite was synthesized according to eur developed procedure [28,30].
Briefly, stoichiometric amounts of LiNOs (Alfa Aeser), FeC.0:x2H.O (Sigma Aldrich),
NH4H2PO4 (Merck) and NHsVO3 (Merck) were mixed with water, glycine (the molar ratio of
glycine to nitrate was 2:1) and malonic acid (60 wt.% Of the theoretical olivine mass) to evaporate
at 80 -C using a magnetic stirrer. The obtained gelled precursoer was transferred to an oven at 190
°C to cause the auto-combustion process, resulting in a floceulent product that was further heated
in a quartz tube furnace first at 350 °C (for 3h) and then at 750 °C for 6h, in a reducing atmosphere
of Ar/5H..

X-ray powder diffraction was measured.on the Philips PW 1050 diffractometer, equipped with
Nickel-filtered Cu-Kay» radiation, inthe 2 theta range from 10 to 120°. The scanning step was
0.02° and the counting time was 12 s per step.

The composite sample was subjected to thermogravimetric analysis using the Thermobalance TA
SDT Model 2090. The experimental setuprinvolved controlled heating at a programmed rate under
an air atmosphere to allow carbo\n compbustion. During the experiment, the change in mass as a
function of temperature was continuously recorded.

The electrical conductivity of the/same sample was assessed using an AC bridge Wayne Kerr
B224, operating at a fixed frequency of 1 kHz. This frequency is commonly employed in electrical
conductivity measurements to ensure consistent testing conditions. LFP/VV-10V powder was
subjected to compaction to form a pellet of uniform size and density. The compaction process was
controlled rigorously to maintain consistency in pellet dimensions.
To achieve reliable electrical contact, the contact surfaces of the prepared pellet were evenly coated
with a layer of high-canductivity silver paste. The coating process aimed at complete coverage of
the pellet:surfacesyensuring minimal risk of electrical discontinuities as well as stable and durable
electrical contact.

XPS analysis of the samples was carried out on SPECS Systems with XP50M X-ray source for
Focus 500 and PHOIBOS 100 energy analyzer using a monochromatic Al Ko X-ray source
(1486.74€V) at 12.5 kV and 16 mA. The sample was fixed onto an adhesive copper foil to provide
strong mechanical attachment and good electrical contact. During the measurement the base
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pressure in the system was below 5x10-9 mbar. The XPS spectra were collected by SpecsLab data
analysis software.

Electrochemical measurements were measured in a three-electrode cell. For aqueous electrolyte
(6M LiNOs and 6M NaNOs), the cell was composed of working electrode (LEP/C-10VSample
attached to the conductive support), Pt foil as a counter electrode and reference saturated-calomel
electrode (SCE). Both Cyclic voltammetry (CV) and Chronopotentiometry: (CP) measurements
were performed using Gamry 1010E Potentiostat/Galvanostat. For @rganic electrolyte (1M
LiClO4/PC), the cell was composed of LFP/C-10V as a working electrode and lithium foil as both
counter and reference electrodes (assembled in Ar-filled glove box). CV measurement in an
organic electrolyte was performed using Potentiostat PAR A.

The working electrode was prepared for all measurements by mixing active powder with PVDF
binder dispersed in N-methyl-pyrrolidone and Carbon Black.additive (Cabot Vulcan® XC72R) to
form a slurry (75:5:20 wt%, respectively), which is further attached to.the conductive glass carbon
(for the measurements in an aqueous electrolyte) or Pt foil (for. the measurements in an organic
electrolyte). Total electrode loading for all measdrements was about 4-5 mg cm?. CV
measurement in an organic electrolyte (1M LiClOg4)‘was.performed to characterize the sample in
terms of identifying secondary phase. 4

3. Results and discussion
3.1 Structural, surface, thermal and conductive behavior

X-ray powder diffraction pattern (Figure,1) matches the pattern of LiFePO4 with olivine structure
(PDF2 # 40-1499), with no obvious peaksithat could be assigned to other crystalline phases.
Therefore, it was natural to assume that the vanadium ions from the precursor solution are
incorporated either in the olivinestructure of LiFePO,or compose a non-crystalline phase. Internal
carbon is in an amorphous form and contributes to the background. The crystal structure
refinement, based on the Rietveldsfull profile method [31], was done using the Koalariet software
[32]. The refinement was donesn the orthorhombic Pnma (D2n'°) space group in the olivine type
where Li* ions occupy 4a [0,0,0] pesitions with local symmetry 1; Fe** and P> ions occupy two
nonequivalent 4c crystallographic positions [x,1/4,z] with local symmetry m; O% ions occupy
three different crystallographie‘positions: additional two 4c positions and one general 8d position
[x,y,z] with local symmetry 1. The results of the refinement are listed in Table 1, while its graphical
interpretation is.given.in Figure 1.

During the refinement; it was presumed that vanadium ions V3* only occupy the iron site. This is
justified bysthe fact that V** ions are comparable in size to iron ions and are much larger than
phospharous ions [33]. The calculated occupation of the iron site by vanadium ions matches the
iron/vanadium ratio in the precursor solution (9:1), which implies that all vanadium ions are
incorporated in the olivine phase. Consequently, lattice parameters (Table 1) are smaller than the
lattice parameters of the undoped powder [28]. In our previous paper [28], the cell volume of
olivineawas found to decrease upon low vanadium doping of 3mol% (LiFeo.95V0.0sPO4/C) and
5mol% (LiFeo.95Vo.0sPO4/C), which is consistent with the literature [18,23,34]. However, the linear
trend of further decreasing a volume cell up to 10 mol% is not observed. At higher doping

4
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concentrations of vanadium, there is a deviation from Vegard's rule, which is quite common
because Fe?* and V3* are not isomorphous ions.

Whittingham at al [16] indicated that the maximal amount of vanadium, that can be incorporated
into LFP, is 10 mol% but only at a low temperature of 550 °C. It is shown here,that ~10 wt.% of
vanadium could still be incorporated into the olivine lattice, upon its heating at 750 °C under
reducing atmosphere. The carbon presence may catalyze the doping process .and allow a higher
amount of incorporated vanadium. Additionally, cyclic voltammetry still“identifies LisV2(POa)2
(LVP) traces in the synthesized sample (see below), which could not be detected by XRD.
Therefore, ~10 mol% can be regarded as the limiting concentration of vanadlum capable of doping
into LFP/C under these synthesis conditions.
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Figure.l X-ray diffraction data of the investigated sample. The observed (.), calculated (—), and
the difference, between the observed and calculated (bottom). Vertical markers below the
diffraction patternssindicate positions of possible Bragg reflections for olivine type LiFePOs.

Microstructural parameters, mean crystallite size and microstrain, imply that the given synthesis
procedure 1S suitable for obtaining powder with small crystallite size (50 nm) of low distortion
(Table 1). Doping with vanadium causes the contraction of both P-O and Fe-O bonds, the
elongation‘of the Li-O bond (Table S1) and reduces an anti-site defect. Such a structure should be
favorable for lithium-ion diffusion. Anti-site defect is an intrinsic defect of an olivine phase in
which lithium ions (on M1 site) and iron ions (on M2 site) are interchanged. This is recognized as

5
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a critical problem for lithium diffusion through one-dimensional channel along [101} direction,
which leads to smaller capacity [35]. Iron ions positioned on the lithium site can “block™ the.whole
lithium channel and prevent lithium motion. Doping with vanadium prevents cation mixing (anti-
site defect) and enables better utilization of the material.

Table 1. The results of the Rietveld refinement

Paramaters LiFeogVo1PO4/C LiFePO./C [ref]

Lattice parameters (A) a =10.3002(8) a =10.3270(9)
b =5.9947(4) b =6.0090.(5)
c =4.6992(4) €'=,446968(5)

Primitive cell volume (A%  V=290.16 (4) V=291.46 (5)

Microstrain (%) 0.06(4) 0.20(4)

Fe site occ. by V 0.10 (9) -

Li site occ. by Fe 0.007 (9) 0.022(9)

R factor (%) Rwp = 4.35 Rwp = 5.85

To characterize the surface of the synthesized sample, XPS Measurement was performed. In Fig.2
we present survey XPS spectra (Fig.2a) together with high-resolution XPS spectra of Fe3p, Lils,
Fe2p and V2p lines taken from the LFP/C-10V sample. XPS core line at around 56eV (Fig.2b) can
be deconvoluted into two components, one at a higher.binding energy, originating from Fe3p, and
other at a lower, belonging to Lils. Higher.intensity of Fe3p is expected due to its greater relative
atomic sensitivity than that of Lils [35]. The characteristic Fe2ps» and Fe2pi, core-level
photoelectron lines, positionedsat 710.9 eV and 724.2 eV, (Fig.2c), with two satellite peaks at
higher binding energies (716 eV and.729 eV ), can be attributed to Fe?* state [23,34,36-38]. The
V2p core-level line with the AV2p3/2 and V2pl/2 doublets, located at 517 and 524.3 eV,
respectively is shown in Fig. 3d. It.is well-known that vanadium can exist in different valence state
(V3 V* or V/5*) [39] wheré the pesition of the V/2pss, photoelectron line is within 515-517 eV
binding energy range. The 'same oxidation state can vary by 0.5 eV for the same type of compound
[39], while the average vanadium® oxidation state in V-doped LFP (for example 3.2+) is also
possible [22,24], maKing the assignment problematic. If we go through the literature on V-doped
LFP, we can see that someauthors [23,40] assigned main V lines of LFVP to the VV** state referring
to XPS spectrumiof VO [23,40], while others still attributed the same bands to the 3+ oxidation
state thus follewing XPS<of LizV.PO, [19,36,41]. There is also a study that assigns these V2p
bands to V°*/[42]¢ Therefore, due to the large spread of the reported data, the vanadium oxidation
state of LEP/C-10V cannot be identified with certainty using the XPS analysis. The broadness of
the stronger VV2p.line towards lower binding energies (Fig.2d) may be the consequence of different
local environment of vanadium in the doped sample, which is more pronounced by the presence
of surface LisW2PO, and its interface with LFP/C. Based on the structural analysis, we assume that
highly intensive line (517eV) could be related to V** oxidation state in vanadium-doped LiFePOs4,
while'its shoulder at 515eV could originate from the same state in LVP phase.
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38 Figure.2 XPS survey spectrum (a)'and high-resolution XPS core level lines of Fe3p, Lils (b),
39 Fe2p(c) and \V2p (d) for LFP/C-10 V.

41 The carbon content.in.the LFP/C-10V sample, determined thermogravimetrically (Fig.S2), was
found to be similar to the one for the undoped sample, amounting to = 13 wt. %. Furthermore, the
44 electrical conductivity of highly vanadium-doped LFP/C amounts = 2 -102 S/cm, which is one
45 order of magnitude higher than published values obtained for pristine LFP/C (= 1.43 x 102 S cm’
46 1y and LiFePQ, with low vanadium content (= 1.68 x 107 for LiFe¢7Vo0.03P04/C and = 1.70 x 10"
3 S cm™for LiFeogsVoosPO4/C) [28]. Since the carbon content, in the composite, remained
49 unchanged afterd@ high level of vanadium doping, one can conclude that the improvement of the
50 electronic conductivity can be related to vanadium doping.
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3.2. Electrochemical behavior

3.2.1 CV characterization in Li-based aqueous and organic electrolyte

The initial cyclic voltammograms of LFP/C-10V powder, measured inran aqueous_LINO3
electrolyte at 20 mV s, are shown in Figure 3,a,b. A vaguely defined anodic peakin the first.cycle
and an initial increase in CV until stabilization can be identified. Since the first anadic peak of
LFP/C-10 V measured in the organic electrolyte (Fig.3c) is more pronounced, we can rule out
lithium deficit as the source of the poor initial response in an aqueous electrolyte. The reason may
be a better initial wetting of the composite in an organic electrolyte thanin an agqueous one. Even
so, the stabilized CV response and peak-to-peak separation in the agueous electrolyte are
significantly better than in an organic one, which indicates a faster-Li ion insertion/deinsertion
kinetics in an aqueous electrolyte, driven by its better ionic condugtivity./Furthermore, the initial
CV rise is usually correlated with slower penetration of Li* ions through amorphous carbon layer

and/or intrinsic phenomena such as particle size reduction during.cycling [43].
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Figure 3. CVs of LFP/C-10V measured in 6 M LiNOs aqueous electrolyte at a scan rate of 20
mVs*during the first 20 cycles (a,b) and 1M LiCIO4/PC at a scan rate of 10 mV s during the first
five.eycles (c). CV of LFP/C-10V in NaNOs at different current rates from 1 to 200 mV s (d).
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Characteristic redox pair of olivine (positioned at 0.18/0.4 vs. SCE at 20 mV s™) corresponding to
the deintercalation/intercalation process, followed by LFePO4/FePO4 phase transition [9,10], can
be recognized. The peaks are well-defined, not only at lower, but also at higher. scan rates up to
the atypical value of 200 or 300 mV s* (Fig.3d and Fig. S1), thus showing high current response
and a small peak potential separation. The distance between peaks, expresséd as AE/2, amounts to
28 mV for 1 mVs?, which corresponds to a fully reversible process (Fig.4a). This indicates the
high quality of the LFP sample with extremely fast and stable electrochemical reactions in an
aqueous medium.
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Figure.4.CVs of LFP/C-10V measured in 6M LiNO; (a) and 1M LiClO4/PC (b) at 1 mV s
Comparative CV/s of LFP/C with (3, 5 and 10 wt.%) and without vanadium, measured in LiNOz at
a common,scan rate of 10 mVs? (c) and 50 mV s (d).

Secondary phases in LFP/C-10V are not detected by XRD because they are not formed during LFP
synthesis at 750 °C, or are below the detection limit of this method. To solve this issue, CV of the
powderwas also measured in an organic electrolyte at 1 mVs™* (Fig.4b), since some accompanying
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phases such as LisV2(POa)2, LIVOPO4, VO2can be identified at lower scan rates due to theirhighly
conductive behavior. In addition to the main redox pair of olivine, we can notice very small redox
peaks (4.0/41 V vs. Li*/Li and two cathodic ones at 3.63 and 3.57 V vs. Li*/Li) corresponding to
the V3 /V* redox process of LizV2(PO4)2[21,23]. The appearance of this phase at a high level of
vanadium doping matches the literature data [21,23]. Namely, there was an excess of vanadium
that migrated to the surface during heating and formed this phase. Since its.content iswvery small,
it did not affect the final LiFeooVo1POs4 composition determined by Rietveld analysis. This
explains why the Fe,P phase is not formed along LFP/C-10V phase, as abserved inthe case of low
vanadium doping level [28]. It is confirmed that the amount of substituted vanadium at Fe sites
determines not only the crystal parameters of LFP olivine lattice, but also-thesphase composition
of doped LFP, particularly in terms of secondary phase appearance (usually inevitable during LFP
synthesis), which can have a positive influence on electrochemistry. Heres/L\VP can contribute to
LFP electronic conductivity [21,23] and therefore enhance its specific eapacity.

CV change with the scan rate indicates the typical ohmic resistive behavior of the sample [44],
based on the slopping straight line which can be drawn acrossithe frontal sides of anodic and
cathodic peaks, at different scan rates. The material behaves as an ohmic resistor, showing lower
values of polarization resistance R (as a reciprocal of the.slgpe of the straight line touching the
peak fronts) when compared to a low doping level: The influence of heavy vanadium doping on
LFP performance can be clearly seen in Fig.4e,d and Table 2. Highly doped LFVP/C exhibits the
best current response among all V-doped samples, especially at higher scan rates. The trend of
increasing current response and decreasing peak-to-peak potential separation follows the order
LFP, LFP-3%V, LFP-5%V and LFP-10%V;.thus confirming reversibility improvement upon
vanadium doping.

Table 2. The peak-to-peak potentiahdistance ((Ep,a — Ep,c)/2) at various scan rates calculated
from cyclic voltammograms of LFVP-based samples in LiNO:s.

Scan rate _ Epa-Ep/2 (MV) for LFP/C

/mV st LiFePO/CTT ™ LiFe;.05Vo.0sPO4/C'  LiFeoo5Vo.0sPO4/C®  LiFepoVo1POL/C
1 55 39 29 28
5 89 75 66 61
10 120 96 90 83

By integrating cyelic voltammograms at different sweep rates, the specific capacity as the function
of the scan rate was caleulated and shown in Table 3. LFP/SC-10 V delivers the high specific
capacity of around 100 mAh g* over a wide range (from 1 to 20 mV s%), with an excellent
anodic/cathodic’ efficiency. The high value is retained even at 300 mV s*, amounting to an
impressive 75/72 mA hg for lithiation/delitiation. If the scan rate is expressed through C, the
capacity of the synthesized composite reaches value of 70 mAg ht at an extremely high current of
423(C (charging in ~ 8 s) 632 C (charging in = 6 s). Accordingly, LFP/10 V material holds great
potential as a cathode material for aqueous Li-ion rechargeable batteries. In our previous paper,
we optimized the electrochemical performance of LFP/C with a low level of vanadium doping,
using an aqueous electrolyte of LINO3z. Then, LFP/C doped with 5 mol%V showed the best

10
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performance. Herein, improved behavior of the heavily vanadium-doped sample was observed
over 50 cycles of charge/discharge (Fig.S3).

To summarize, heavy vanadium doping of LFP significantly improves its charge storage
performance in the aqueous electrolyte, especially at high current rates. Replacement of Fe sites
by Vanadium makes Li-O bonds longer and reduces an anti-site defect, thus facilitating diffusivity
of Li ions through the one-dimensional channel, while the improved electronic conductivity is
achieved through both vanadium incorporation and LisV2(POa), formation: This\way, both LFP
bottlenecks, poor intrinsic ionic and electronic conductivity, have been overcome, enabling

superior performance of the composite.
~

In general, the capacity fade of olivine is typical behavior in an agueous solution due to side
reactions of Fe (1) in LFP with oxygen-containing species in the electrolyte [45]. Stable behavior
during consecutive cycling (Fig.S3) can be attributed to the high amount,of carbon which prevents
attack of oxygen species to the olivine particles and consequently. their dissolution.

Table 3. The specific coulombic capacity calculated from CVs ef LFVP/C measured in LiNO3
electrolyte, at different scan rates.

Scan rate /mVs*! Anodic capacity /mAh g & Cathodic capacity/ mAh g*
(also expressed via =~ C) (delithiation) (lithiation)
1(2.6) 107 103
5(12.9) 104 107
10 (25.7) 101 103
20 (51) 96 97
30 (76.6) 83 83
50 (128.5) 78 78
100 (211.7) 82 (85)* 80 (83)
150 (318) 76 (81)* 74 (80)
200 (423) 71 (79)* 69 (77)
300 (632) N 62 (75)* 60(72)

* Capacities obtained from CVs (Fig.S1) with the iR compensation

3.2.2 CP measurements in. LINO3 aqueous solution

To determine the capacity: of the sample upon galvanostatic regime, the chronopotentiometry
curves are measured over the stable potential interval of LiNOszaq, at high current rates. As shown
in Fig.5, charge/discharge plateaus (corresponding to LiFePOs « FePQa) are clearly defined,
almost merging at.apotential of = 0.3 V vs. SCE upon passing of lower current densities (2 — 10
C). Anlinsignificant separation between plateaus at lower current densities (2 — 10 C), more
pronounced at/ higher currents (20-100 C), confirms a truly fast kinetics of lithium
deintercalation/intercalation process of olivine in LiNO3aqueous solution.

Delithiation (charge curve) and lithiation (discharge curve) specific capacities are listed in Table
4. High values are registered at 2 C, amounting to =~ 108 mAh g for delithitation and = 90 mAh
g, forlithiation, with a high retention of 100 C (57 and 47 mA h g%, respectively). The columbic

11
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capacities calculated from CP are very similar to values obtained from cyclic voltammetry. Unlike
CV, CP shows a slightly higher discharge/charge efficiency, due to a somewhat lower positive
potential limit (1 vs. 1.2 V relative to SCE), which prevents the full oxidation process.

100C
‘ .

0.8

R
0.4

0.0—-

LINO,  100C %
-0.4 g T " T A J ' J
0 20 40 60 80 100
Specific. capacity/ mA h g

Evs.SCE/V

26

Figure.5 CP curves of LFP/C-10V measured in LiINOz aqueous electrolyte

N
Table 4. Delithiation/lithiation' coulombic capacity calculated from CP curves of LFVP/C
measured in LiNOsaqueous electrolyte, at different current rates expressed via theoretical capacity
of LFP.

Current density via,C “»Delithiation capacity / mAh g*  Cathodic capacity/ mAh g*

(1C =170 mAh@?) (charge CP curve) (discharge CP curve)
2 108 90
3 90 88
5 79 78
10 71 70
20 66 65
30 62 61
40 61 59
50 60 54
60 60 54

100 57 47

3.2.370Li vs. Na insertion/deinsertion behavior

12
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The highly doped composite was also examined in Na-containing aqueous electrolyte by:cyclic
Voltammetry (Fig.6). The first five cycles in NaNOs are shown in Fig.6a and indicate thetypical
Li-Na exchange of LFP [29,46,47]. The Li-Na exchange is achieved rapidly during the first five
cycles at 20 mVs?, thus producing the NaFePOs phase, as confirmed through the shape of
stabilized CV curves (Fig.6b). Simply, the exchange of typical CV shape of LFP (initial cyeles) to
CV shape of NaFePO, (stabilized cycles) is evidenced, thus confirming the Li-Na, exchange
process (governed by the applied scan rate). Namely, the stabilized CV is a typieal voltammogram
of sodium olivine form, where the observed redox peaks (two anodic/and one. cathodic) reflect
NaFePO4-FePO4 phase transition, occurring via intermediate Nao7FePQg phase [29,47,48].

10
5]
"o 04
<
-5
-104
.‘ NaNO, \
154 NaNO, gt cycle -20+ ‘20"‘ cycle
-0‘.8 -OI.4 010 0.'4 0:8 1:2 -0.8 -0.4 0.0 0.4 0.8 1.2
Evs. SCE/V E vs. SCE/V
40 2oo’mv s' 14d
. "ol
PR ¢ Y
1mVs =
14
604 200 mVs’
T < T T T T 1 -2 T T T T T 1
-0.8 -0.4 0.0 0.4 0.8 1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
Evs. SCE/V Evs.SCE/V

Figure 6. CVs.of LFR/C-10V in NaNOzaqueous electrolyte: the first 5 cycles (a) and the next 20
cycles at’20 mVs®(b); Corresponding CVsat different scan rates (c) and 1mVs (d).

After stabilizing/CV at 20 mVs, we first measured CV at lower scan rates up to 1 mV s and then
at higher ones up to 300 mVs (Fig.6c). Well-defined peaks (one cathodic at -0.075 V vs. SCE
and two anodic peaks at -0.0109 and -0.075 V vs. SCE) with small peak-to-peak separation are
observed, as shown in Fig.6d. They become less defined at a higher scan rate, compared to the
redox.process involving lithium, which can be attributed to not only pseudocapacitance behavior

13
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but also to material instability (Fig.7). Unlike lithium insertion/deinsertion process, which'is.quite
stable during cycling over a wide range of scan rates, the current corresponding to sodium insertion
/deinsertion decreases slightly after cycling at lower scan rates and even more upon higher scan
rates (Fig.7a). This indicates a higher material potential for Li- than for{Na-ion rechargeable
batteries.

The storage capacity values of LFP/C-10 V for Naions are listed in Table 4,while the comparative
performance of LFP/C-10V in LiNO3z and NaNOgz can be best seen in Fig:7.” Although the current
height of LFPC-10V in LiNOz is significantly higher than that in NaNOs (Fig:7), the integrated
parts of CVs in LINOs and NaNOg, corresponding to the lithium and"sodium storage capacity (=
96 mA hg™ at 20 mVs™?), are comparable. The high pseudocapa¢itance of LFP, which is more
pronounced in NaNOs [16], contributes to that. However, at higher eurrentsrates (above 20 mV s
1), the sodium capacity overtaking lithium’s was not observed (faster increase of
pseudocapacitance vs. diffusion with the scan rate increase) due to the material instability upon
switching scan rates in NaNOs.

—Li, stabilizied CV ¢
1-=---- Li, after small&high'scan rates
30 +------ Na, after small.scan rates
Na, stabilizied CV¥
20 4 Na, after high'scan rates
@ 10-
<
04
-10 -
-20 -
-30 I I T U 1

08 -04 00 04 08 1.2
E vs.SCE/V

Figure (7. CVs¢of LFP/C-10V measured in NaNOs and LINOs aqueous electrolytes before
(stabilized\CV) and after lower (two cycles with 10, 5, 1 mV s%) and higher scan rates (two cycles
with 50, 100, 150, 200, 300 m V s?).
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Table 4. The specific coulombic capacity calculated from CV of LFVP/C in NaNO3 electrolyte,
at different scan rates.

Scan rate /mVs? Anodic capacity / mAh g?  Cathodic capacity/mAh g+
(desodiation) (sodiation)

1 82 96

5 96 94

10 96 96

20 96 96

30 88 75

50 73 71
100 68 .66
150 64 62
200 60 58

Although the material exhibits a high storage capacity for bothilithtum and sodium ions, it has less
potential to be applied as a cathode for Na- than for Li-ion batteriesdue to its instability in NaNO:s.
Otherwise, the good stability of LFP/C-10V was registered in LiNOs. Interestingly, CV
deterioration of olivine in NaNOz was not observed at low-level of vanadium doping (3mol% and
5mol%) [29], since the decrease in CV current was not observed after high scan rates. Since low-
level doped samples have Fe;P phase, which is:not detected at high doping level of 10 mol%, we
conclude that Fe2P is favorable for cyclic stability of olivine.

4. Conclusions

LiFeooVo.01PO4/13wt.%C compasition, was successfully synthesized via simple and fast gel-
combustion route, at 750 °C in'an Ar/Hz atmosphere. VVanadium ions were incorporated into the
targeted Fe?* sites at 10mol%;:which was followed by the formation of vacancies and surface
LisV2POg4 traces. With heayy vanadium doping, the electrochemical performance of the composite
is improved, especially at high current rates, due to an increased electronic conductivity (= 1.43 x
10° — 2 x 102 S cm?) and fonger Li-O bonds (2.1341 — 2.1460 A). By comparing the
electrochemical performance.of the composite with different vanadium doping levels, it can be
seen that the capacity improvement follows the trend of an increasing vanadium content (0, 3 mol
%, 5mol% and 10 mol%.). Namely, the optimal specific capacity of the composite was achieved
at the highest/doping level (10 mol%), where a fully reversible process was identified in LINO3z at
1mV st as evidenced through the theoretical value of peak-to-peak separation (AEp/2=28mV).
Therefore; LFP/C-10V composite delivers a high specific capacity not only in LiNO3 (101/103
mAh gt for delithiation/lithiation), but also in NaNO3 (96/96 mAh g™ for desodiation/sodiation),
making,it one of the best cathode materials for aqueous batteries. However, the cycling at different
scan rates only shows the stable behavior of the composite in LiNO3, thus offering an advantage
to this cathode material for Li-ion batteries. At high current rates of 100 C, the composite can
retain the'capacity value of around 50 mAh g*in LiNOs.
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