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Abstract 

Intensive efforts are needed to find an alternative to replace Li-ion batteries. Among the potential 

candidates, K- ions batteries (KIBs) have received a lot of interest thanks to the low reduction potential and 

low cost of potassium due to the high abundance and broad distribution of potassium sources. In this regard, 

the development of high performance cathode materials has raised some challenges. Phosphate-based 

materials are considered as the most promising cathode materials for KIBs owing to their high structural 

stability upon cycling, high ionic conductivity and high insertion potential. Here, K3V(PO4)2 (KVP) and 

K3V(PO4)2/C composites are reported as new cathode materials for KIBs with a high theoretical capacity (150 

mAh.g− 1) and a high working potential (3.5–4 V). The pristine KVP and KVP/C composite materials are 

obtained by spray-drying process. The influence of grinding process on the structural, morphological and 

the electrochemical properties is investigated. The composite with carbon nanotubes (KVP/20CNT) 

demonstrates the best reversible capacity of 101 mAh.g− 1 at C/ 40 using 0.8 M KPF6 in PC +10 wt% FEC as 

electrolyte. Different characterization techniques are combined to investigate the structural and 

morphological properties of the materials such as XRD, SEM, TEM and Laser granulometry. 
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1. Introduction  

Our planet faces major sustainability challenges, demanding innovative research in various disciplines which 

include, among others, the field of energy storage technologies. Indeed, large-scale energy storage systems 

with long cycle life, high efficiency, low cost and excellent safety characteristics are urgently required to 

ensure the rapid shift from fossil-fuel-powered to clean energy sources.  

Li-ion batteries (LIBs), which display the highest energy density compared to other technologies, have 

conquered the electronics field and are regarded as the best technology for powering mobile devices and 

electric vehicles. However, Li-ion batteries face many difficulties and limitations: in addition to safety 

concerns, the relative abundance of lithium is limited to 20 ppm in the Earth’s crust and lithium resources 

are unevenly distributed leading to high extraction cost [1],[2]. These issues are raising doubts regarding the 

security of supply and cost of lithium in the future. For these reasons, intensive efforts are ongoing to find 

alternatives to replace Li-ion battery technology. Sodium, as one of the most abundant elements in the 

earth crust with only slightly higher reduction potential compared to lithium (+0.3 V vs Li), is an obvious 

candidate and research on Na-ion batteries (NIBs) has been a very active field for years [2]. Along with NIBs, 

potassium-ion batteries (KIBs) have recently been receiving a lot of interest: geographically well distributed, 

880 times more abundant and 90% cheaper than lithium [2][3][4], potassium offers a reduction potential 

similar to lithium so that, for an equivalent specific capacity, KIBs should deliver higher energy density than 

NIBs. Besides, graphite (the commercial anode for LIBs since 1990) presents good performance for KIBs 

[2][5][6]. Thus, KIBs theoretically combine the advantages of LIBs and NIBs and are currently considered as 

strong candidates to replace LIBs for many applications including transportation and stationary applications 

[1][2][4].  

In order to fulfill the promise of KIBs with high energy densities, the key issue is now the development of 

long life, high voltage and high capacity cathode materials. Breakthroughs in materials design/ processing 

are essential, by addressing the synthesis of new nanostructured composite positive electrode materials. 

Only a few cathode materials have been reported to date for KIBs and mainly four classes of electrode 

material families have attracted the attention of researchers in the recent years: i) organic compounds [7], 

ii) layered oxides [8], iii) Prussian blue analogues (PBAs) [9] or Prussian white analogues (PWAs) [10], and iv) 

polyanionic materials [5]. Among these materials, polyanionic materials are of high interest due to their high 

structural stability upon cycling, high insertion potential and good ionic conductivity. Only a few polyanionic 

materials such as KFeSO4F, K3V2(PO4)3/C and K3V2(PO4)2F3/C [5] have been investigated so far and the 

reported results suggest that the diffusion coefficient of K+ ions is higher than those of Li+ and Na+ ions [11]. 

The crystallographic structure of polyanionic materials is characterized by a highly covalent three-

dimensional framework generating large interstitial spaces and providing three-dimensional tunnels for fast 

ion diffusion. This is combined with a high theoretical specific capacity due to the multiple oxidation states 

of vanadium and iron ions, leading to good structural stability upon cycling [12][14]. However, their poor 

electronic conductivity needs to be addressed to remedy the low discharge/charge capacity and poor cycling 

performance especially at high cycling rates [15].  
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Table 1 presents a non-exhaustive list of polyanionic compounds, mostly phosphates and pyrophosphates, 

recently investigated as cathode materials for K-ion batteries. The redox metal couples Ti3+/Ti4+, Fe2+/Fe3+ 

and V3+/V4+/V5+ are characterized by working potentials of 1.5–2.5 V, 2.5–3.5 V and 3.5–4.5 V, respectively. 

These working potentials can be enhanced with the incorporation of fluorides in the structure [23]. The 

highest energy density is thus expected for vanadium-based compounds. However, most of the compounds 

in Table 1 are characterized by a relatively low theoretical capacity. One way to increase the theoretical 

capacity is to investigate candidates with lower molar mass or with a transition metal with multiple oxidation 

states (like vanadium). In this work, we propose K3V(PO4)2 (KVP) as cathode material. Compared to 

K3V2(PO4)3 which has a theoretical capacity of 106 mAh.g− 1 for the extraction of one potassium for one 

vanadium, KVP has a higher K/V ratio leading to a higher theoretical specific capacity of 150 mAh.g− 1 for the 

extraction of two potassium for one vanadium. As such, KVP combines a high working potential of 3.5–4 V 

and a high theoretical capacity. KVP was first synthesized by Benhamada et al. in 1991 and the 

crystallographic structure was reported as monoclinic type in P21/c space group [33], but it has never been 

investigated as a possible cathode material for K-ion batteries. The monoclinic structure is shown in Fig. 1. 

The potassium ions are positioned within the network formed by slightly distorted VO6 octahedra sharing 

corners with phosphate tetrahedra.  

 

 

In the present work, K3V(PO4)2 and K3V(PO4)2/C cathode materials were prepared using spray-drying route. 

This synthesis method is easy, inexpensive and suitable for obtaining complex multi-component powders 

with a high degree of homogeneity required for very good electrochemical properties [34]. To synthesize 
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the pure K3V(PO4)2 material, different temperatures and durations for the heat treatment were tested. To 

ensure adequate electronic conductivity especially when the electrode was cycled at high rate, the 

precursors were mixed with different carbon allotropes (graphene oxide: GO and carbon nanotubes: CNT) 

during the material synthesis, leading to carbon/active material composite blends at the nanometric level 

for K3V(PO4)2/C composite cathodes. The good mixture of the electrode material and carbon would increase 

the electronic conductivity and induce a positive impact on the electrochemical properties as it has already 

been shown for Na-ion batteries[13][15]. The particle size and morphology of the electrode materials have 

also significant influence on the electrochemical properties [13][15]; thus, the prepared materials were then 

subjected to ball-milling to decrease the particle size and enhance K+ ion diffusion in the electrode during 

charge/discharge process. The thermal behavior and decomposition of the spray-dried precursor were 

analyzed using TGA/DSC technique. The structural and morphological properties of the prepared materials 

were systematically investigated by combining XRD, SEM, TEM, BET and laser granulometry characterization 

techniques. The electrochemical performances were evaluated in half-cells by galvanostatic techniques and 

electrochemical impedance spectroscopy.  

 

Fig. 1. Representation of the monoclinic crystalline structure of potassium vanadium phosphate, K3V(PO4)2 

(P21/c space group) with VO6 octahedra (in green), PO4 tetrahedra (in violet), oxygen atoms (as red 

spheres) and potassium atoms (as grey spheres). 

2. Experimental section  

2.1. MATERIALS AND CHEMICALS  

V2O5 powder (98% purity) was purchased from Sigma Aldrich. NH4H2PO4 (99% purity) and KOH (99.95% 

purity) were purchased from Acros Organics. Ascorbic acid (99% purity) and citric acid (99.5% purity) were 
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obtained from Alfa Aesar and used as received. The suspension of carbon nanotubes (Aquacyl AQ0302-

nanocyl 3 wt%, NC7000 multiwall carbon nanotubes waterborne dispersion) was purchased from Nanocyl 

and the graphene oxide suspension (0.4 wt% in water) was obtained from Graphenea.  

2.2. SYNTHESIS OF K3V(PO4)2 (KVP) AND K3V(PO4)2/C (KVP/C) MATERIALS  

K3V(PO4)2 and K3V(PO4)2/C materials were prepared by the spray- drying method. Firstly, V2O5, NH4H2PO4, 

citric acid (C6H8O7) and ascorbic acid (C6H8O6) in molar ratio 0.5/2/1/1 were dissolved and stirred in milliQ 

water (18.2MΩ.cm− 1) at 80 ◦C under argon atmosphere for 1 h to obtain a 0.1 M solution of precursors. 

Then, KOH was added to the solution in stoichiometric ratio followed by 1 h stirring at 80 °C. In the case of 

composite materials with carbon (KVP/C), suspensions were prepared with 20 wt% (vs. total mass of KVP 

precursors) of either CNT or GO (for KVP/20CNT and KVP/20rGO) or a mix of 10 wt% of CNT + 10 wt% of GO 

(for KVP/10CNT+10rGO) added to the KVP precursor solution. After cooling down to room temperature, the 

solution or suspensions were injected in a semi industrial spray-dryer (GEA-Niro Mobile Minor using a bi-

fluid nozzle injection mode). Spray-drying was carried out under an air pressure of 3 bars with a 25 ml min− 

1 feed rate, an inlet temperature of 240 °C and an outlet temperature of 120 ± 1 °C. The collected powders 

were immediately stored at 60 °C to minimize the contact with humidity. The effect of the heat treatment 

temperature and duration on crystalline phase formation was investigated to determine the optimized 

conditions to obtain pure materials. The spray-dried powders were submitted to heat treatment at different 

temperatures and durations under argon atmosphere with a heating rate of 150 °C.h− 1. The powders (2.5 

g) were then placed with 0.5 mm diameter zirconia balls (50 g) and 25 ml isopropanol in zirconia grinding 

jars and were ground at 375 rpm during different durations from 30 to 120 min (by steps of 30 min) using a 

planetary mill (Retsch PM400/2, alternate rotation mode) followed by drying at 70 °C for 24 h.  

 

2.3. THERMAL, STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATIONS. 

In order to optimize the synthesis process of the KVP material, the thermal behavior of the spray-dried KVP 

powder was analyzed by thermogravimetric analysis (TGA) using a Q100 system from TA instruments. About 

10 mg of each sample was placed in an alumina crucible and heated under argon from room temperature 

to 800 °C at a heating rate of 20K.min− 1 to yield the onset decomposition temperature.  

X-ray diffraction (XRD) was carried out to identify the obtained phases over the 2θ range from 9° to 50° with 

a Bruker D8 Twin-Twin powder diffractometer using Cu Kα radiation. The cell parameters were refined with 

TOPAS software [35], using the P21/c space group and atomic positions proposed by Benhamada et al. [33] 

Crystallite size (CS) was evaluated using the Scherrer formula CS = 0.9 λ/(β cos θ), where λ is the wavelength, 

β is the full width at half maximum of the (123) peak and θ is the Bragg angle of diffraction.  

The microstructures of the KVP and KVP/C materials were examined using a scanning electron microscope 

FEG-SEM (XL 30, FEI) operated at 15 kV and a transmission electron microscope TECNAI G2 TWIN (FEI) 

operating at 200 kV. Measurements of specific surface area and texture properties, including analysis of 
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porosity for all the samples (KVP and KVP/C), were determined through measuring nitrogen (N2) adsorption–

desorption isotherms with a Micromeritics ASAP 2020 Plus system. Samples were degassed at 150 °C for 6 

h prior to analysis.  

The evolution of the particle size distribution of the powders during ball-milling was followed by laser 

granulometry using a Mastersizer 2000 Malvern system.  

2.4. ELECTROCHEMICAL CHARACTERIZATIONS  

Electrochemical measurements of KVP and KVP/C as cathode materials for K-ion batteries were conducted 

in two-electrode coin cells. The composite electrodes were prepared by mixing 70 wt% of KVP powder as 

active material with 20 wt% carbon black as electronic conductor and 10 wt % polyvinylidene fluoride (PVDF) 

as binder dissolved in n-methyl pyrrolidinone (NMP). In the case of KVP/C samples, the carbon content was 

first measured with a carbon analyzer (Multi EA 4000, Analytik Jena) at 1200 °C with an oxygen flow in order 

to determine the exact quantity of CNT and/or rGO in the composite material. The quantity of KVP and 

carbon was then adapted to reach the ratio 70/20/10 (KVP/C/PVDF). Each suspension was mixed in a 50 ml 

volume jar with 5 mm diameter zirconia balls at 250 rpm during 1 h. The resulting slurry was then coated 

on a 25 μm thick aluminum foil as current collector by the Doctor blade method followed by drying at 110 

°C under vacuum for 12 h. Electrodes were cut into 15 mm diameter discs with active mass loading of 

approximately 1–2 mg. Coin cells were assembled in an argon-filled glove box using a glass microfiber paper 

(Whatman GF/A) as separator, 0.8 M KPF6 +10 wt% of fluoroethylene carbonate (FEC) dissolved in propylene 

carbonate (PC) as electrolyte, and potassium foil as the counter and reference electrodes. All cells were 

tested within a fixed voltage window, between 2.0 and 4.5 V vs. K+/K, under galvanostatic conditions at 

different current density rates: C/40 - 1 C (1C corresponds to the extraction/insertion current of 1 K/KVP in 

1 h). All electrochemical tests were carried out at room temperature using a Neware BTS4000 

Electrochemical Test System.  

Electrochemical Impedance Spectroscopy (EIS) experiments were performed in 3 electrodes Swagelok-type 

cells, the electrodes were prepared as mentioned before for working electrode, metallic potassium was 

used both as counter and reference electrode. The electrolyte and separators were the same as for cycling 

experiments. The EIS analyses were performed at room temperature at open circuit voltage (OCV)  

(EOCV = ~2.9 V) in the frequency range from 1 MHz to 10 mHz with 5 mV amplitude using a VMP3 Bio-Logic 

potentiostat. EIS data were analyzed by a non-linear least-square (NLLSQ) fit software developed by B.A. 

Boukamp [36]. The equivalent circuit used to fit the data was Re + (RCT.Q)/Q where Re is the electrolyte 

resistance, RCT  is the charge transfer resistance and Q is a constant phase element (CPE) replacing the double 

layer capacity.  

The cyclic voltammetry tests were performed in two-electrode coin cells (with the same electrode 

preparation method as explained before) at different scan rates from 0.1 to 0.5 mV s− 1. The tests were 

realized using a VMP3 Bio-Logic potentiostat.  
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3. Results and discussion  

3.1. SYNTHESIS AND CHARACTERIZATION OF KVP  

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) are widely used 

characterization techniques to evaluate the thermal behavior and the effects of heat treatment on the 

material degradation and crystallization [37]. Here, we used TGA/DSC analyses to optimize the synthesis 

conditions (temperature of formation) of the KVP material, by following the variation of the sample mass 

when heating up the spray-dried powder from room temperature to 800 °C under argon.  

The TGA and derivative thermogravimetric (DTG) curves are presented in Fig. 2a. The data show a 

continuous mass loss between 25 °C and 600 °C. The powder undergoes a mass loss (0.31 wt%) up to 100 

°C (corresponding to a small peak observed in the DTG curve) which is due to the elimination of the water 

in the powder. Then, two significant weight losses are detected at 180 °C and 400 °C associated with the 

degradation of the precursors used for the preparation of the material. Indeed, the degradation of 

NH4H2PO4 and potassium citrate/ascorbate have been reported to start at 160 °C and at 225 °C, respectively 

[38][39]. The complete degradation of the precursors occurs at 600 °C leading to a total mass loss of 31%. 

At 600 °C, the TG curve stabilizes with no further decrease denoting the formation of KVP. Consequently, 

600 °C is the lowest temperature to synthesize the KVP phase.  

The DSC profile obtained in the temperature range of 25–800 °C under the dynamic atmosphere of argon is 

shown in Fig. 2b.  

The DSC curve displays mainly 3 peaks at 180, 650 and 758 °C corresponding to the endothermic/exothermic 

processes during the heat treatment. The endothermic peak observed at 180 °C corresponds to the 

degradation of NH4H2PO4 precursor, in good agreement with TGA results. The two exothermic peaks 

detected at 650 °C and 758 °C are related to the crystallization and/or degradation of KVP.  

https://doi.org/10.1016/j.jpowsour.2020.229057
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Fig. 2. (a) TGA profile and its derivative curve, (b) DSC curve of the spray- dried precursor of the KVP 

powder. 

3.2. CRYSTAL STRUCTURE OF SYNTHESIZED KVP  

The spray-dried KVP powder was subjected to different heat treatments at 550, 600, 650, 700 and 750 °C 

during 1, 8 and 16 h under argon, in order to investigate the KVP formation in relation with the key 

temperatures detected by TGA/DSC analyses. The X-ray diffraction patterns of the KVP samples are shown 

in Fig. 3a.  

The XRD pattern of the sample prepared at 550 °C during 8 h displays an amorphous phase which confirms 

that 550 °C is not sufficient to obtain pure crystallized KVP. On the contrary, temperatures of 600 °C or 650 

°C are high enough to obtain the pure and crystalline KVP material. All the XRD peaks of the powder 

prepared at 650 °C during 8 h can be indexed in the monoclinic structure with space group P21/c (04-011- 

3486-PDF) proposed by Benhamada et al. [33]. The cell parameters were refined to values of a = 9.573 ± 

0.002 Å, b = 11.146 ± 0.002 Å, c = 18.129 ± 0.004 Å and β = 121.75 ± 0.02°, in good agreement (i.e., difference 

below 0.5%) with the originally reported values. The atomic positions and occupation factors were not 

refined since the structure model includes 28 independent atoms, all on general positions, so that a reliable 

refinement was not possible for our datasets obtained with a laboratory powder diffractometer. However, 

the atomic positions and occupation factors taken from the published structure [33] provide a decent fit 

with the experimental data (see Fig. S1). This confirms that 650 °C is high enough to obtain the KVP-material 

with high purity and good crystallinity. The KVP material was pyrolyzed at 650 ◦C (highest temperature) in 
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order to maximize the crystallinity of the material. Further increase of the pyrolysis temperature from 650 

to 700 °C or 750 °C leads to the degradation of KVP and the formation of pyrophosphates as secondary 

phase. The evolution of the XRD patterns of KVP prepared at 650 ◦C with the pyrolysis time is illustrated in 

Fig. 3b.  

 

Fig. 3. (a) XRD patterns of K3V(PO4)2 samples prepared at different pyrolysis temperatures during 8 h under 

argon and (b) at different durations at 650 ◦C under argon. 

The XRD patterns display lower crystallinity after 1 h of pyrolysis as compared to 8 and 16 h. The increase 

of the pyrolysis duration from 8 to 16 h has no obvious effect on the KVP structure and shows the good 

thermal stability of the synthesized KVP samples. To summarize, the optimal conditions to obtain high purity 

and well crystalized KVP powder are 650 ◦C during 8 h. These conditions were applied to KVP and KVP/C 

powders studied in terms of microstructure and electrochemical properties.  

3.3. MORPHOLOGICAL CHARACTERIZATION OF KVP  

The SEM micrographs of the spray-dried KVP powders before and after pyrolysis at 650 °C during 8 h under 

argon atmosphere are presented in Figs. S2a and S2b. Before pyrolysis, the spray-dried particles are 
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constituted of a homogeneous mixture of precursor nanoparticles forming dense spherical particles with a 

smooth surface and an average particle size of 2 μm.  

After pyrolysis, the particles remain spherical with the same size but with a rough surface. The surface 

roughness is mainly due to the decomposition of precursors at the surface in favor of formation of the 

crystalized phase (in good agreement with XRD result). The BET technique was used to measure the specific 

surface area of the heat-treated material. The KVP powder exhibits a small specific surface area of 1.7 m2 g− 

1 due to the large size and low porosity of spherical particles.  

3.4. ELECTROCHEMICAL PERFORMANCE OF KVP MICROPARTICLES  

In this section, electrochemical performance of spray-dried KVP was assessed by galvanostatic charge-

discharge cycling in half-cell configuration in the voltage range 2–4.5 V vs. K+/K0. Indeed, the spray-dried 

KVP is evaluated as a candidate material for cathode in KIBs, since phosphate-based materials demonstrate 

high mobility of the K+ ions during the extraction/intercalation process in 3D open-framework structures 

[23]. Fig. S3a presents the charge/discharge voltage profiles of the first 3 cycles of KVP electrode at C/40. 

During charge, the voltage profile between 2 and 3.5 V has a steep slope with no clear plateau followed by 

a pseudo plateau between 3.5 and 4 V, and finally a continuous increase in voltage with K+ ion extraction is 

observed. Reversible phenomena are observed during the discharge process. A comparable reaction 

mechanism was reported for KVPO4F material when used as cathode material for K-ion battery [31]. The cell 

delivers low initial charge and discharge capacities of 45 and 30 mAh.g− 1 corresponding to 30% and 20% of 

the theoretical capacity (150 mAh.g− 1), respectively. Then, the capacity decays after the first cycle which is 

accompanied by the decrease of the operating voltage due to polarization. Fig. S3b presents the evolution 

of the discharge and charge capacity vs. cycle number at C/40 rate for KVP cathode. The discharge capacities 

decrease during the first 4 cycles and reach around 25 mAh. g− 1, then stabilizes for the 20 subsequent cycles. 

This low electrochemical performance is associated with the low specific surface area of the microspheres 

and a low intrinsic electronic conductivity of the KVP phase. To improve the electrochemical performances 

of the material, it is therefore necessary to increase the electronic conductivity of the KVP particles and/or 

reduce the particle size [13][15].  

3.5. EFFECT OF THE ADDITION OF CONDUCTIVE CARBON ON THE STRUCTURAL, 

MICROSTRUCTURAL AND ELECTROCHEMICAL PROPERTIES OF KVP/C COMPOSITE  

In order to enhance the electrochemical performance of the KVP material, two solutions were considered. 

The first one is to grind the materials to decrease the size of the particles and thereby to reduce the electron 

diffusion path during the charge/discharge process. Another solution is to incorporate conductive carbon in 

the structure to prepare composite materials. This carbon addition should enhance the electrochemical 

performance by helping to solve the issue of the low electronic conductivity of the phosphate-based 

material. The addition of carbon to the precursor solution was chosen as the first approach to study in this 

work, since spray-drying process is highly compatible to fabrication of multicomponent mixtures. Three 

KVP/C composite materials were prepared by addition of 20 wt% of CNT (KVP/20CNT), 20 wt% of GO 

https://doi.org/10.1016/j.jpowsour.2020.229057
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(KVP/20rGO) and 10 wt% of CNT + 10 wt% of GO (KVP/ 10CNT+10rGO) to the KVP precursor solution. The 

GO is reduced during the heat treatment leading to reduced graphene oxide (rGO). The XRD patterns of 

KVP, KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO are shown in Fig. 4a.  
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All the peaks can be indexed in the monoclinic structure with space group P21/c with no crystalline impurity 

in the synthesized KVP/C composite materials. Carbon addition does not affect the purity of the KVP phase, 

however, small differences in XRD pattern upon carbon addition are observed. A broad bump appears 

between 25° and 35° in the background of the XRD pattern and the diffraction peaks become broader. The 

bump between 25° and 35° can be attributed to the carbon [40][41][42].The broader peak shape of the KVP 

reflections is attributed to a smaller crystallite size. Table 2 presents the crystallite size of KVP and KVP/C 

materials as calculated using the Scherrer formula. The crystallites size decreases with carbon addition from 

39 nm for KVP to 31 nm for KVP/20rGO, 26 nm for KVP/10CNT and 23 nm for KVP/10CNT+10rGO. This 

phenomenon has already been observed and suggests difference in crystallite growth mechanism for KVP 

material with the presence of the carbon nanotubes and graphene oxide [43]. This result could be attributed 

to two possible reasons: a higher number of nucleation sites and/or the geometric constraints due to the 

rigidity of carbon. [13][44][45].  

 

The effect of carbon addition on the microstructure of KVP was studied by combining scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Fig. 4b, c, 4d, 4e present the SEM 

micrographs of KVP, KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO powders respectively and Fig. 4f, g, 

4h, 4i present the corresponding TEM images. The addition of CNT leads to the formation of collapsed 

particles with flattened morphology characterized by high particle size of 2.5 μm. The addition of carbon 

nanotubes and their high mechanical strength leads to the buckling of the particles. The first step during the 

drying process by spray-drying is the formation of a viscoelastic shell due to the aggregation induced by the 

solvent flow [46]. During the drying of the droplets multiple depressions are formed leading to wrinkled 

shape. With the reduction of volume these wrinkles overlap leading to highly deformed shapes [15]. The 

CNT are well dispersed at the surface and inside of the KVP particles, forming a strong CNT network as shown 

in Fig. 4g. In comparison with KVP (Fig. 4b), KVP/20rGO and KVP/10CNT+10rGO show particles with semi-

spherical shape and slight deformation at the surface of the secondary particles (Fig. 4e and f). The quasi-

spherical shape of the particles was not deteriorated due to the good dispersion of the graphene layer at 

the surface of the KVP materials. As observed in TEM images (Fig. 4h and i), KVP was successfully covered 

by reduced graphene oxide flakes for KVP/20rGO and rGO and CNT for KVP/10CNT+10rGO. It turns out that, 

for all KVP/C materials, carbon is uniformly distributed amongst and at the surface of the KVP particles for 

the CNT (Fig. 4g and i) and surrounding the surface of the particles for the rGO (Fig. 4h and i and Fig. S4).  

The specific surface area increased hugely with addition of 20 wt% CNT to 36.8 m2 g− 1 as compared to 1.8 

m2 g− 1 in pristine KVP (Table S1). This is attributed to a combination of the large specific surface area of the 

https://doi.org/10.1016/j.jpowsour.2020.229057
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CNT themselves with the increase of specific surface area of KVP reflected in the smaller crystallite size 

detected by XRD. The electron microscopy results show that the CNTs are well deagglomerated and well 

dispersed at the surfaces of the KVP particles (Fig. 4c and g). This increase in specific surface area is favorable 

for K+ ions diffusion by the increase of the active surface of the material that contributes in the 

electrochemical reaction. In the case of the GO addition, the specific surface of 6.6 m2 g− 1 is only moderately 

higher than the carbon free KVP, probably because the rGO sheets wrap around the KVP particles. This 

should increase the conductivity at the surface of the particle and also improve the electrochemical 

performance due to the easier movement of electrons. In the case of the mixed composite, we obtain a 

value of 11.2 m2 g−1 intermediate between KVP/20CNT and KVP/20rGO. These results suggest that the most 

promising electrochemical performance should be displayed by KVP/10CNT+10rGO thanks to combining the 

positive effects of the two carbon allotropes in terms of surface area and electronic conductivity.  

The effect of the carbon addition on the electrochemical properties of KVP and KVP/C cathode materials for 

K-ion batteries were studied by galvanostatic measurements at C/40 in the voltage range of 2–4.5 V. Fig. 

5a–d presents the charge/discharge profiles of KVP and KVP/C in the first 3 cycles. The cycling performance 

for 10 cycles is presented in Fig. 5e, indicating clearly that the addition of conductive carbon improves the 

electrochemical performance of KVP/C cathodes and allowed to enhance the discharge capacities in 

comparison with the KVP material. Indeed, KVP/20CNT, KVP/20rGO and KVP/10CNT+10rGO present higher 

initial discharge capacities compared to 30 mAh.g−1 for KVP with delivering 45, 60 and 101 mAh.g−1, 

respectively. This result is due to the uniform distribution of KVP particles in the carbon matrix (CNT and 

rGO) and high surface area of KVP/C materials that reduce the electronic diffusion lengths during the 

charge/discharge process and increase the electrochemical performance. It is also important to indicate 

that the type of carbon allotrope plays a key role in enhancing the electrochemical properties in KVP/C.  

This is in good agreement with previous results reported in the literature [13][15], highlighting the interest 

of the carbon addition to the phosphate-based electrode materials for rechargeable batteries. 

KVP/10CNT+10rGO demonstrates the highest capacity over 10 cycles which is associated with lower 

polarization between the charge and discharge curves during cycling. This is due to the combined positive 

effect of the CNT and rGO on electronic conductivity. This is also due to the open framework of the KVP 

structure that permits a rapid transport of K+ ions and leads to a high ionic conductivity [23].  

This observation confirms that improvement in electron transport is achieved by carbon addition during the 

spray-drying preparation of the KVP/C composite material. Electrochemical impedance spectroscopy (EIS) 

tests were performed to investigate the influence of carbon addition on electrochemical performance of 

KVP material [47][48]. The Nyquist plots of KVP and KVP/C electrodes recorded at OCV before galvanostatic 

cycling are presented in Fig. 5f. The equivalent circuit model used for the analysis of the impedance spectra 

is presented in the Fig. S5. EIS data were analyzed by the non-linear least-square (NLLSQ) fit software 

developed by B.A. Boukamp [36]. All electrodes show similar impedance spectra formed by a semicircle at 

high frequency and a line at low frequency corresponding to diffusion phenomenon. Re(RCT. Q)Q equivalent 

circuit was used to analyze the different spectra and extract the resistance of the electrolyte Re (intercept 

of the curve on the Re(Z) axis in the high frequency region) and the resistance of charge transfer RCT. The 

different values are summarized in Table 3. 
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Fig. 5. Charge/discharge curves of the first 3 cycles of (a) KVP, (b) KVP/20CNT, (c) KVP/20rGO and (d) 

KVP/10CNT+10rGO and (e) Cycling performance of KVP and KVP/C electrodes at room temperature at C/40. 

The voltage window explored was 2.0–4.5 V, (f) Nyquist plots of KVP, KVP/20CNT, KVP/20GO and KVP/ 

10CNT+10GO and their corresponding fitted curve.  
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The resistance of the electrolyte is relatively low and in the same range for all electrodes (Re =± 3.5Ω) because 

the same electrolyte was used in the cell configuration. Regarding the charge transfer resistance, it can be 

observed that RCT is different for all electrodes which is due to the addition of the different carbon allotropes 

during the synthesis of the KVP/C materials. Indeed, the RCT of pristine KVP electrode is almost two times 

higher than of KVP/20CNT composite electrode.  

Similar results are observed with the two other composite electrodes (KVP/20rGO and KVP/10CNT+10rGO) 

illustrating resistance values that are clearly lower than the RCT of KVP electrode. In summary, the EIS results 

suggest that the addition of carbon allotrope enhances the electronic conductivity which improved charge 

transfer reaction kinetics and leads to better cycling performance for KVP/C electrode materials with lower 

charge transfer resistance and optimized electrode-electrolyte interface in terms of ionic conduction.  

3.6. INFLUENCE OF A BALL MILLING PROCESS ON THE STRUCTURAL AND 

MICROSTRUCTURAL PROPERTIES OF KVP AND KVP/C  

With the aim to further enhance the electrochemical performance of the KVP and KVP/C materials, the 

powders were ground to decrease their particle size to about 100 nm and thus increase the surface area. 

The XRD patterns of the ground materials are indexed as pure KVP phase and reveal no crystallized impurity 

peaks (see Fig. 6a). However, peaks become broader and the peak area decreases after the milling process 

due to the amorphization. The decrease in average crystallite size after ball-milling process for KVP, 

KVP/20CNT and KVP/10CNT+10rGO is shown in Table 2 that is expected to be favorable for the 

electrochemical applications because in general, smaller crystallite size enhance the discharge/charge 

process during electrochemical cycling [13]. The crystallite size of KVP/20rGO is an exception and remains 

unchanged which suggests that the graphene layer formed on the surface of the KVP particles inhibited the 

decrease of the crystallite size by being itself broken during grinding (see later).  

It is known that smaller and homogeneous active material particles are suitable for battery applications. In 

this section, the effect of the milling time on the particle size in KVP and KVP/C powders is investigated. The 

evolution of particle size with time was probed by laser granulometry. Fig. 6b, c, 6d and 6e present the 

particle-size distribution and SEM images of KVP and KVP/C after ball milling during 90 and 120 min (Fig. 6g–

j). The powders have initially particles larger than 2.9 μm for KVP, KVP/20rGO and KVP/10CNT+10rGO and 

6.5 μm for KVP/20CNT. A clear shift of the particle-size distribution toward lower values is observed after 

ball milling. The primary particle size for the ball-milled samples is reduced to about 100 nm after 90 min 

for KVP, KVP/20rGO and KVP/10CNT+10rGO. However, after 120 min the particles agglomerate and the 

apparent size increases to 2.9 μm for KVP/ 20rGO and KVP/10CNT+10rGO while the size distribution does 

not change much for KVP. After ball-milling during 90 min the compact rigid particles were crushed and 

transformed into small particles with pronounced reduction of the particle size; the boundaries between 

different particles are more distinguishable which leads to maximizing the surface area and formation of 

nano-sized powder particles. It is clear that KVP/20CNT required longer time of ball-milling (120 min) to 

decrease the particle size to 100 nm, which is due to the higher mechanical strength imparted by the 

homogeneous distribution of the carbon nanotubes inside and at the surface of KVP particles, which makes 

the milling process harder.  
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Fig. 6c shows that after 90min of grinding the KVP/20CNT sample has a particle-size distribution with two 

major peaks at 0.15 μm and 6.5 μm of equivalent volume proportion. After 120min the KVP/20CNT sample 

is mainly composed of 100 nm particles. Relatively symmetric and narrow distribution curves were obtained 

for KVP, KVP/20rGO and KVP/20CNT after ball-milling which confirms a more homogeneous particle size 

distribution after grinding. A poly-dispersed distribution is obtained for KVP/10CNT+10rGO indicating 

inhomogeneous particle size distribution since the sample contains both large and small particles which 

could be due to the presence of two carbon types which leads to flattened 2D CNT/GO giving higher size. 

This result was confirmed by SEM micrographs (Fig. 6g–j). The composite materials with rGO (KVP/ 20rGO 
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and KVP/10CNT+10rGO) are constituted by two sorts of particles; Small particles with rough and irregular 

surface and shape and the second sort with higher particle size made of blocks with regular flat surface.  

The grinding process has a strong influence on the specific surface of the samples as shown in Fig. 6f. All 

milled samples demonstrated a significant increase in the specific surface area. The KVP/20CNT sample 

shows the highest specific surface area of 127.9 m2 g− 1, thanks to the presence of CNT and the marked 

decrease in the particle size. The carbon-free KVP sample shows the lowest specific surface area (21.4 m2 g− 

1) amongst the ground samples, which is still 10 times higher than before grinding. The KVP/20rGO sample 

revealed also a tenfold increase of the specific surface after grinding (68.8 m2 g− 1) and the mixed composite 

shows a specific surface area value between KVP/20CNT and KVP/20rGO with 98.5 m2 g− 1.  

3.7. INFLUENCE OF THE BALL MILLING PROCESS ON THE ELECTROCHEMICAL PROPERTIES 

OF KVP AND KVP/C  

The KVP material is expected to deliver higher specific capacities after grinding thanks to smaller and 

homogeneous particle size of KVP. Galvanostatic tests were performed with a cycling rate of C/40 for the 

positive electrodes prepared from ground KVP and KVP/C within the voltage range 2–4.5 V as shown in Fig. 

7a. The ground KVP, KVP/20rGO, KVP/20CNT and KVP/10CNT+10rGO delivered reversible capacities of 

around 60, 50, 101 and 60 mAh.g− 1, respectively. KVP and KVP/20CNT exhibited higher discharge capacities 

after grinding thanks to the decrease of their particle size and the increase of the specific surface area. 

However, the electrochemical performance of KVP/20rGO and KVP/10CNT+10rGO were lower than before 

grinding. Fig. 7b presents rate performance and Fig. 7c–f presents the galvanostatic charge–discharge 

voltage curves of the ground KVP and KVP/C positive electrodes obtained at various current densities from 

C/20 to 1C. The initial discharge capacities delivered by KVP, KVP/20rGO, KVP/20CNT and 

KVP/10CNT+10rGO are 53, 21, 73 and 64 mAh.g− 1, respectively. Similar to the result obtained at C/40, the 

sample with reduced graphene oxide after ball-milling shows the lowest capacity. In the case of KVP/20rGO 

the graphene layer breaks during the milling process resulting in heterogeneous carbon mixing with the KVP 

material; sluggish K+ ion diffusion and high charge-transfer resistance leading to low discharge capacities at 

different current densities. This effect has been evidenced by EIS analysis. The Nyquist plots of KVP/20rGO 

before and after grinding from 1 MHz to 10 mHz are displayed in Fig. 8a. We can clearly see that the grinding 

step has deteriorated the rGO layer thus leading to a huge increase in the transfer charge resistance. The 

RCT almost doubled from 99Ω before grinding to 189Ω after grinding, which is almost the same value 

compared to the pristine KVP electrode (Table 3). This result confirms that rGO layer on KVP particles was 

destroyed during the grinding step, which leads to inferior electrochemical performance of the KVP/GO 

composite material.  

As the current density increases, the discharge capacity in all four electrodes decreases due to polarization 

and kinetic limitations (Fig. 7b). The original delivered capacity of all samples is however restored when the 

cycling rate is reduced back to C/20, confirming the high structural stability of the KVP during the cycling 

even at high C-rate (1C). This result indicates that the capacity decay with increasing current density is 

induced by kinetic limitation. Indeed, the discharge capacity of electrode decreases much faster than that 

of the other electrodes due to its low electronic conductivity resulting in the rapid decrease of the discharge 
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and charge voltage plateaus with increase of the current density. The ground KVP/20CNT material exhibits 

the best discharge capacities and rate capability compared to ground KVP, KVP/ 10CNT+10rGO and 

KVP/20rGO. 

 

Fig. 7. (a) Evolution of charge and discharge capacity vs. cycle number of the ground KVP, KVP/20CNT, 

KVP/20rGO and KVP/10CNT+10rGO materials at room temperature at C/40. The voltage window explored was 

2.0–4.5 V. (b) Evolution of charge and discharge capacity vs. cycle number of the ground KVP, KVP/20CNT, 

KVP/20rGO and KVP/10CNT+10rGO materials cycled at C/20, C/10, C/5, 1C rates at room temperature. 

Charge/discharge curves of the first 3 cycles of (c) KVP, (d) KVP/20CNT, (e) KVP/20rGO and (f) 

KVP/10CNT+10rGO. 
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The ground KVP/20CNT electrode exhibits the best electrochemical performance which is due to the 

homogeneous particle-size distribution with small particles of about 100 nm. This induced an increase of 

the specific surface area (127.9 m2 g−1) as confirmed by BET measurements. Consequently, first the contact 

between the particle’s surface and the electrolyte is increased which creates more active surface material 

and leads to fast ion diffusion pathways. Secondly the conductive carbon nanotube network facilitates rapid 

electron transport during charge/ discharge process which leads to improved electrochemical performance 

during cycling. Fig. 8b presents the cycling performance of ground KVP/ 20CNT electrode at a cycling rate of 

C/10 over 70 cycles. The initial specific discharge capacity was 80 mAh.g− 1 with a capacity retention of 82% 

and a corresponding coulombic efficiency of 96%. The galvanostatic results clearly showed that the ground 

KVP/20CNT positive electrode material exhibited good cyclability.  

Cyclic voltammetry (CV) can be used to study the kinetics of the electrochemical reactions in the electrode 

material and the diffusion of K+ ions. The CV tests were performed at different scan rates (0.1–0.5 m V s− 1) 

for KVP, KVP-ground, KVP/20CNT (Fig. S6) and KVP/20CNT- ground (Fig. 8c). For pure KVP, no redox peaks 

are observed which is in agreement with the poor electrochemical performance obtained for this cathode 

material. For the KVP-ground and KVP/CNT, low intensity oxidation and reduction peaks are observed. 

When the addition of carbon and the grinding of the material are combined, intense redox peaks are 

observed. This result confirms the superior performance achieved for the KVP/20CNT-ground sample. To 

study and compare the reaction kinetics of these materials, we plotted the current of the redox peaks versus 

the square root of the scan rate (v1/2), it can be seen that these parameters have a linear relationship (Fig. 

8d and Fig. S7). This indicates that the diffusion process is controlled by insertion/disinsertion of potassium 

for each electrode material. This relationship can be described by Randles-Sevcik equation [49][50][51].   

 

where Ip is the peak current, n is the number of electrons, A is the effective surface area, DK+ is the diffusion 

coefficient of potassium ion and CK+ is the maximum concentration of K+ ion in the electrode during 

electrochemical analysis.  

The slope of the curves is reported in Table S2. As it can be observed the slope of oxidation current for both 

KVP-ground and KVP/20CNT electrodes are similar, contrary to the slope of the oxidation current in 

KVP/20CNT-ground electrode which is twice higher. As the number of electrons and the concentration are 

equivalent for these electrode materials, and that the diffusion of K+ takes place through the same 

crystallographic structure for each sample (similar for each electrode), the difference between the current 

values is mainly related to the effective surface area between electrode and electrolyte. For KVP-ground 

and KVP-20CNT, as almost the same slope is obtained for the evolution of Ip current, we can assume that 

the effect of the grinding of KVP and the presence of CNT in the spherical particles lead to almost the same 

active surface area between electrode and electrolyte. In the case of KVP/ 20CNT-ground, the grinding step 

and the addition of CNT have a cumulative effect on the increase of active surface area since the slope is 

twice higher for cathodic current and even ten times higher for the anodic current. This increase of active 

surface area is the main reason behind the superior electrochemical performance confirmed by the 

galvanostatic cycling results.  
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4. Conclusions  

K3V(PO4)2 (KVP) and K3V(PO4)2/C (KVP/C) pure materials have been successfully prepared by spray-drying 

followed by a heat treatment at 650 ◦C during 8 h under argon atmosphere. The as-obtained KVP compound 

exhibits low electrochemical performance due to low electronic conductivity associated to the anionic 

structure and also due to the large particle size and low specific surface of the spherical KVP particles, which 

limit the K+ ions insertion reaction kinetics during cycling.  

The in-situ addition of conductive carbon during spray-drying synthesis of KVP/C composite particles results 

in a large improvement of the specific capacity and enhanced capacity retention upon cycling. Indeed, the 

specific capacity obtained for KVP/20CNT and KVP/20rGO are doubled and tripled at C/40 compared to the 

original KVP electrode material. Grinding of the KVP and KVP/C particles induces an amorphization of the 

phase with significant reduction of the particle size and a homogeneous particle size distribution except for 

KVP/20rGO. The grinding step was actually found to be harmful for the two composites with rGO because 

the graphene layers that surround the KVP particles are broken. On the contrary, the KVP/20CNT composite 

electrode shows excellent electrochemical performance after ball-milling leading to high discharge capacity 

(101 mAh.g− 1 at C/40) and excellent capacity retention even at higher C-rates (C/20 to 1C).  

5. Associated content 

SUPPORTING INFORMATION  

The supporting information file contains: Table S1 Specific surface area of KVP and KVP/C sample, Fig. S1 

Rietveld refinement of the KVP structure, Fig. S2 SEM micrographs of KVP before and after pyrolysis, Fig. S3 

Charge discharge profile of KVP and cycling stability, Fig. S4 TEM micrograph of KVP/20rGO, Fig. S5 

equivalent circuit model used to analyze the impedances spectra, Fig. S6 Cyclic voltammograms of KVP, KVP-

ground and KVP/20CNT, Fig. S7 Evolution of peaks intensity versus the square root of the scan rate, Table 

S2 Slope of the linear fit curve from graphs of the evolution of peaks intensity versus the square root of the 

scan rate.  
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