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Abstract 

Potassium vanadium oxyfluoride phosphate of composition KVPO4F0.5O0.5 was modified by a 

carbon coating to enhance its electrochemical performance. Two distinct methods were used, 

first, chemical vapour deposition (CVD) using acetylene gas as carbon precursor and, second, 

an aqueous route using an abundant, cheap and green precursor (chitosan) followed by a 

pyrolysis step. The formation of a 5- to 7-nm thick carbon coating was confirmed by 

transmission electron microscopy (TEM) and it was found to be more homogeneous in the case 

of CVD using acetylene gas. Indeed, an increase of the specific surface area of one order of 

magnitude, low content of C sp2 and residual oxygen surface functionalities were observed 

when the coating is obtained using chitosan. Pristine and carbon-coated materials were 

compared as positive electrode materials in potassium half-cells cycled at a C/5 (C= 26.5 mA 

g-1) rate within the potential window of 3 to 5 V vs K+/K. The formation by CVD of a uniform 

carbon coating with the limited presence of surface functions was shown to improve the initial 

coulombic efficiency (ICE) up to 87% for KVPFO4F0.5O0.5-C2H2, and to mitigate electrolyte 

decomposition. Thus, performance at high C rates such as 10C was significantly improved, with 

~ 50% of the initial capacity maintained after 10 cycles, whereas a fast capacity loss is observed 

for the pristine material. 

 

Keywords 

Carbon-coating; chemical vapour deposition (CVD); chitosan biopolymer; positive electrode 

material; vanadium oxyfluoride phosphate; potassium-ion batteries. 
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1. Introduction 

The development of new metal-ion batteries with higher earth abundance and lower cost 

materials as an alternative to lithium-ion batteries (LIBs) is currently in progress1. Amongst 

next-generation batteries, potassium-ion batteries (KIBs) are considered promising candidates 

for large-scale energy storage. Beside the higher availability of potassium than lithium, KIBs 

could also allow fast ionic diffusion kinetics of K+-ions in the electrolyte, and energy density 

comparable to LIBs2, which can be noticed in the upward spark in publications3. The positive 

electrode material is obviously critical to achieve a high energy density, high power density, 

long cycling life, safety, and cost of KIBs4. 

Various types of materials have been proposed at the positive electrode for KIBs5. Among them, 

we can mention Prussian blue analogues6–9, layered transition metal oxides10,11 and polyanionic 

compounds12–14. Phosphate based polyanionic positive electrode materials such as potassium 

vanadium phosphate fluoride (KVPO4F) and potassium vanadium phosphate oxide (KVOPO4) 

are among the best candidates due to their high theoretical energy density of 560 Wh kg-1, which 

is similar to that of the commercial LiFePO4 in LIBs15–18, and the robustness of their highly 

covalent framework (promoting high structural and thermal stability)15,18,19. Indeed, KVPO4F 

and KVOPO4 exhibit a theoretical capacity of 131 mAh g-1 (with the exchange of 1 electron (or 

1 K+) per vanadium) at an average discharge voltage of above 4 V vs K+/K. However, they 

suffer from low electronic conductivity that limits the dynamics of charge transport, increases 

electrochemical reaction polarisation, and promotes the formation of an unstable 

electrode/electrolyte interface at high voltages19–23.  

Different methods can be used to solve such issues, and among them, reduction of the particle 

size, surface modification by carbon coating, or use of carbon-conductive networks24,25. The 

reduction of particle size to the nanoscale allows a decrease in the ion diffusion length within 

the solid. However, despite improving the kinetics of the reactions, it also promotes increased 
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side reactions with the electrolyte due to larger specific surface area, low tap density, and 

scalable production difficulties25. On the contrary, the formation of carbon coating increases 

the conductivity using carbon concentrations as low as 0.5-2 wt %, and thus at a low cost and 

simple preparation26.  

Various processes can be used to form a carbon coating, such as thermal spray deposition, 

physical and chemical vapour deposition (PVD and CVD), electrodeposition (ED) among 

others4,25,27,28. Carbon surface modified composite materials are also generally prepared by a 

direct mixing of the active material with a precursor containing carbon (sucrose, glucose…), 

followed by a heat treatment step24,29. This method allows together to improve the electronic 

conductivity and to prevent the particle growth and/or aggregation. However, it also leads to a 

decrease of the tap density and thus of the volumetric capacity. It is worth mentioning that 

composite preparation can sometimes significantly increase the cost, especially when it requires 

using carbon nanotubes or graphene to form interconnected conductive networks or adding an 

additional step in the production line that can be problematic for large-scale production25. 

However, the formation of carbon coatings is recognized today as an effective way to improve 

the conductivity and thus the electrochemical performance of different polyanionic positive 

electrode materials already developed for LIBs and NIBs, despite it has been until now rarely 

studied for KIBs19,20. 

Tian et al.24 reported the formation of a carbon coated olivine type LiFePO4 using glucose as 

carbon source through a CVD process. The carbon layer as prepared showed high uniformity 

in coverage and thickness, and as a result led to better electrochemical performance compared 

to those obtained with conventional coatings prepared by direct mixing (~capacity of  ̴ 112 mAh 

g-1 vs  ̴ 92 mAh g-1 at 100C (1C= 170 mA g-1) and 71% vs. 38% capacity retention at 250C, 

respectively). Moreover, Lokeswararao et al.30, reported the formation of a carbon coating on 

tavorite LiVPO4F positive electrode material using lauric acid (C12H24O2) as carbon precursor 
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and an annealing step. Similarly, the optimized carbon-coated material showed lower 

polarisation and improved electrochemical performance, in particular at high C-rate (discharge 

capacity of 44 mAh g-1 at 10C). In addition Fang et al.31 reported the formation of a carbon 

coating on NASICON Na3V2(PO4)3 using C2H2 as carbon precursor via a CVD process to create 

a hierarchical interconnected carbon fibre framework. Higher performance for the coated 

materials than those of the pristine bare material were successfully obtained in NIBs, i.e., higher 

capacity, 115 mAh g-1 vs 112 mAh g-1 at 0.2C (C=117 mAh g-1), higher rate capability of 108 

mAh g-1 vs 74 mAh g-1 at 10C and 104 mAh g-1 vs 50 mAh g-1 at 20C and better cyclability 

upon long range cycling. 

In addition, the mixture of carbon conductive network such as disorganized carbon (derived 

from pitch and agarose)32,33, mesoporous carbons34 and carbon nanotubes35 etc, with 

Na3V2(PO4)2F3 and Na3V2(PO4)3 allow to improve the electrochemical performance of in terms 

of capacity, rate performance, polar 

isation, and cyclability than their initial counter parts. In addition, Liao et al. and Liu et al. 

reported recently that electrochemical performance of KVPO4F in KIBs can be improved 

significantly by forming a carbon coating and carbon composite20,36. Liao et al36,37 prepared a 

VPO4 with a flower-like carbon coating which was used as precursor with KF to synthesise a 

carbon-coated KVPO4F via a multi-step synthesis, isobutanol being the carbon precursor. The 

modified material showed higher performance than the bare one, i.e., a high capacity of 103 

mAh.g-1 at 0.2C and of 87.5 mAh g-1 at 50C (C=100 mA g-1), and long range cycling in KIBs. 

Liu et al20. proposed KVPO4F nanoparticles wrapped by an amorphous carbon layer and 

connected by a 3D carbon conductive network (3DC), this composite material KVPO4F@3DC 

was obtained by a soft chemical route and a mechanical activation followed by a low 

temperature carbonization and calcination process. The as obtained material was tested as a 

positive electrode in half-cells and showed a high working potential, a discharge capacity of 
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102 mAh.g-1 vs 98.6 mAh g-1 for the non-coated material at 20 mA g-1, an initial coulombic 

efficiency (ICE) of 78%, a good cycling stability and a superior rate stability compared to the 

pristine material. Recently, Liao et al. reported a sintering process in which vanadium-oxalate-

phosphate is used as vanadium phosphate precursor and template to conserve the plate-like 

structure and fluorinated polymer PVDF-HFP as fluorine and carbon source to obtain a carbon 

coated KVPO4F. The obtained material was tested as positive electrode in K-metal half cell and 

delivered a capacity of 106 mAh.g-1 vs 94.2 mAh g-1   at 0.2C (C=100 mA g-1). Furthermore, a 

high rate performance is delivered by the coated material, i.e., 101.3, 97.8 and 93.1 mAh g-1 at 

0.5, 20, and 50 C compared to pristine material , i.e., 90.1, 50.2; 22 mAh g-1 at the same C-

rates19. 

From the above-mentioned works, it can be summarized that a moderated amount of carbon 

coating is a key parameter to enhance the electrochemical performance of polyanionic positive 

electrode materials in different metal ion batteries (LIBs, NIBs and KIBs). Various methods 

and carbon precursors were used to ensure a homogeneous carbon deposition or composite 

fabrication. Most of these methods required a multi-steps reactions and are complex to realise, 

especially for large scale production. 

Herein, we propose the formation of a carbon coating for KVPO4F0.5O0.5 positive electrode 

material which was recently synthesised by a high temperature solid-state reaction described 

by Wernert et al.16. This material exhibits a specific capacity of 105 mAh.g-1 vs potassium 

metal, a high working potential of 4.2 V vs K+/K and slopping electrochemical curve16 but also 

a limited ICE of 80%, and rate capability. Two coating methods, CVD and aqueous route, were 

used with acetylene and chitosan biopolymer as carbon precursors, respectively. The resulting 

carbon-coated KVPO4F0.5O0.5 materials present similar crystallographic structures but differ by 

their surface chemistry and texture. They were evaluated at the positive electrodes in K-metal 

half cells, and carbon coating has been shown to improve ICE up to 87%, which is among the 
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highest values for KIB positive electrodes in the literature15,16. Moreover, the rate capability 

was significantly improved at high C-rates (5 C to 10 C). These remarkable results were 

explained by the uniform carbon coating, high C sp2 content, low specific surface area and small 

amount of oxygen surface functional groups 

 

2. Experimental 

2.1 Material synthesis  

KVPO4F0.5O0.5-C2H2 preparation 

KVPO4F0.5O0.5 was first synthesized by a solid-state reaction under an argon atmosphere 

according to previous work reported by some of us16. The resulting powder was coated with 

carbon via a CVD process through a thermal decomposition of acetylene (C2H2, having a purity 

of 99.7% vol. abs, purchased from Air Liquide, France) as a carbon precursor in an horizontal 

furnace as shown in Scheme 1 (І). The sample (700 mg) was placed in a quartz boat and heated 

under ambient pressure and inert atmosphere (Argon) with a heating rate of 5 °C/min to 600 

°C. Then, the Ar flow was stopped, and acetylene was introduced into the system with a flow 

rate of 1 L/h for 3 hours. Finally, the sample was cooled to room temperature in an inert (argon) 

atmosphere. This sample is named KVPO4F0.5O0.5-C2H2 in the following. 

KVPO4F0.5O0.5-Chitosan preparation 

An aqueous route using Chitosan (Mw = 159.00 g mol-1, Aldrich) as a carbon precursor was 

used to coat KVPO4F0.5O0.5 material from the same batch as the one used previously to prepare 

KVPO4F0.5O0.5-C2H2. 120 mg of chitosan was dispersed in 1.5 mL of an aqueous solution of 

1% acetic acid, (C2H4O2 Prolabo, 99.8%, 1.05 g cm-3 under a strong magnetic stirring, then 750 

mg of KVPO4F0.5O0.5 powder was added. The mixture was stirred for 24 hours in an air 

atmosphere to ensure the homogeneity and the total evaporation of the acetic acid. The material 

obtained was subsequently pyrolyzed in an argon atmosphere at 650 °C for 1 h with a heating 

rate of 5 °C min-1, as shown in Scheme 1 (ІI). The as-obtained material is named 

KVPO4F0.5O0.5-Chitosan in the following. 
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Scheme 1: Schematic representation of the carbon coating synthesis on KVPO4F0.5O0.5 realized 

by BioRender software: I) coating made by chemical vapour deposition (CVD) with acetylene 

as carbon precursor and II) coating made by an aqueous solution containing chitosan as carbon 

precursor followed by pyrolysis. 

 

2.2 Material characterization 

The characterisation of the crystalline structure of the materials was performed using X-ray 

diffraction (XRD), performed on a Bruker D8 ADVANCE A25 diffractometer equipped with 

a LynxEye XE-T high resolution energy dispersive 1D detector (Cu Kα1,2), with a flat Bragg-

Brentano θ-θ geometry, and operating with a Cu Kα1,2 X-ray source. XRD patterns were 

measured in the 10° to 90° 2θ range with a step size of 0.015° and a counting time of 0.7 s/step. 

Crystal structure refinement by the Rietveld method was carried out using JANA2006 

software.38 A semi-rigid body model was applied to the phosphate groups, allowing the P−O 

distances to vary between 1.535 ± 0.035 Å.39 Standard uncertainties were corrected using the 

Bérar-Lelann correction.40 

Raman spectroscopy was performed to obtain the local structure of the materials using a 

LabRAM BX40 instrument (Horiba Jobin-Yvon) equipped with a He-Ne excitation source 

(532 nm wavelength). Nine spectra were acquired per sample by mapping. For a good 

representativeness of the structure, the average spectrum was used to calculate the ID/IG ratio by 

fitting each band by a Lorentzian function. Furthermore, to probe the distribution, morphology 
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and crystallinity of the carbon coating, high-resolution transmission electron microscopy 

(HRTEM) and energy dispersive X-ray spectrometry (EDX) in three distinct zones on the 

material were performed with a JEOL instrument (ARM-200F model) operating at 200 kV.  

Textural characteristics such as specific surface area and pore size distribution were determined 

with a Micromeritics ASAP 2420 instrument using N2 adsorbate gas (77 K). The materials were 

outgazed under vacuum for 12 hours at 150 °C to remove physisorbed molecules. The specific 

surface area (SSA) was determined based on Brunauer - Emmett - Teller model from the linear 

plot in the relative pressure range of 0.05 – 0.3 P/P0. The material pore size distribution (PSD) 

was obtained by SAIEUS 2.02 software (Micrometrics) using the non-local density functional 

theory (NLDFT) for a carbon model and standard pore slit. 

The carbon amount in the composites was estimated by thermogravimetric analysis (TGA) 

using a Mettler Toledo instrument. The sample was heated in an alumina (Al2O3) crucible under 

air, from 25 °C to 750 °C at a heating rate of 5 °C min-1. This allows the carbon oxidation and 

the determination of carbon wt % in the composites based on the mass loss. 

The surface chemistry of the coated materials was probed by X-ray photoelectron spectroscopy 

(XPS) using a SES-2002 (VG SCIENTA) spectrometer equipped by a monochromatic X-ray 

source (Al Kα = 1486.6 eV). Survey and high-resolution spectra were recorded to determine 

over 5 to 10 nm thickness the nature of the surface functional groups and quantify the amount 

of carbon coated on the pristine materials. 

2.3 Electrochemical Characterisation 

2.3.1 Electrode preparation 

The working electrodes were prepared by mixing under stirring (900 rpm for 1h) the active 

material, the polyvinylidene fluoride binder (PVDF from Fluka, Mw
 = 534 000 g mol-1) and 

carbon black additive (SuperP from Timcal), with a mass ratio of 80:10:10, in the presence of 

1-methyl-2-pyrrolidone solvent (NMP, 99% anhydrous from Sigma Aldrich). The slurry 

obtained was casted on an aluminium current collector (20 µm thickness) using the doctor blade 

method with a blade height of 150 μm. The resulting film was then dried in air for one night at 

80 °C and cut into 16 mm diameter disks with a mass loading of ~ 2.8-3.2 mg cm-2. The 

electrodes were uniaxially pressed under 5 t and dried under vacuum for one more night at the 

same temperature (80 °C), before introducing them in an argon-filled glove box (MBRAUN). 

 

https://www.sciencedirect.com/topics/chemical-engineering/spectrometry
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2.3.2 Battery testing conditions 

Electrochemical analyses were performed using 316L stainless steel coin cells (CR2032-type) 

at a controlled room temperature (~25 °C) using a multichannel VMP 3 system (BioLogic, 

France), by assembling several cells for each material to ensure reproducibility of the results. 

Coin cells were assembled using electrodes made of KVPO4F0.5O0.5, KVPO4F0.5O0.5-C2H2, 

KVPO4F0.5O0.5-Chitosan as active materials, two disks of Viledon fiber mat (Freudenberg) as 

separators (18 mm of diameter), and potassium metal (Alfa Aesar, 99.95%) as a counter 

electrode (14 mm of diameter). 0.8M of potassium hexafluorophosphate (KPF6, from Sigma-

Aldrich, ≥ 99%) was dissolved in a mixture (50:50 v/v) of ethylene carbonate (EC, from Sigma-

Aldrich, ≥ 99%) and diethyl carbonate (DEC Sigma-Aldrich, ≥ 99%) and used as electrolyte.  

Standard galvanostatic tests were performed between 5 and 3 V vs K+/K in half-cells at C/5. 

The rate performance was evaluated at high C-rates using a standard galvanostatic cycling 

successfully at C/20, C/10, C/5, C/2, C, 2C, 5C, 10C, respectively. A single cycle was 

performed at each step (i.e. at each C-rate) with a floating time of 2 h at the end of the discharge 

to ensure that the initial composition (KVPO4F0.5O0.5) was recovered.  

3. Results and discussion 

3.1 Structure, Texture and Surface properties 

Carbon coating was performed on KVPO4F0.5O0.5 positive electrode material with the purpose 

to improve its electrochemical performance (ICE, rate capability and stability). The choice of 

this compound was motivated by our previous study16, which demonstrated that this 

composition delivers the best performance among those studied in the series of compounds 

KVPO4F1-yOy. Indeed, Wernert et al.16 showed that KVPO4F0.5O0.5 behaves better than the end-

member composition KVPO4F, which shows much limited reversibility and cyclability due to 

a much higher working potential (close to 4.95 V vs K+/K) that leads to huge competition 

between the K+ insertion/de-insertion reaction and the irreversible degradation of the electrolyte 

with a growth of the cathode electrolyte interphase (CEI). Therefore, 

KVPO4F0.5O0.5 performance is investigated here to be enhanced by modifying its surface by a 

carbon layer.  

The carbon coating deposition on KVPO4F0.5O0.5 was analysed by HRTEM as shown in Figure 

1 and Figure S1. 
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KVPO4F0.5O0.5-C2H2 prepared by CVD process shows a carbon layer around KVPO4F0.5O0.5 

particles (Figures S1a-b), while KVPO4F0.5O0.5-Chitosan made by the aqueous route reveals 

that carbon is deposited both on and between the particles of KVPO4F0.5O0.5 (Figures S1c-d). 

Closer inspection by HRTEM allows observing in Figure 1a-b a layer of disorganized carbon 

for the two kinds of coated samples around KVPO4F0.5O0.5 pristine bare materials, the latter 

being very organized material as evidenced by the parallel aligned diffraction planes. 

 KVPO4F0.5O0.5-Chitosan (Figure 1a), a heterogeneous carbon layer which has different 

thicknesses between 4 and 10 nm around the pristine material. Differently, for KVPO4F0.5O0.5-

C2H2 (Figure 1b), the carbon layer appears better organized and more homogeneous with a 

constant thickness of around 6 nm than  

This was confirmed also by the EDX image of KVPO4F0.5O0.5-C2H2 in Figure 1c which show 

a homogeneous distribution of carbon (red colour) in and around the particles of the pristine 

material (other colours). Additional images of the other chemical elements are provided in 

Figure S2a-f. 
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Figure 1: HRTEM images of: (a) KVPO4F0.5O0.5-Chitosan, (b) KVPO4F0.5O0.5-C2H2 and (c) 

EDX image of carbon coated KVPO4F0.5O0.5-C2H2 (carbon in red). 

a)

c)

b)
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The X-ray diffraction analyses of KVPO4F0.5O0.5, KVPO4F0.5O0.5-C2H2, KVPO4F0.5O0.5-

Chitosan are shown in Figure 2a. All the samples can be described in an orthorhombic system 

with the Pna21 space group. The XRD patterns show that the main crystallographic structure 

was not influenced by the preparation of the carbon coating, all the samples exhibit the same 

Bragg peaks before and after the coating formation. Rietveld refinements were performed for 

the three samples as shown in Figure S3. The cell parameters were found almost identical as 

witnessed by the unit cell volume of each compound (Table 1). Some small discrepancies in 

the intensity of the 212 peak were identified, in the order of few percents for the KVPO4F0.5O0.5-

Chitosan compound, and associated to small K+ deficiency triggered probably by a cation 

exchange between K+ and H+ in acidic medium (Table S1). Nevertheless, the change is small, 

and the crystal framework is conserved. For the same material, few very small peaks 

corresponding either to KVO3 (due to KVPO4F0.5O0.5 oxidation induced by chitosan) or some 

unidentified phases have been observed as well.  

Raman spectra of the pristine bare and coated materials are shown in Figure 2b. The pristine 

materials exhibit four distinct bands, at ~520 cm-1 corresponding to vanadium-oxygen single 

bond (V―O)41, at ~840 cm-1 associated to vanadyl bond (V=O)41, and two bands at ~ 980 cm-

1 and 1065 cm-1 related to phosphate group (PO4)
42. The Raman signatures of the coated samples 

(KVPO4F0.5O0.5-C2H2 and KVPO4F0.5O0.5-Chitosan) show the same bands, with a decrease in 

absolute intensity for those associated to KVPO4F0.5O0.5 as now its surface is covered by a 

carbon layer. Furthermore, the coated samples show two additional large bands at ~ 1300 cm-1 

and 1600 cm-1, not observed as expected for the bare pristine material, they are well known as 

the D-band and G-band of carbon43. Generally, the D band is ascribed to the disordered graphite 

structure whereas the G band reveals the presence of crystallised graphitic carbon43,44. The 

intensity ratio (ID/IG) calculated in Table 1 can be used to estimate the degree of disorder in 

carbon materials. It is found typical of disordered carbon structure with values of 4.0 for 

KVPO4F0.5O0.5-Chitosan and 3.2 for KVPO4F0.5O0.5-C2H2 denoting a slightly higher 

graphitization for the latter. Disordered structures are obtained for these carbon layers as formed 

at 600-650 °C, which remains rather low for graphitization that starts above 1300 °C.  
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Figure 2: (a) XRD patterns and (b) Raman spectra of KVPO4F0.5O0.5, KVPO4F0.5O0.5-Chitosan 

and KVPO4F0.5O0.5-C2H2. 
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Table 1: Characteristics of KVPO4F0.5O0.5, KVPO4F0.5O0.5-C2H2 and KVPO4F0.5O0.5-Chitosan 

characteristics including unit cell volume, ID/IG, specific surface area (SSA), carbon amount 

(from TGA) and amount of C1s (from XPS) 

 

Textural properties were assessed by N2 adsorption-desorption isotherms for all materials. As 

shown in Figure 3a both pristine and KVPO4F0.5O0.5-C2H2 materials show N2 isotherms of type 

II, characteristic of low or non-porous materials with an increase of adsorbed volume at P/P0= 

~0.9, which can be due to inter-grains contribution. Pristine material presents a very low 

specific surface area 2 m2g-1 as reported in Table 1, which is preserved for KVPO4F0.5O0.5-C2H2 

(< 2 m2 g-1). Such low surface area may favourably influence the electrochemical performance 

in potassium batteries, by limiting the electrolyte decomposition and the SEI formation.  

Differently, KVPO4F0.5O0.5-Chitosan shows an isotherm of type IV with hysteresis starting at 

around P/P0=0.45 indicating mesopores capillary condensation behaviour. The BET surface 

area is also higher (17 m2 g-1). Such porosity could be due to the oxygenated groups of the 

carbon precursor (chitosan) which might induce some gases release during the pyrolysis, 

enhancing the SSA. The low pyrolysis temperature (650 °C) does not ensure pore closure 

either45.  

 

 

  

 

 

 

Materials 
Unit cell volume 

V/Z (Å3) 
ID/IG 

SSA 

(m2 g-1) 

C (Wt %), 

from TGA 

C 1s (wt %), 

from XPS 

KVPO4F0.5O0.5 107.6 (1) Å3 N/A 2 N/A 14.3 

KVPO4F0.5O0.5 -C2H2 107.5 (1) Å3 3.2 1.3 1 83.1 

KVPO4F0.5O0.5-Chitosan 107.5 (2) Å3 4.0 17 4 55.2 
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Figure 3: (a) N2 adsorption - desorption isotherms at 77K and (b) 2D-NLDFT pore size 

distribution based on N2 adsorption branch of KVPO4F0.5O0.5, KVPO4F0.5O0.5-Chitosan and 

KVPO4F0.5O0.5-C2H2. Where STP stands for standard conditions of temperature and pressure 
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Based on the N2 adsorption results, the pore size distribution of the materials was determined 

as shown in Figure 3b. Pristine bare KVPO4F0.5O0.5 shows essentially a small volume of 

micropores with a pore diameter smaller than 2 nm, a small amount of mesopores with pore 

diameter around 3.5 nm and an important contribution of inter-grains porosity (~17-30 nm). 

For coated materials, KVPO4F0.5O0.5-C2H2 shows a rather similar pore size distribution as the 

pristine material, except for the disappearance of the mesopores contribution, while 

KVPO4F0.5O0.5-Chitosan reveals a significantly higher amount of micropores (diameter <2 nm), 

mesopores (3.5 nm) and contribution of inter-grains (~16-30 nm). This significant increase in 

porosity can be due, as mentioned previously, to much more gases release when chitosan is 

degraded to form the carbon coating.  

Thermogravimetric analysis was carried out under air atmosphere and with a temperature range 

starting from 25 °C to 750 °C to quantify the amount of carbon deposited at the surface of 

KVPO4F0.5O0.5 powder. As shown in Figure S4 and Table 1, coated and bare materials were 

analysed. Bare KVPO4F0.5O0.5 shows a mass gain starting at around 450 °C which can be 

attributed to its oxidation. For KVPO4F0.5O0.5-Chitosan the small mass loss of about 1 wt % at 

a temperature below 100 °C is associated to adsorbed water elimination, it is then followed by 

a mass loss of 4 wt.% between ~300 to 450 °C which can be attributed to the oxidative pyrolysis 

of the carbon coating46. The same behaviour occurs for KVPO4F0.5O0.5-C2H2 but starting at 

higher temperature, ~400 °C, and accounts for only 1 wt % 46. The higher decomposition 

temperature of acetylene-based coating compared to chitosan-based coating is in good 

agreement with the formation of a better crystallized carbon layer for the former. As for pristine 

KVPO4F0.5O0.5, an increase in the mass is observed for KVPO4F0.5O0.5-C2H2 and 

KVPO4F0.5O0.5-Chitosan from ~450 °C range (Figure S4) and attributed to KVPO4F0.5O0.5 

oxidation. Lower temperature of oxidation for the coated materials than for the bare material is 

observed, which might suggest a contribution of carbon in the oxidation process.  

Furthermore, XPS was carried out in order to quantify the elements present at the surfaces of 

KVPO4F0.5O0.5, with and without carbon coating (Figure S5a-c). KVPO4F0.5O0.5 shows a small 

contamination with carbon (C1s, mainly C sp3) which can be due to the synthesis conditions. 

Concerning the coated materials, the C1s intensity peak is lower for KVPO4F0.5O0.5-Chitosan 

than for KVPO4F0.5O0.5-C2H2 demonstrating a smaller amount of deposited carbon (C1s) at the 

surface of the active material particles for the former, i.e. 55 at % vs 84 at %, or at least a less 

homogeneous coverage as shown in Figure S5d. 
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Other peaks are observed (O1s, K2p, P2s, V2p, V2s, F1s etc.) as shown in Figure S5d. In 

particular, the O1s peak presents a high intensity in the pristine material (46 at %), which 

strongly decreases for KVPO4F0.5O0.5-Chitosan (25 at %) and KVPO4F0.5O0.5-C2H2 (9 at %) 

while in parallel the C1s peak increases. Similar observations can be done for all the chemical 

elements contained by KVPO4F0.5O0.5, i.e. K, P, V and F. It supports that the coating with 

carbon is efficient to cover the extreme surface of KVPO4F0.5O0.5 particles, and that as already 

mentioned a better coverage is achieved for KVPO4F0.5O0.5-C2H2. 

A high amount of carbon and a small amount of oxygen groups on the active material surface 

may be interesting for better performance as positive electrode materials in KIBs. Indeed, 

carbon can improve the electronic conductivity of the modified material, whereas a small 

amount of oxygen may limit the electrolyte decomposition and reduce side reactions between 

the electrode and electrolyte and, consequently, the SEI formation. To quantify the relative 

amount of sp2 and sp3 type carbons and oxygen functional groups, the C1s peaks of 

KVPO4F0.5O0.5, KVPO4F0.5O0.5-Chitosan and KVPO4F0.5O0.5-C2H2, have been deconvoluted as 

shown in Figure 4a-c, allowing their quantification at the surface of the modified powders 

(Figure 5).  
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Figure 4: High-resolution C1s XPS spectra of (a) KVPO4F0.5O0.5, (b) KVPO4F0.5O0.5-

Chitosan and (c) KVPO4F0.5O0.5-C2H2. 
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The pristine material exhibits mainly sp3 hybridized carbon associated to oxygenated groups 

coming from contamination, with K 2p3/2 and K 2p1/2 peaks also visible at 292 and 295 eV. For 

the coated materials, the main contribution comes from conductive sp2 hybridized carbon (~284 

eV). For KVPO4F0.5O0.5-C2H2 the C sp2 peak is very narrow and intense compared to that 

observed for KVPO4F0.5O0.5-Chitosan. An opposite trend is seen for disordered C sp3 (285 eV), 

with a higher relative intensity for KVPO4F0.5O0.5-Chitosan than for KVPO4F0.5O0.5-C2H2. 

Oxygen-based functional groups are seen as well, at 286 eV (ether, C-OR), 287 eV (carbonyl, 

C=O) and 289 eV (carboxyl, -COOR)47–49. The amount of these different C sp3 and oxygen-

based chemical species are compared in Figure 5. They are in higher quantity for 

KVPO4F0.5O0.5-Chitosan than for KVPO4F0.5O0.5-C2H2, in good agreement with the formation 

of a more disordered carbon for the Chitosan precursor which is richer in oxygen-functional 

groups than acetylene ((C6H11NO4)n for Chitosan (O/C = 2/3) vs. C2H2 for acetylene (O/C = 

0)). Moreover, as already discussed in Figure S5d, the intensity of the peaks (K 2p3/2 and K 

2p1/2) decreased considerably after the formation of the carbon coating, in particular for 

KVPO4F0.5O0.5-C2H2 (Figure 4c), which supports a well-coverage of the material by carbon 

layer. This material is expected to be more attractive for electrochemical performance.  

                 

Figure 5: Quantification of chemical species identified from XPS C 1s high-resolution 

deconvoluted spectra to be present at the surface of KVPO4F0.5O0.5, KVPO4F0.5O0.5-C2H2 and 

KVPO4F0.5O0.5-Chitosan powder samples. 
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3.2 Electrochemical performance 

The influence of the carbon coating on the electrochemical performance (initial coulombic 

efficiency, first charge capacity, capacity retention and rate capability) of KVPO4F0.5O0.5 was 

investigated as shown in Figure 6. 

A lower polarisation is observed in the first cycle for coated materials as compared to the 

pristine bare material. On the other hand, the pristine material exhibits a first charge capacity 

of 105 mAh g-1 and an ICE of 80%, while KVPO4F0.5O0.5-Chitosan and KVPO4F0.5O0.5-C2H2 

show capacities of 87 mAh g-1 and 97 mAh g-1 and ICE of 83% and 87%, respectively. 

Therefore, the coated materials exhibit higher ICE compared to that of the bare material, while 

their capacities are slightly smaller. The improvement of the ICE of carbon-coated materials 

compared to bare material can be related to the carbon surface poor in oxygen, which limits the 

decomposition reactions of the electrolyte and the growth of excessive CEI layer, thus providing 

a more stable electrode / electrolyte interphase (interface). The high conductivity of carbon 

improves the electrochemical reaction polarisation and allows preservation of high ICE. 

 In addition, the enhancement of ICE after the formation of carbon coating by the CVD process 

for KVPO4F0.5O0.5-C2H2 comparing to KVPO4F0.5O0.5-Chitosan can be explained by i) the 

better coverage of the KVPFO4F0.5O0.5 surface, ii) the higher content of hybridized carbon sp2 

as demonstrated by XPS, iii) the lower amount of oxygen-based functional groups and iv) the 

lower SSA compared to chitosan-coated material.  

Furthermore, cycling performance evaluation of KVPO4F0.5O0.5-C2H2 was done at C/5 (3 - 5 V 

vs. K+/K) as seen in Figure 6c. It presents a capacity retention of 88% at the 20th cycle, which 

shows that the coated sample exhibits cyclability which is in the same range as KVPO4F studied 

in literature by Kim et al. and Chihara et al.18,22. The three materials were tested at different C-

rates (Figure 6d), both carbon coated materials show a rather similar behaviour than the pristine 

bare material at low C rates (< 2C), with a decrease in capacity of ~ 40% for the pristine 

material, ~34% for KVPFO4F0.5O0.5-Chitosan and 29% for KVPFO4F0.5O0.5-C2H2. At higher C-

rates (> 2C), the pristine material exhibits a severe capacity drop and is for instance not able to 

provide any capacity at 10C, while the coated materials KVPO4F0.5O0.5-Chitosan and 

KVPO4F0.5O0.5-C2H2 preserve 48% and 54% of their initial capacity, respectively. This 

difference in terms of rate capability between carbon coated and bare materials can be explained 

by the increasing difficulty to couple transport of ions and electrons as the C-rate increases. The 

formation of conductive composites helps to maintain high-rate performance by improving the 
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collection and transport of the electrons, and thus of the ions within the bulk of the electrode. 

This strategy is shown to be successful in Figure 6d as for the bare material the capacity 

decreases continuously due to ionic diffusion limitation up to 2C and then abruptly above 2C 

due to strong electronic transport limitation, whereas for the carbon coated materials a smooth, 

continuous and limited decrease in capacity is observed over the same range of C-rates 

explored. 

 

Figure 6: (a) First charge-discharge cycle at C/5; (b) initial coulombic efficiency; (c) 

comparison of different charge and discharge curves for KVPFO4F0.5O0.5-C2H2 at C/5 (1st, 5th, 

10th, 15th and 20th cycles); (d) Reversible discharge capacity at different C-rates for 

KVPFO4F0.5O0.5, KVPFO4F0.5O0.5-Chitosan and KVPFO4F0.5O0.5-C2H2. 
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the ICE obtained for KVPO4F0.5O0.5-Chitosan and KVPO4F0.5O0.5-C2H2 samples are among the 

highest values reported in literature, with acceptable charge and discharge capacities. Moreover, 

KVPO4F0.5O0.5-C2H2 presents a good capacity retention of 88% after the 20th cycle at C/5. 

 

Table 2: Comparison of electrochemical performance reported for different KIB positive 

electrode materials. 

Material Electrolyte 

Average 

voltage 

(V) 

Discharge 

capacity 

(mAh g-1) 

Charge 

capacity 

(mAh g-1) 

ICE 

(%) 

Capacity 

retention 

(%) 

Reference 

KVPO4F 

0.7 M KPF6 / 

EC:DEC  

(1:1 v/v) 

4.1 ~80 ~170 ~50 

97 

(30 

cycles) 

18 

KVOPO4 

0.7 M KPF6 / 

EC:DEC  

(1:1 v/v) 

4.1 ~80 ~175 <50 

97 

(30 

cycles) 

KVPO4F 

0.7 M KPF6 / 

EC:DEC 

 (1:1 v/v) 

4.0 ~70 ~160 <50 

90.7 

(compared 

to 2nd 

cycle) 

KVOPO4 

0.7 M KPF6 / 

EC:DEC  

(1:1 v/v) 

3.9 ~70 ~140 <50 

93.9 

(compared 

to 2nd 

cycle) 

KVPO4F0.5O0.5 

0.8 M KPF6 / 

EC:DEC 

 (1:1 v/v) 

4.2 84 105 80 N/A 16 

KVPO4F 

0.7 M KPF6 / 

EC:DEC 

 (1:1 v/v) 

4.1 ∼140 ∼95 ∼ 67 

~87 

(30 

cycles) 

~47 

(200 

cycles) 

22 

KVPO4F@3DC 

0.8 M KPF6 / 

EC:DEC 

 (1:1 v/v) 

4.1 104.4 130 80 

83.6 

(100 

cycles) 

20 

KVPO4F/C 

1 M KPF6 / 

EC:PC 

 (1:1 v/v) 

4.2 ~138 106 ~76 N/A 19 

KVPO4F 

0.8 M KPF6 / 

EC:DEC 

(50:50 v/v) 

4.3 N/A N/A N/A 

62 

(70 

cycles) 

 
21 
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Conclusion 

The influence of a carbon coating on KVPO4F0.5O0.5 used as positive electrode material in KIBs 

was addressed. Two different methods, CVD from C2H2 and chitosan in aqueous media 

followed by a pyrolysis step, were explored to perform the carbon coating. Neither the 

morphology nor the crystallographic structure of KVPO4F0.5O0.5 were affected by the coating 

process, while SSA increased considerably for KVPFO4F0.5O0.5-Chitosan. In fact, the deposited 

carbon layer was found to be more homogeneous, in thickness and in coverage, and crystallized 

for KVPFO4F0.5O0.5-C2H2. Indeed, the amount of carbon sp2 was revealed to be higher and of 

oxygen functional groups to be lower for KVPFO4F0.5O0.5-C2H2 compared to KVPFO4F0.5O0.5-

Chitosan. Carbon coated materials showed improved electrochemical performance with ICE up 

to 87% for KVPFO4F0.5O0.5-C2H2 versus 80% for the bare pristine material, those ICE being 

among the highest values reported in the literature. Additionally, the carbon coating allows 

improving cycling performance and rate capability with the retention of ~50% of the initial 

capacity at a high rate of 10C, compared to almost 0% for pristine bare material. This 

improvement brought by the surface modification of the active material KVPO4F0.5O0.5 by an 

homogeneous carbon layer is likely due to both, the increase of the KVPO4F0.5O0.5 composite 

electrode conductivity, and the limitation of side reactions at the interface between the active 

material and the electrolyte which is highly critical for this new-born KIB technology as the 

electrolytes still require to be optimized. An extended XPS study upon cycling is in progress in 

order to determine the impact of the coating on the nature and amount of species building the 

SEI with the carbon coated and bare KVPO4F0.5O0.5 samples. 
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KVPO4F-C 

0.8 M KPF6 / 

EC:DEC 

(50:50 v/v) 

4.3 N/A N/A N/A 

76 

(70 
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K-MnHCFe 

0.7M KPF6 / 
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Supporting Information: 

TEM images of the carbon coated KVPO4F0.5O0.5 at different scales; EDX images of the 

elemental composition of KVPO4F0.5O0.5-C2H2 material; Rietveld refinements of the XRD 

patterns of the bare and carbon coated KVPO4F0.5O0.5 materials; cell parameters and K+ site 

occupancy refined by the Rietveld method for all the materials; TGA curves of all materials; 

XPS wide scan and atomic percentages of elements at the surface of the bare and the coated 

materials. 
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