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ABSTRACT: K-ion batteries (KIBs) are receiving increasing interest because of the low K+/K redox potential and their reduced cost. 
This emerging alternative is however strongly dependent on the development of cathode materials with suitable structure for accom-
modating K+ ions. We show here the promising properties of the puckered layered γ’-V2O5 polymorph that inserts up to 0.9 K+ mol-

1 at 3.3 V vs K+/K at C/60. An initial depotassiation capacity of 72 mAh g-1 corresponding to the exchange of 0.5 K+ ions is still 
delivered at C/10 and a reversible capacity of 48 mAh g-1, stable over 100 cycles, is achieved in the 4.4 V − 2.4 V voltage window. 
The reaction mechanism, investigated by XRD and Raman spectroscopy, involves the formation on first discharge of a new layered 
KxV2O5 host structure. The K0.78V2O5 bronze obtained at 2.4 V exhibits unfolded V2O5 sheets and an unexpected moderate expansion 
of the interlayer spacing compared to γ’-V2O5. Depotassiation-potassiation reversibly occurs within KxV2O5 (0.3 ≤ x ≤ 0.78) with less 
than 2% breathing. Such findings demonstrate the remarkable structural flexibility of γ’-V2O5 to accommodate the large-sized K+ 
ions and illustrates the richness of V2O5 polymorphs as positive electrode materials for KIBs. 

1. INTRODUCTION 

The Li-ion battery (LIB) technology, firstly used in portable 
electronic devices, is now expanding to large scale applications 
like electric vehicles and stationary energy storage systems 
combined to the development of renewable energies. During the 
last decade, sodium-ion batteries (SIBs) have been extensively 
investigated as less expensive alternatives to LIBs, offering an 
appealing compromise between performance and cost [1]. More 
recently, potassium-ion batteries (KIBs) have emerged as addi-
tional interesting substitutes [2, 3] due to the lower redox po-
tential of K+/K vs Na+/Na (-2.93 V vs -2.71 V/ENH) that has 
led to the identification of high operating voltage K-based ma-
terials [4−9]. An additional key advantage for obtaining high 
rate capability cathode and anode materials is provided by the 
lowest desolvation energy of K+ in various organic solvents 
compared to Li+ and Na+. Furthermore, the attractive electro-
chemical behavior of graphite as negative electrode has consid-
erably boosted research efforts on high performance KIBs, even 
if numerous other anode materials have been further investi-
gated like hard and soft carbon, porous carbon, intercalation an-
odes etc...[2, 3]. 

Although efforts to discover and develop new cathode mate-
rials for KIBs are in their infancy compared with those for an-
odes, the search of appropriate positive electrode materials is a 
crucial point for the successful development of KIBs. The major 
obstacle is the large ionic radius of K+ (1.38 Å) compared to Li+ 
(0.76 Å) or Na+ (1.02 Å), that limits the number of suitable host 
materials capable of accommodating K without large stresses or 
volume changes. In addition, repulsive K+−K+ coulombic inter-
actions could limit transport properties in the crystal framework 
and then the rate capability. Looking back on the history of 
LIBs and NIBs, layered cobalt oxides P2- and P3-type KxCoO2 
have been first considered, but they exhibit limited reversible 
capacities, multiple phase transitions and low operating poten-
tial [10,11]. Specific capacities between 90-120 mAh g-1 have 

been reported for Mn-based layered oxides, depending on the 
structure, the chemical composition and the voltage range [12- 
19]. In recent years, great research efforts have been made to-
ward challenging Prussian blue KFe2(CN)6 [8], Prussian blue 
analogs [9] and polyanionic compounds AMx[XO4)]y, (X = P 
and S) which display robust 3D frameworks with large channels 
for ion storage and migration [2, 3]. Among them, V-based 
compounds such as KVP2O7, K3V2(PO4)3, K3V2(PO4)2F3, 
KVPO4F, and KVOPO4 were found to exhibit a high operating 
voltage > 4 V vs. K+/K, much higher than the potentials ob-
served for most of the K-based layered transition metal oxide 
materials, and capacities in the range 54 − 100 mAh g-1 [3, 5]. 
However, less attention has been paid to layered V-based oxides 
offering also open structures suitable for K+ accommodation. 
Hydrated phases such as V3O7.H2O [20] and V2O5.0.6-0.8H2O 
[21, 22] have been considered with great interest. V3O7.H2O 
displays a discharge capacity of about 150 mAh g-1 at an aver-
age potential of 2.5 V vs. K+/K but 25% capacity loss after 100 
cycles [20] while V2O5.0.6-0.8H2O exhibits scattered capacity 
values in the range 60 − 220 mAh g-1 at 2.1 V − 2.5 V vs. K+/K 
with a huge capacity fading upon cycling in carbonate-based 
electrolytes [21, 22]. Bilayered expanded structures such as the 
NH4V4O10 bronze [23] and K-preintercalated 
K0.42V2O5.0.25H2O [24] were also reported, with the best capac-
ity of 220 mAh g-1 in the 4.3 V − 2 V window for the latter one, 
but 26% and 42% capacity loss after 50 cycles at C/15 and C, 
respectively [24]. In that case, the mechanism for discharge-
charge process was reported as a genuine potassium intercala-
tion reaction, which is questionable since 30% of the capacity 
was ascribed to non-faradaic contribution. Anhydrous potas-
sium vanadium bronzes have been also considered as possible 
cathode materials for KIBs. The bilayered δ-K0.5V2O5 phase 
[25, 26] have recently emerged as promising materials due to 
interesting capacity values, from 80 mAh g-1 at room tempera-
ture in the 3.75 V − 1.5 V voltage range [25] to 130 mAh g-1 at 
35°C between 4.5 V and 2 V [26]. A layered K0.83V2O5 bronze 
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with promising performance (80 mAh g-1 in the 4.5 V − 1.5 V 
range) was also recently reported [27]. However, the discharge-
charge behavior was carried out in highly concentrated 7 M 
KTFSI/ ethylene carbonate (EC): diethylene carbonate (DEC) 
electrolyte, which makes a straightforward comparison diffi-
cult. 

Surprisingly, the layered α-V2O5 polymorph, among the first 
transition metal oxide identified as Li intercalation compound, 
has been little studied as potassium storage material. The pio-
neering work of one of us, 30 years ago, using a molten dime-
thylsulfone potassiated electrolyte at 150°C, has proved the 
electroformation of orthorhombic KxV2O5 bronze (0 <  x < 0.6) 
with a structure closely related to that of the parent oxide [28]. 
However, potassium extraction was reported to be limited to 
50%. Since then, only a few papers have focused on the K-stor-
age properties of α-V2O5 at room temperature in usual organic 
based-electrolytes [29, 30]. Using a specific electrode design to 
improve the electronic conductivity and decrease the diffusion 
pathways, Atomic Layer Deposited core-shell structured amor-
phous α-V2O5@CNT (carbon nanotube) sponge showed a dif-
ficult reaction: the discharge profile spread over a wide poten-
tial range, with a low mid-discharge voltage of 1.75 V vs. K+/K 
and capacity values of 50 − 200 mAh g-1, depending on the C 
rate [29]. In the wider 4.25 V − 1.5 V range, capacities of 200 
mAh g-1 were reported for crystalline α-V2O5 nanorods@rGO 
(reduced graphene oxide) heterostructure [30]. These recent re-
sults illustrate the modest performance of the orthorhombic α-
V2O5 oxide that seems to be penalized by a low discharge po-
tential, around 2 V vs. K+/K at best.  

Another strategy than conventional carbon-based hetero-
structure must therefore be applied to face the challenge of an 
appropriate V2O5 host structure more favorable for K storage. 
Recent studies based on DFT calculations have outlined the in-
terest of metastable V2O5 polymorphs obtained from topochem-
ical removal of cations from the MxV2O5 bronzes (M = Li, Cu, 
Ag) [31, 32]. Lower diffusion barriers and higher operating 
voltage are predicted for such cation-free metastable phases. As 
a proof of concept, our group has demonstrated the attractive 
features of the γ’-V2O5 polymorph, that is the charge product of 
the γ-LiV2O5 phase formed upon electrochemical lithiation of 
α-V2O5 at 2.3 V vs. Li+/Li [33]. γ’-V2O5 exhibits the same or-
thorhombic symmetry than α-V2O5, but benefits however from 
a larger interlayer spacing of ≈ 5 Å (vs. 4.37 Å for α-V2O5) as 
well as a corrugated structure enabling superior electrochemical 
performance toward Li+ [34, 35] and Na+ [36−39] insertion 
compared to α-V2O5 [40, 41]. Indeed, γ’-V2O5 is able to accom-
modate almost 1 Na+ mol-1 of oxide (145 mAh g-1), remarkably 
at the same working voltage than Li+ (3.3 V vs Na+/Na).  

Hence, stimulated by the appealing sodiation properties of 
the layered puckered γ’-V2O5 oxide and the need for new cath-
ode materials for KIBs, we investigate here for the first time the 
electrochemical properties of this polymorph at room tempera-
ture in a potassium-metal cell. We provide also a detailed pic-
ture of the K-storage mechanism in γ’-V2O5 during the dis-
charge-charge cycle through ex-situ X-ray diffraction (XRD) 
and Raman spectroscopy. The electrochemical formation on 
first discharge of a new layered KxV2O5 structure (0.5 ≤ x ≤ 
0.78) showing reversible K+ insertion-extraction properties in 
the 4.4 V − 2.4 V voltage range is demonstrated. The peculiar 

structural features of this electroformed potassium vanadium 
bronze are described in details. They highlight the interest of 
the puckered layered γ’-V2O5 polymorph to accommodate the 
expected large deformation upon electrochemical K incorpora-
tion. 

 

2. EXPERIMENTAL PROCEDURE 

2.1. Synthesis. γ’-V2O5 was obtained by chemical oxida-
tion of γ-LiV2O5 synthesized from the chemical lithiation of α-
V2O5 precursor. This precursor was prepared under mild-tem-
perature conditions according to the polyol method [42] whose 
characteristic is to lead to very fine powder with a narrow and 
homogeneous particle size distribution. By reaction with an ex-
cess of lithium iodide in acetonitrile, the intermediate δ-LiV2O5 
phase is formed. After washing in acetonitrile and drying at 
70 °C, the obtained powder was heat treated at 300°C for 2 
hours under dynamic primary vacuum in a Büchi® furnace to 
allow the phase transition towards γ-LiV2O5. Li extraction from 
γ-LiV2O5 was performed by reacting 500 mg of the bronze in a 
NO2BF4 solution (solid Alfa Aesar, 96%) in acetonitrile 
(V2O5/NO2BF4, molar ratio 1/2) under stirring for 1h at room 
temperature. These experimental conditions ensure the quanti-
tative Li deintercalation from the γ-LiV2O5 precursor. After re-
action and decantation, the supernatant liquid was removed by 
pipetting. Powder was washed three times with acetonitrile and 
then vacuum dried at 70°C for 12h. The powder color changes 
from black to orange, which indicates the loss of metallic prop-
erties, thus confirming the complete lithium deintercalation. 
Electrochemical titration using galvanostatic oxidation and 
chemical redox titration confirmed the +5 oxidation state of va-
nadium in γ’-V2O5.  

2.2. Characterization techniques. The pristine 
powder and the electrodes were characterized by scanning elec-
tron microscopy (SEM), Zeiss, Merlin-type microscope. Ele-
mental composition were determined from Electron Dispersive 
X- ray Spectroscopy (EDS) analysis together with SEM using 
an accelerating voltage of 10 − 15 kV. Crystal structures were 
investigated using XRD and Raman spectroscopy. XRD exper-
iments were performed using a Panalytical XPert pro apparatus 
equipped with a X’Celerator detector and using Co Kα radiation 
(λKα =1.789 Å). The as-collected patterns have been analyzed 
using Rietveld refinement method with the GSAS ExpGUI 
package [43, 44]. The graphite contribution has been included 
with a correction of the preferential orientation (00l reflection 
intensities are exacerbated due to the preparation process of the 
electrode). A small excluded region was added to avoid possible 
contribution of the PTFE binder (one single peak at 21°). Ra-
man spectra were recorded with a LaBRAM HR 800 (Jobin-
Yvon, Horiba) Raman micro-spectrometer including Edge fil-
ters and equipped for signal detection with a back illuminated 
charge coupled device detector (Spex CCD) cooled by Peltier 
effect to 200 K. A He:Ne laser (632.8 nm) was used as the ex-
citation source. The spectra were measured in back-scattering 
geometry. To avoid local heating of the sample, the power of 
the laser beam was adjusted to 0.2 − 0.5 mW with neutral filters 
of various optical densities. The resolution was about 0.5 cm-1. 
A 100� objective was used to focus the laser light on sample 
surface to a spot size of 1 µm2.  
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2.3. Electrochemical experiments. The positive 
electrode was prepared by mixing 80 wt% of active material 
with 7.5 wt % of acetylene black, 7.5 wt % of graphite and 5 
wt% of PTFE as binder. About 6 mg of this mix was directly 
deposited on the coin cell current collector. 

CR2032 coin-cells were assembled in argon-filled glovebox 
where water and oxygen concentrations were kept less than 1 
ppm. The coin cells were filled with and contain potassium 
metal as negative electrode. The positive electrode was sepa-
rated from the negative electrode by Whatman glass fiber disks 
soaked by the electrolyte 0.5 M KPF6/ (EC): propylene car-
bonate (PC) 1:1 electrolyte, 2% vol. fluoroethylene carbonate 
(FEC). Electrochemical experiments were carried out at 20°C 
using a VMP3 Biologic apparatus, in the 4.4 V − 2.4 V and 4.4 
V − 1.5 V voltage ranges.   

The structural investigation was carried out in the 4.4 V − 2.4 
V potential window by using two electrodes coin cells. The cells 
were discharged (and charged) at C/20 rate (7 mA g-1) up to the 
required x composition in KxV2O5 (0 ≤ x ≤ 0.78). The cells were 
then disassembled in the glove box. The positive electrodes 
were rinsed 3 times with DMC in order to remove any electro-
lyte residues and placed in appropriate airtight sample holders 
to be further analyzed by XRD and Raman spectroscopy. Ra-
man spectra were systematically recorded on 10 different spots 
of each electrode. Very similar spectra were obtained whatever 
the illuminated spot, indicating a homogeneous potassi-
ation/depotassiation reaction in the chosen experimental condi-
tions. 

 

3. RESULTS AND DISCUSSION 

3.1. Structural characterization of γ’-V2O5. As 
shown in Figure 1, the pristine γ’-V2O5 powder is homogene-
ous, made of small platelets of 500 nm long maximum and ~ 
200 nm wide. This results from the solution technique used to 
synthesize the γ'-phase. The XRD pattern of γ’-V2O5 as-pre-
pared powder (Figure 2a) is fully indexed using an orthorhom-
bic symmetry (Pnma space group). The Rietveld refinement 
(Figure S1) indicates the presence of a pure and well crystal-
lized γ’-V2O5 phase, with unit cell parameters a = 9.95 Å, b = 
3.59 Å, c = 10.04 Å, in good agreement with previous data [34, 
36]. γ’-V2O5 has a layered structure composed of infinite rib-
bons parallel to the b axis made of edges-sharing VO5 distorted 
pyramids oriented alternatively up and down, which leads to 
two non-equivalent vanadium environments (see inset of Fig-

ure 2a). These ribbons are linked to each other along the a-di-
rection by one pyramid corner oxygen forming puckered layers 
perpendicular to the c-axis. The mean crystallite size estimated 
from diffraction peaks width is 50−60 nm. 

The Raman spectrum of γ’-V2O5 is displayed in Figure 2b. 
The projection of the γ’-V2O5 structure along the b-crystallo-
graphic direction showing all the V−O contacts in the two va-
nadium environments (Va, Vb) is shown in inset of Figure 2b. 
This Raman fingerprint is characteristics of the γ’-V2O5 poly-
morph, as previously reported in details [45, 46]. The whole vi-
brations of the chains can be identified: the highest frequency 
peaks in the 990−1050 cm-1 region correspond to the stretching 
modes of the shortest apical V=O1 bonds, named ν(V=O1). 
There are eight vanadyl bonds in the unit cell of the γ’-structure 
(see inset in Figure 2b), and therefore there are eight ν(V=O1) 
modes from which four are Raman active [46]. One of them 
involve the in-phase oscillations of all vanadyl bonds, and this 
mode is the very high Raman band observed at 1003 cm-1. Next 
in frequency, bands at 752 and 603 cm-1 are related to the asym-
metric and symmetric bond stretching vibrations localized 
within the Va−O3−Vb bridges, respectively. The stretching 
modes of the Va−O2a−Va and Vb−O2b−Vb bridges forming the 
rails of the ladders are observed at 722 and 694 cm- 1. Modes 
involving the Va−O2a and Vb−O2b ladder step bonds (indicated 
by dashed line) are seen at 532 and 500 cm-1. Bands at 138, 171, 
190, 238, 266, 282, 299, 349 and 390 cm-1 are assigned to the 
complex distortions of the V2O5 ladders while the two lower 
frequency modes at 92, 126 and 153 cm-1 correspond to the ro-
tational motions of the two vanadium atoms [45, 46]. 

Figure 1. SEM micrographs of as-prepared γ’-V2O5 powder 

Figure 2. (a) X-ray diffraction pattern of γ’-V2O5 Inset: crystal 
structure of γ’-V2O5 (b) Raman spectrum of γ’-V2O5. Inset: 
projection of the structure of γ’-V2O5 along the b-crystallographic 
direction showing all the V−O contacts. Dashed lines show V−O 
inter-chain ladder-step bonds. The dashed light blue rectangle 
indicates the unit cell. 
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3.2. Electrochemical study. The first discharge-
charge cycle of γ’-V2O5 at 20°C at C/20 rate (7 mA g-1) in the 
two 4.4 V − 2.4 V (Figure 3a) and 4.4 V − 1.5 V (Figure 3b) 
regions show one-step profile consisting mainly in a flat voltage 
plateau at high potential of 3.3 V vs K+/K. The faradaic yield 
increases from 0.78 to 0.87 F mol-1 of oxide when lowering the 
cutoff voltage from 2.4 to 1.5 V, while the first charge 
efficiency of 64% suggests that 0.3 K+ are irreversibly trapped 
in the discharged product. The remaining exchanged 0.5 to 0.56 
K+ ions lead to a reversible capacity of 72−82 mAh g-1.The large 
hysteresis of about 600 mV between discharge and charge 
reveals a difficult oxidation. A limited charge efficiency of 66% 
was also previously reported for layered δ-K0.5V2O5, even under 
GITT conditions [25]. It is worth noting the present discharge-
charge profile showing one single step strongly resembles that 
reported for electrochemical Li and Na insertion in γ’-V2O5 
[34−38]. Such similarity suggests potassium insertion also takes 
place in γ’-V2O5, leading to KxV2O5 bronzes (x = 0.78 or 0.87), 
depending on the cutoff voltage (2.4 V or 1.5 V, respectively). 

In spite of the larger size of potassium, the mean discharge 
potential of 3.3 V vs K+/K (≈ 3.1 vs Na+/Na), is lower by only 
≈ 200 mV than that observed for lithiation and sodiation.  

This moderate voltage lowering demonstrates the appealing 
properties of the flexible puckered structure of γ’-V2O5 that is 
able to accommodate nearly the same molar amount of Li+ (1), 
Na+ (0.96) and K+ (0.87) ions at a potential above 3 V, following 
the sequence E(Li) ≈ E(Na) > E(K). The slightly lower K 
content results from its larger ionic size and lower diffusivity. 
Finally, the most distinctive feature between K+ and Na+/Li+ 
accommodation lies in the lower charge efficiency for 
potassium while quantitative Li and Na extraction are achieved 
in the same experimental conditions (Figure S2) [34]. The high 
discharge potential of 3.3 V vs. K+/K for γ’-V2O5 combined 
with a single step process represent a tremendous asset in 
comparison with layered δ-K0.5V2O5 [25, 26] showing two or 
three discharge steps at similar or lower mid-discharge voltages 
(3.2 V or 2.5 V).  

In order to evidence probable kinetic limitations, the 
discharge-charge has been performed at lower rate of C/60 at 
20°C (Figure S3a) and at C/60 at 50°C (Figure S3b). Once 
again, the potassium reaction in γ’-V2O5 proceeds along a high 
potential plateau located at 3.3/3.4 V vs K+/K. At 20°C, the 
potassium uptake increases from 0.78 to 0.90 from C/10 to C/60 
and the charge efficiency increases, passing from 65% at C/10 
to 71% at C/60. At 50°C, the oxidation reaction turns to be 
quasi-quantitative, even if some concomitant electrolyte 
decomposition seems to be promoted at 50°C above 3.8 V. 
Another noticeable feature is the discharge-charge hysteresis 
that lessens by a factor 2 (≈ 200 mV). These observations 
ascertain the sluggish diffusivity of K+ ions in the layered 
vanadium oxide. 

Cycling performance of γ’-V2O5 has been examined at C/10 
rate (15 mA g-1) in the 4.4 V − 2.4 V potential window (Figures 

4a-b). The capacity of 60 mAh g-1 available after the second 
discharge decreases upon the following ten cycles, then a stable 
value of 48 mAh g-1 is retained over at least 100 cycles. The 
coulombic efficiency of 100% from the second cycle indicates 
that no side reaction occurs in the 4.4 V − 2.4 V potential 
window. Rate capability tests shown in Figure 4c account for a 
moderately sluggish diffusion of potassium ions into γ’-V2O5. 
Indeed, the capacity decreases from 70 mAh g- 1 at C/20 (7 mA 
g-1) to 51 mAh g-1 at C/10 (15 mA g-1), 40 mAh g-1 at C/5 (29 
mA g-1) but still 37 mAh g-1 at C (145 mA g-1) and even 2C (290 
mA g-1). A capacity of 64 mAh g-1, close to the initial one, can 
be recovered at C/20, suggesting the host lattice is not damaged 
after applying high 2C rate. The use of the enlarged 4.4 V − 1.5 
V potential window turns to be detrimental to the capacity 
retention (Figure S4). Indeed, the initial capacity of 66 mAh g-

1 decreases rapidly to 50 mAh g-1 over 20 cycles and then 
declines more slowly but continuously to reach 35 mAh g-1 after 
100 cycles.   

The electrochemical behaviour at room temperature of the 
conventional α-V2O5 polymorph has been also investigated for 
comparison. Figure S5 shows the discharge-charge curves of a 
composite electrode obtained at C/20 in the same KPF6/EC:PC 
electrolyte. In that case, the first reduction exhibits a quasi-
voltage plateau at much lower potential of 1.5 V, indicating the 
potassium reaction is much more difficult in α-V2O5 (Figure 

Figure 3. First discharge-charge cycle at 20°C of γ’-V2O5 in the (a) 
4.4 V − 2.4 V; (b) 4.4 V − 1.5 V voltage windows. C/20 rate; 
Electrolyte 0.5 M KPF6/EC: PC 1:1; 2% vol. FEC. 
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S5a). Further cycles show sloping potential-composition 
dependence with a huge hysteresis (2.5 V) and a fast capacity 
decline leading to an available capacity of 40 mAh g-1 after 50 
cycles (Figure S5b). These results confirm the remarkable 
suitability of the γ’-V2O5 structure to accommodate K+ ions at a 
high energy level (3.3 V vs. K/K+), i.e. 1.8 V higher than the 
conventional α-polymorph, the corrugated nature of the sheets 
combined with a larger interlayer spacing providing probably 
more flexibility upon potassium insertion. 

Comparison of γ’-V2O5 cycling properties with other V2O5-
based cathode materials for KIBs is a difficult task due to the 
use of various electrode technologies, electrolyte composition, 
cycling limits, current densities. In addition, most of candidates 
reported in literature are hydrated compounds such as 
V3O7.H2O [20], V2O5.0.6H2O [21, 22], (NH4)0.5V2O5.1.1H2O 
[23], K0.42V2O5.0.25H2O [24], all characterized by a much 
lower working voltage around ≈ 2.5 V and a significant 
capacitive contribution. Much interest is provided by the 
anhydrous bilayered δ-K0.5V2O5 structure [25, 26], but 
contradictory properties and scattered cycling performances are 
reported. For instance, three main discharge steps (4.0 V, 3.1 V 
and 2.5 V) allow reaching a reversible capacity of 120 mAh g-1 
[26] while a two steps mechanism (3 V, 2.75 V) involving a 
lower capacity of 80 mAh g-1 is described in [25]. The capacity 
systematically declines with cycles, by 12% at ≈ C/10 to reach 

70 mAh g-1 in the 3.75 V – 1.5 V window [25] or by 33% after 
100 cycles at C/3 between 4.5 V – 2 V to reach 80 mAh g-1 [26]. 
However, in the latter case, electrochemical tests were 
performed at 35°C, using a high carbon loading (30 wt%). The 
mean operating potential upon cycling (≈ 3.1 V) observed here 
for γ’-V2O5 competes with that achieved for δ-K0.5V2O5 
nanobelts [25, 26]. Finally, an excellent capacity retention is the 
main distinctive featture of γ’-V2O5 since after 10 cycles, the 
available capacity of 48 mAh g-1 is retained over at least 100 
cycles at C/10, showing the structural stability of the 
electroformed potassium bronze. A nanosizing strategy applied 
to the γ’-V2O5 synthesis, combined with an appropriate 
electrode technology should allow to improve the charge 
efficiency and potassium diffusion in order to benefit from a 
better rate capability and cycle life. It is also worth mentioning 
the performance of some vanadium-based polyanionic 
materials that have been developed for KIBs. KVPO4F is 
reported to deliver at c.a. 4.3 V a promising capacity of about 
90 mAh g-1 involving four successive phase transitions [2, 3]. 
However, a significant 30−40% capacity loss upon cycling was 
attributed to electrolyte decomposition [47]. Furthermore, the 
NASICON-type K3V2(PO4)3/C nanocomposite could deliver a 
charge capacity of ≈ 77 mAh g-1 and a discharge capacity of ≈ 
54 mAh g-1 [48] while a recent study demonstrates that 

Figure 4. (a) Discharge-charge cycles of γ’-V2O5 at C/10 rate (b) Evolution of the specific capacity with cycles at C/10 rate; (c) Rate 
capability study. 4.4 V − 2.4 V voltage window. Electrolyte 0.5 M KPF6/EC: PC 1:1; 2% vol. FEC. 
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K3V2(PO4)2F3 could exhibit a specific capacity of 100 mAh g-1 
at an average voltage of 3.7 V [49]. 

Very recently, a K0.83V2O5 bronze has been chemically 
prepared [27], according to a solution technique adapted from 
that reported by Emery et al. for preparing the sodiated  γ-
Na0.96V2O5  bronze with orthorhombic symmetry (Pnma space 
group) and lattice parameters a = 10.95 Å, b = 3.73 Å and c = 
10.93 Å [39]. The electrochemical properties of the chemically 
prepared K0.83V2O5 were studied in not prevalent practical 
conditions, i.e. using a highly concentrated electrolyte (7 M 
KTFSI/ EC:DEC). After an initial charge process allowing 0.68 
K+ ion to be removed from the structure, a stable capacity near 
80 mAh g-1 was achieved upon cycling at C/15, however spread 
over the broad 4.3 V − 1.5 V potential window. This capacity 
value is higher than that obtained in the present study performed 
in usual 0.5 M KPF6/ EC:PC electrolyte but the mid-discharge 
voltage is lower, only 2.75 V against 3.1 V here.  

EDS data achieved on electrodes discharged at C/20 at 2.4 V 
and 1.5 V, as well their charged product, are gathered in Table 

1. A satisfactory agreement is found between the K/V ratios 
obtained from EDS measurements and the faradaic yields 
drawn from galvanostatic curves (Figures 3a-b). This analysis 
confirms potassium ions actually incorporate the γ'-V2O5 
cathodic material upon discharge and are removed upon charge. 
Nevertheless, as shown in Table 1, the charge process does not 
allow the complete removal of potassium bronze, and leads to 
the K≈0.3V2O5 compound, whatever the voltage window.   

3.3. Structural mechanism in the 4.4 V −−−− 2.4 

V potential range. To grasp insights into the structural 
modifications associated to electrochemical K insertion in γ’-
V2O5, XRD and Raman spectroscopy experiments have been 
performed during the first discharge (0 ≤ x ≤ 0.78 F mol-1) and 
further cycles in the 4.4 − 2.4 V potential range.  

3.3.1. Study of the first discharge. The XRD patterns of re-
duced electrodes as a function of the faradaic yield x (in F 
mol- 1), 0 ≤ x ≤ 0.78, are reported in Figure 5. For x = 0.05, no 
change is observed in the XRD pattern, showing K0.05V2O5 ex-
hibits the same cell parameters than the pristine γ’-V2O5 elec-
trode (a = 9.95 Å, b = 3.59 Å and c = 10.04 Å). The first indi-
cators of structural evolution upon reduction appear from x = 
0.1, through the presence of a new set of reflection lines (see 
red dotted lines), the main ones being located at 18.85°, 26.8°, 
34.2°, 35.45° and 40.5°. In the 0.1 ≤ x ≤ 0.5 composition range, 
this additional set of peaks grows at the expense of the γ’-V2O5 
reflections (see blue dotted lines), which is indicative of a bi-
phasic region where the pristine oxide and a new KxV2O5 phase 
coexist. For x = 0.45 and 0.50, the presence of a low intensity 
line located at 17.6° (labelled as + in Figure 5) could indicate 
the formation of an intermediate phase with γ-type structure 
showing a complex potassium filling scheme of the interlayer 
spacing within the b direction (see Figure S6). Due to the size 
of K+ ions and the shape of the possible crystallographic sites 
available for the alkaline species, a distribution of K+ on half of 
the sites would explain the doubling of b parameter. For 0.5 < 

Figure 5. X-ray diffraction patterns of reduced γ’-V2O5 electrodes during the first discharge at C/20 as a function of the faradaic yield x (F mol-1). 
0 ≤ x ≤ 0.78 (4.4 V − 2.4 V voltage window). *: Graphite reflection.  



7 

 

x ≤ 0.78, a pure solid solution of KxV2O5 is evidenced, charac-
terized by 19 reflections in the 15-60° 2θ range (see red-labelled 
peaks). The KxV2O5 potassium-containing phase (0.5 ≤ x ≤ 
0.78) has been indexed using an orthorhombic cell, within the 
same space group as γ’-V2O5, i.e. Pnma. Note that the symmetry 
elements of this phase in the Pnma space group imply an inver-
sion between a and c parameters as compared to γ’-V2O5, the 
interlayer distance in KxV2O5 (0.5 ≤ x ≤ 0.78) being related to 
the a parameter while the c parameter corresponds to one of the 
two in-plane distances.  

In summary, this XRD study shows the existence of three 
main domains during the discharge of γ’-V2O5: (i) a narrow solid 
solution region of γ-KxV2O5 for 0 ≤ x ≤ 0.05 at the beginning of 
the discharge; (ii) A wide two-phase domain for 0.05 < x ≤ 0.5 
along the quasi-voltage plateau at 3.3, where γ-K0.05V2O5 and a 
new K0.5V2O5 phase coexist; (iii) A solid solution composition 
region (0.5 < x ≤ 0.78) at the end of the discharge, where 
K0.5V2O5 becomes enriched up to K0.78V2O5.  

The detailed evolution of the lattice parameters and volume 
of K-poor “γ-KxV2O5” and K-rich KxV2O5 phases as a function 
of x (0 ≤ x ≤ 0.78) is shown in Figure 6. It is clear then that the 
very first potassium ions (0 < x ≤ 0.05) can be accommodated 

in γ'-V2O5 without modifying its unit cell parameters. However, 
from x = 0.1, the new K-rich KxV2O5 phase growing at the ex-
pense of the K-poor “γ-KxV2O5” exhibits significantly increased 
lattice parameters values: the in-plane a parameter expands by 
10.5% (from 9.95 Å to 11.00 Å, see Figure 6a); the interlayer 
parameter also increases in the same order of magnitude (from 
10.04 to 10.98 Å, +9.4%, see Figure 6c). A less moderate var-
iation occurs for the in-plane b parameter (+1.7%, see Figure 

6b), suggesting potassium diffusion takes place along the b di-
rection, as reported for lithiation and sodiation [34, 36]. Within 
the biphasic domain (0.1 ≤ x ≤ 0.5), slight evolutions take place 
within the potassiated system: a (-0.6%), b (+1%) and c (-
0.5%). The same trend is observed in the solid solution domain 
of the potassium-rich KxV2O5 phase (0.50 < x ≤ 0.78). The unit 
cell parameters of the fully discharged K0.78V2O5 phase are a = 
10.89 Å, b = 3.70 Å and c = 10.89 Å.  

The present structural findings call for specific comments 
when compared with previous data achieved in the case of elec-
trochemical lithitation and sodiation of γ'-V2O5 (see Table 2). 
Owing to the bigger Shannon’s ionic radius of  K+ ions as com-
pared to Na+ and Li+ (1.38 Å > 1.02 Å > 0.76 Å, respectively 
[50]), one should expect a greater interlayer increase upon K 
accommodation. However, as seen in Table 2, while 6% and 

Figure 6. Evolution of the unit cell parameters a, b, c and unit cell volume V of reduced γ’-V2O5 electrodes during the first discharge at 
C/20 as a function of the faradaic yield x (F mol-1). 0 ≤ x ≤0.78 (4.4 V − 2.4 V voltage window). Black squares: K-poor γ-KxV2O5; Red 
circles: K-rich KxV2O5 phase. 
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18% interlayer parameter expansion occurs upon Li [34] and Na 
[36] insertion, respectively, an increase by only 8.5% is ob-
served here upon potassiation. This limited interlayer expansion 
can be understood at the light of the much higher polarizability 
of K+ ion [51], allowing it to distort much more. Another pecu-
liar feature of potassium accommodation in the γ’-V2O5 lattice 
is the significant unpuckering of the V2O5 layers, as revealed by 
the 9.4% increase in the in-plane parameter (see Table 2 and 
Figure 6a). 

It is noteworthy a reverse trend was reported for lithiation and 
sodiation of γ’-V2O5 [34, 36], i. e. a contraction of the in-plane 
parameter of 2.6 % and 1.7 %, respectively, indicating a mod-
erate puckering of V2O5 layers (see Table 2). This leads to a 
unit cell volume of K0.78V2O5 larger than γ’-V2O5 by 22.6%, as 
compared to +4% and +18% for the lithiated and sodiated prod-
ucts, respectively (see Figure 6d and Table 2). The associate 
molar volume reaches 66 cm3 mol-1. As a comparison, γ-
Na0.96V2O5 [36, 39] and α'-NaV2O5 [52] polymorphs exhibit 
lower molar volumes of 63 and 59 cm3 mol-1, respectively, in 
accordance with the lower ionic radii of Na+ than K+ [50].  

The Raman spectra of reduced electrodes as a function of the 
faradaic yield x, 0 ≤ x ≤ 0.78, are shown in Figure 7. For x = 
0.05, no change is observed in the Raman spectrum, showing 
K0.05V2O5 is very close to the pristine γ’-V2O5 at the scale of the 

chemical bond. For 0.1 ≤ x ≤ 0.35, although the overall signa-
ture of γ’-V2O5 is kept, one can notice several progressive 
changes affecting the bands width and intensities. This band 
broadening and relative intensity decrease (especially that of the 
138 cm-1 band) indicate the occurrence of some local disorder 
in the K-poor γ-KxV2O5 upon potassium insertion. For x = 0.1, 
one new component at 986 cm-1 (indicated by a black sphere) 
can be detected at the bottom of the 1003 cm-1 band, which 
points to the partial reduction of the V5+ into V4+ ions within the 
γ-KxV2O5 lattice. For x = 0.35, two new bands at 957 and 977 
cm-1 (indicated by red triangles) point to the emergence of a new 
system coexisting with K-poor γ-KxV2O5. For x = 0.5, the Ra-
man signature of γ-KxV2O5 is severely affected, showing a col-
lapse of most of the bands (indicated by black spheres) while 
the new system manifests itself by three low components at 289, 
957 and 977 cm-1 (indicated by red triangles). Upon potassium 
enrichment in the 0.55 ≤ x ≤ 0.78 composition range, the Raman 
spectrum of the new potassiated phase shows increasing addi-
tional features. For x = 0.55, the K-rich phase manifests itself 
through the rising of supplementary components at 361, 399, 
445, 525, 555, 673 and 730 cm-1, in addition to the 289, 957 and 
977 cm-1 modes (see red triangles). One can still detect for x = 
0.55 and x = 0.63 the residual presence of the K-poor γ-KxV2O5 
phase through the persistence of low intensity bands (indicated 
by black spheres) at 138, 153, 171, 282, 694, 986 and 1003 cm-

Figure 7. Raman spectra of reduced γ’-V2O5 electrodes during the first discharge at C/20 as a function of the faradaic yield x (F mol-1). 
0 ≤ x ≤ 0.78 (4.4 V − 2.4 V voltage window). Black spheres: K-poor γ-KxV2O5; Red triangles: K-rich KxV2O5 phase.  
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1. For x = 0.78, a rather well-defined Raman signature assigned 
to the fully reduced K0.78V2O5  bronze is observed, with 12 
bands at 125, 211, 289, 361, 399, 445, 525, 555, 673, 730, 957 
and 977 cm-1.  

To summarize, the main information gained by this Raman 
spectroscopy study are the following: (i) During the beginning 
of the discharge, K+ ions are accommodated in γ’-V2O5 though 
a solid solution process involving only an increasing local dis-
order within the V2O5 layers of the formed K-poor γ-KxV2O5 

phase; (ii) A new K-rich phase coexisting with the K-poor γ-
KxV2O5 phase grows in the 0.35 ≤ x ≤ 0.63 composition region. 
The slight discrepancy in the biphasic composition region as 
compared to XRD results can be easily understood because the 
high Raman scattering cross section of K-poor γ-KxV2O5 delays 
the detection of the new K0.5V2O5 phase; (iii) Raman spectra 
evolution in the 0.55 ≤ x ≤ 0.78 domain points to a growing 
fingerprint of the K-rich phase, leading to a Raman signature 
assigned to the pure electroformed K0.78V2O5 bronze.  

3.3.2. Structural reversibility upon charge and further cycles. 

Figure 8a compares the XRD patterns of a pristine electrode 
and those collected after a full cycle at C/20 and after 60 cycles 
at C/10. The XRD pattern after one discharge-charge cycle 
strongly resembles that achieved after discharge. This means 
that the oxidation process retains the structure of the electro-
formed bronze, the partial potassium extraction leading to the 
isostructural K0.285V2O5 phase with following unit cell parame-
ters: a = 10.82 (1) Å, b = 3.68 (1) Å and c = 11.00 (1) Å. The 
cell volume variation is negligible (438 Å3 vs. 439 Å3 for 
K0.78V2O5), in line with the tiny unit cell parameter variations 
(∆a/a= -0.7%, ∆b/b = -0.7% and ∆c/c = +0.9%). A slight peak 
broadening is observed, that is related to a decrease by a factor 
2 of the mean crystallite size on the first potassium extraction, 
(from 50 to ≈ 25 nm). After 60 cycles, no change is observed in 
the XRD pattern, which indicates the potassium bronze struc-
ture is retained, in line with the good cycling behaviour of the 
material (Figure 4b).  

Further information on the structural evolution upon first 
charge and cycling can be drawn from Raman spectroscopy.  
The Raman spectra recorded after one and 60 discharge-charge 
cycles (Figure 8b) are characteristics of the K-poor γ-KxV2O5 
phase, with most of the typical bands of γ’-V2O5, indicated by 
black spheres (at 138, 153, 267, 282, 389, 532, 694 and 1001 
cm-1). The slight band broadening and band shifts indicate a de-
crease of the grain size after one cycle, in good agreement with 
XRD observations showing a reduction by a factor 2 of the crys-
tallite size. It is noteworthy that for both samples, none of the 
distinctive bands of the electroformed bronze can be detected, 
even in the high frequency region (see green dotted lines). This 
result interestingly confirms, as shown under quasi-thermody-
namic experiments (Figure S3)  that a complete potassium ex-
traction from the K0.78V2O5 bronze is possible and even occurs 
at 20°C in the outer shell of the particles (≈ 100-300 nm probed 
by Raman spectroscopy). The restauration of the typical Raman 
fingerprint of γ’-V2O5 points to the structural reversibility of the 
potassium insertion reaction in this polymorph.  

The present XRD and Raman study establishes the first ex-
perimental evidence of structural changes upon potassium ac-
commodation in γ’-V2O5 in the 4.4 V − 2.4 V potential range (0 
≤ x ≤ 0.78). The obtained results can be compared with a recent 

study on the chemically prepared K0.83V2O5 bronze that was 
studied at different states of charge-discharge in the 0.33 ≤ x ≤ 
0.83 range [27]. Depotassiation-potassiation was reported to oc-
cur as a solid solution region in the potassium bronze, as found 
in the present study from the first charge process and subse-
quent cycles. However, a thorough analysis of ex situ XRD ex-
perimental data from [27] was not performed. Instead the au-
thors use DFT calculations to estimate the lattice parameters. 
Calculated values for a and b parameters were provided in the 
0.125 ≤ x ≤ 0.875 composition range. The in-plane a parameter 
was found to significantly decrease upon potassiation, from 
11.55 Å to 10.93 Å (-5 %), whereas our experimental data show 
a much softer decrease (-0.9 %) (Figure 6a). Regarding the b 
parameter, DFT calculations predicted also a significant in-
crease of 4.2% when x increases up to 0.875 [27], while the 
present experimental evidence show less marked variation 
(+1.6%, see Figure 6b). Furthermore, as revealed by the pre-
sent Raman study, the quantitative extraction process observed 
in the outer shell of the particles demonstrates the recovering of 
the “γ’-V2O5” type arrangement upon full depotassiation. This 
experimental proof of structural reversibility calls into question 
DFT calculations from the same authors [27] predicting the 

Figure 8. (a) X-Ray diffractions patterns and (b) Raman 
spectra of initial electrode, after 1st charge at C/20 and 
after 60 cycles at C/10. 4.4 V − 2.4 V voltage window. 
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charge product of K0.83V2O5 would be a “α-V2O5” type structure 
characterized by a much lower interlayer parameter value of 9.2 
Å.  

3.4. Structure of the electrochemically formed 

K0.78V2O5 bronze. The formation of the K0.78V2O5 bronze 
from electrochemical potassiation at room temperature of the 
γ’-V2O5 oxide is reported here for the first time. We discuss in 
this section the structural peculiarities of this bronze, revealed 
by XRD and Raman spectroscopy (Figure 9). The refinement 
of the XRD pattern of the K0.78V2O5 electrode (Figure 9a), leads 
to low R-factors (Rp = 2.40 %, wRp = 3.79 %, χ² = 7.32), which 
confirms the accuracy of the Rietveld refinement. The refined 
cell parameters, a = 10.888(1) Å, b = 3.7016(2) Å and c = 
10.8928(8) Å, are in good agreement with those calculated for 
the chemically synthesized K0.83V2O5 phase [27].  

Table 3 gives the refined atomic positions and structural pa-
rameters deduced from the refinement of the XRD data. There 
are eight independent atomic positions; all of them in general 
Wyckoff positions 4a. The crystal structure of K0.78V2O5 based 
on these data is shown in Figure 10. This is a layered-like ar-
rangement with infinite “V2O5” layers running in the b and c 
directions and stacked along the a axis (Figures 10a-b), the po-
tassium atoms being located in 4a sites between them, in nine 
fold coordination with oxygen atoms (Figure 10c). According 
to the literature, K+ is observed in 12 different coordinations, 
from 4 to 15, with a preference for coordination numbers 9, 8 
and 10 [53]. A detailed representation of the V2O5 layer in 

K0.78V2O5 (Figure 10b) shows that chains are made of VO5 
units linked in pairs along the c-axis by corner bridging O3 ox-
ygen, with apex O1 oxygen atoms in same orientation, while 
edge-sharing VO5 pyramids pairs are linked by ladder step 
V−O2 bonds (indicated by dashed line) and point in opposite 
direction. In such a way, K0.78V2O5 structure diverges from that 
of γ’-V2O5, characterized by edge-sharing VO5 pyramids ori-
ented alternatively up and down (see inset in Figure 2b) and 
shows similarities with the α-V2O5 layers’ arrangement made 
of equivalent VO5 pyramids linked in pairs pointing alterna-
tively up and down. 

Atomic positions in K0.78V2O5, listed in Table 3, lead to the 
V−O and K−O bond lengths gathered in Table 4.  The K−O 
bond lengths, in the range 2.8−3 Å, are in good agreement with 
the mean values observed in the literature data [53]. V−O bond 
lengths in γ’-V2O5 obtained from the Rietveld refinement (Fig. 
S1) are also displayed in Table 4 for comparison. Analyzing the 
particular characteristics of γ’-V2O5 and K0.78V2O5 lattices (Ta-

ble 4), one can distinguish the structural changes induced by 
potassium intercalation at the scale of the chemical bond. They 
can be summarized as follows:(i) the apical Va−O1a and Vb−O1b 
bonds markedly lengthen (by 2.5 % and 5%, respectively, in 
line with the expansion of the interlayer unit cell parameter (see 
Table 2); (ii) the Va−O3 and Vb−O3 bonds forming the 
Va−O3−Vb bridge lengthen by 2-3% but remain symmetric; (iii) 
the length of the Vb-O2b bond increases significantly (+5.8%) 
while the Va-O2a bond remains almost unchanged (+0.2%); (iv) 
the ladder step (Va-O2b)LS shortens (-2.4%); (v) the Va−O3−Vb 
bridge angle increases , from 123 to 140°.This noticeable in-
crease in the angle value of the V−O3−V bond linking the two  
corner-sharing VO5 pyramids reflects the peculiar layer unfold-
ing induced upon potassium insertion in γ’-V2O5. The corre-
sponding value of 123.4° in γ’-V2O5 highlights the significant 
puckering of the layers compared to the quasi-smooth α-V2O5 
polymorph for which this angle is ≈ 148° [54].  

Table S1 gathers the atomic structural features of γ’-V2O5 
and γ-Li(Na)V2O5 bronzes. It is noteworthy to compare the ef-
fect of Li, Na and K insertion in γ’-V2O5 on the value of this 
specific angle. While Li insertion does not modify the layers’ 
puckering, Na and especially K insertion produce the reverse 
trend, as illustrated by the angle increase that reaches 127° for 
the Na bronze and 140° for the potassiated phase (Figure 10b), 
i. e. a value very close to that observed for α-V2O5. Such effect 
arises probably from the higher polarizability of K+ ions [51] as 
compared to Na and Li. Owing to the similar lattice constitution 
(V2O5 chains linked by ladder step (Va−O2b)LS and (Vb−O2a)LS 
contact linkages and stacked perpendicular to the layers), the 
K0.78V2O5 Raman spectrum (Figure 9b) should present some 
analogy with those previously reported for layered MxV2O5-
based structures (M = Li, Na) [39, 45, 46, 55−57]. Indeed, Ta-

ble S1 shows that V−O bond lengths for K0.78V2O5 and those 
previously reported for γ-Li(Na)V2O5 lattices lie in the same 
range (1.5 − 2.1 Å). As a direct consequence, the Raman spectra 
of these three alkali-intercalated compounds exhibit analogous 
general shape (see Figure S7), with several band shifts reflect-
ing the influence of the inserted alkali specie at the scale of the 
chemical bond. Such similarity allows us to propose a con-
sistent assignment of the K0.78V2O5 Raman spectrum (see Table 

5), by relying on our previous vibrational dynamics analysis 

Figure 9. (a) Rietveld refinement of the X-Ray diffraction pattern 
of K0.78V2O5. Upper mark correspond to the K0.78V2O5 phase; 
Vertical bars in green represent the position of Bragg reflections. 
Lower marks figure the graphite contribution; (b) Raman spectrum 
of K0.78V2O5 with the band deconvolution shown below (in green).
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performed on V2O5 polymorphs [45, 46] and γ-Li(Na)V2O5 
bronzes [39, 55−57]. The two highest-frequency bands at 977 
and 957 cm-1 correspond to the stretching vibrations of the short 
apical V=O1 bonds. The lower wavenumber in K0.78V2O5 is in 
good agreement with the longer vanadyl bond as compared to 
the Na- bronze (Table S1). The broad peak at 730 cm-1 is partly 
assigned to the stretching vibration localized within the Va-O2a-
Va bridge. The corresponding v(Vb-O2b-Vb)s stretching mode 
along the b-axis is shifted at lower frequency of 445 cm-1 due to 
the significant lengthening of the Vb-O2b bond on potassiation. 
Owing to the increase in Va−O3 and Vb−O3 bond lengths upon 
potassium insertion, both asymmetric and symmetric v(Va-O3-
Vb) stretching modes involving the motion of the O3 bridging 
oxygen along the c-axis are seen at lower frequencies (730 and 
555 cm-1, respectively) as compared to γ’-V2O5 (752 and 603 
cm-1, respectively). Modes involving the longer ladder step 

bonds (indicated by dashed lines in Figure 10b) are usually ob-
served at lower frequency (around 500-550 cm-1, see Table 5). 
In the K-bronze, the corresponding ν(Vb-O2a)LS and ν(Va-O2b)LS 
vibrations are likely to occur at 525 and 673 cm-1, respectively, 
the higher frequency of the latter coming from the unusually 
short length of the (Va-O2b)LS bond. Finally, peaks below 400 
cm-1 have been previously assigned to the complex distortions 
of the V2O4 ladders in V2O5-based compounds [45, 46, 55]. 
DFT calculations on the vibrational dynamics of K0.78V2O5 are 
in progress and should shed further light on these new Raman 
data.  

The valence states of the vanadium ions have been estimated 
using the bond valence sum (BVS) method [58, 59] (Table 4). 
The obtained values point to different oxidation states between 
the two inequivalent vanadium sites. Indeed, Va site is filled by 
V+5 ions (BVS value = 4.99) while Vb site accommodates V+4 

Figure 10. (a) Structure of K0.78V2O5 phase. Violet spheres represent K atoms in their crystallographic sites. VaO5 and VbO5 square pyramids 
are shown in blue and red color, respectively. (b) Local structure of the V2O5 layers showing the two vanadium environments. Dashed lines 
indicate ladder-step V−O bonds; The VaO3Vb bond angle of 140.4° is indicated by a dashed curve (c) Local coordination of the potassium 
atom. 
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species (BVS value = 3.89). This result reveals a localized char-
acter of electron, comparable to that also observed in vanadium 
bronzes with γ-type puckered layer structure such as γ-LiV2O5 
[54] and γ-Na0.96V2O5 [39, 56] and suggests that the Vb site is 
the redox center. However, the charge distribution in the present 
potassium bronze differs, since a strict alternation between V+5 
and V+4 ions along the in-plane c-axis is observed  (Figure 10a) 
while for γ-type structure, V+5 or V+4 are linked in pairs [39, 55, 
56]. This peculiarity should favor electron conduction within 
the V2O5 layers of the potassium bronze. Finally it should be 
noted the high electron localization in K0.78V2O5 contrasts with 
the average valence of V+4.5 observed for the α’-NaV2O5 bronze 
in which vanadium ions occupy a single site [52].  

 

4. CONCLUSIONS 

In this work, the structural and electrochemical properties of 
the γ'-V2O5 polymorph toward potassium insertion are reported 
for the first time. We show that in spite of its large size, a high 
amount of potassium (up to 0.9 K+ mol-1 in the 4.4 V − 1.5 V 
voltage window) can be electrochemically accommodated be-
tween the puckered layers of γ'-V2O5 at a high energy level of 
3.3 V vs K+/K, i. e. very close to that reported for Li+ and Na+ 
intercalation. These promising potassium insertion properties 
clearly overcome those exhibited by the conventional α-V2O5 
polymorph, characterized by a very low working potential of 
1.5 V vs K+/K. The structural study of the potassiation-depotas-
siation mechanism in γ'-V2O5 in the 4.4 V − 2.4 V voltage range 
reveals a peculiar structure rearrangement upon the first elec-
trochemical potassiation corresponding to the formation of a 
new layered KxV2O5 system. The K0.5V2O5 phase is shown to 
coexist with γ’-V2O5 in the 0.05 ≤ x < 0.55 region, then becomes 
enriched with potassium up to the K0.78V2O5 composition. A de-
tailed description of the fully reduced K0.78V2O5 structure is pro-
vided at both the long-range order and atomic scale. It crystal-
lizes in the Pnma space group (a = 10.89 Å, b = 3.70 Å, c = 
10.89 Å) and exhibits a moderate interlayer expansion limited 
to 9.4% upon potassium insertion in γ’-V2O5 (vs. 18% in the 
case of sodiation), but a significant unfolding of the layers that 
probably compensates the volume expansion. In K0.78V2O5, 

V2O5 layers are composed of VO5 pairs pointing alternatively 
up and down in the interlayer spacing, which differs from the 
alternation of single VO5 pyramids in γ’-V2O5. Such change il-
lustrates the peculiar ability of the pristine γ’-V2O5 host lattice 
to minimize the structural changes upon K+ accommodation. 
The electrochemical study shows that potassium ions are mo-
bile within the K0.78V2O5 structure, 0.5 K+ mol-1 being extracted 
at C/10 at an average potential of 3.3 V vs. K+/K. Upon further 
cycling, reversible K+ exchange occurs in the KxV2O5 system 
(0.3 ≤ x ≤ 0.7), by involving only a slight structural breathing 
and allowing a capacity value of 48 mAh g-1 stabilized over at 
least 100 cycles. This study highlights that K0.78V2O5 is a new 
and unique structure among the V2O5 polymorphs and V2O5-de-
rived materials, which confirms once more the richness of pol-
ymorphism of the V2O5-based phases in terms of structural va-
riety and electrochemical behaviour. Further optimization in 
progress should allow to fully benefiting from the advantages 
provided by this new electroformed potassium host structure: a 
high operational potential, a high amount of accommodated K+ 
ion and a remarkable stability upon cycling. 
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TABLES 

 

Table 1. K/V ratios in electrodes from EDS analysis and elec-
trochemistry (EC). 

  

Electrode history x in KxV2O5 

(EC) 
K/V 
(EC) 

K/V 
(EDS) 

Discharged to 2.4 V 0.78 0.39 0.41 

Discharged to 1.5 V 0.89 0.445 0.464 

After 1 cycle (4.4 V − 2.4 V) 0.285 0.143 0.139 

After 1 cycle (4.4 V − 1.5 V) 0.32 0.16 0.164 
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Table 2. Unit cell parameters, unit cell volumes and molar volumes of γ’-V2O5 and electroformed MexV2O5 bronzes (Me = Li [34], 
Na [39], K [this work]).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Wyckoff positions, fractional atomic coordinates and isotropic displacement parameters for electroformed extracted from 
the Rietveld refinement of electrochemically formed K0.78V2O5. 

  

Phase 
(Pnma) 

In-

plane 

(Å) 

In-

plane  

b (Å) 

Inter-

layer 

 (Å) 

Unit cell 

volume 
(Å3) 

Molar  

volume  

(cm3 mol-1) 

γ’-V2O5  9.95 3.59 10.04 358 54 

γ-LiV2O5  9.69 3.61 10.68 373 56 

γ-Na0.96V2O5  9.78 3.63 11.89 422 63 

K0.78V2O5 10.89 3.70 10.89 439 66 

Atom 
type (la-

bel) 

Wyckoff 
position x y z Uiso(Å2) 

K (K) 
4a 

0.0610 (4) 0.75 0.1903 (6) 0.026 (2) 

V (Va) 
4a 

0.6644 (4) 0.75 0.9061 (6) 0.017 (1) 

V (Vb) 
4a 

0.7315 (3) 0.75 0.5964 (5) 0.017 (1) 

O (O2a) 
4a 

0.692 (1) 0.25 0.932 (1) 0.008 (2) 

O (O2b) 
4a 

0.7958 (8) 0.25 0.578 (2) 0.008 (2) 

O (O1a) 
4a 

0.523 (1) 0.75 0.865 (1) 0.008 (2) 

O (O1b) 
4a 

0.580 (1) 0.75 0.585 (1) 0.008 (2) 

O (O3) 
4a 

0.753 (1) 0.75 0.766 (2) 0.008 (2) 

Space group Pnma; a = 10.888 (1) Å, b= 3.7016 (2) Å and c = 10.8928 (8) Å  
α = β = γ = 90° ; V = 439.03 Å3 ; Z = 4 

Rp = 2.40 %, wRp = 3.79 %, χ² = 7.32; Number of refined parameters: 52 
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Table 4. V−O bond lengths (in Å) in γ’-V2O5; V−O and K−O bond lengths (in Å) in K0.78V2O5; VaO3Vb bond angle; Va and Vb valence 
states estimated using the BVS approximation; VO5 pyramid volumes (in Å3). Atoms labels correspond to those shown in inset of 
Figs. 2b and Fig. 10b. LS: ladder step bonds (shown by dashed lined in Figs. 2b and Fig. 10b). 

 

 γ'-V2O5 K0.78V2O5 

V
a
−O

1a
 1.560 1.602 (13) 

V
a
−O

3
 1.749 1.809 (13) 

V
a
−O

2a
 (x2) 1.893 1.898 (4) 

(V
a
−O

2b
)

LS
 1.968 

(V
a
−O

2a
)

LS
 

1.921 (18) 

Volume of V
a
O

5
 4.461 4.87 

BVS (V
a
) +5.29 +4.99 

V
b
−O

1b
 1.576 1.655 (10) 

V
b
−O

3
 1.827 1.860 (20) 

V
b
−O

2b
(x2) 1.880 1.989 (4) 

(V
b
−O

2a
)

LS
 2.028 

(V
b
−O

2b
)

LS
 

1.968 (17) 

Volume of V
b
O

5
 4.531 5.29 

BVS (V
b
) +4.99 +3.89 

���3��
�   123°4 140.4° 

V
b
−O

3
 /V

a
−O

3
 1.04 1.03 

 

K−O1a 
K−O1a(x2) 
K−O1b(x2) 
K−O2b 
K−O3(x2) 
K−O2a 

3.01(1) 
3.01(1) 
2.81(1) 
3.00(1) 
2.78(1) 
2.96(2) 
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Table 5. Positions of Raman peaks in the Raman spectra of γ’-V2O5, γ-LiV2O5, γ-Na0.96V2O5 and K0.78V2O5 with their assignments. 
LM: ladder modes; LS: ladder step bonds. Atoms labels correspond to those shown in inset of Fig. 2b and Fig. 10b. 

K0.78V2O5  

[This work] 
γ-Na0.96V2O5    

 [39] 
γ-LiV2O5 

[54] 

γ’-V2O5 

[45, 46] 
Raman peak 

(cm-1) 
Assignment Raman peak 

(cm-1) 
Raman peak 

(cm-1) 
Assignment Raman peak 

(cm-1) 
Assignment 

977 
957 

ν(V=O1) 
 

1005 
959 

987 
965 

ν(V=O1) 
 

1021, 1037 
1003 

ν(V=O1) 
 

730 νas(Va-O3-Vb) 
ν(Va-O2a-Va) 

717 737 ν(Va-O3) +  
νas(Va-O2a-Va) 

752 νas(Va-O3-Vb) 

722 ν(Va-O2a-Va) 
603 νs(Va-O3-Vb) 

673 ν(Va-O2b)LS 655 646 νas(Vb-O2b-Vb) 694 ν(Vb-O2b-Vb) 
555 νs(Va-O3-Vb) 546 549 ν(Va-O2a)LS 532 ν(Va-O2a)LS 

525 ν(Vb-O2a)LS  533 ν(Vb-O2b)LS 500 ν(Vb-O2b)LS 

445 ν(Vb-O2b-Vb) 470 462 ν(Vb-O3)    
 

 399, 261 
 289, 208 

 
LM (Va, Vb) 

 

 
 388, 323, 297,  
 250, 191, 221,  

155 

 
369, 329, 272, 
253, 205, 171 

 
LM (Va, Vb) 
 

 390, 349, 299,  
 282, 266, 238,  
 190, 171, 138 

 
LM (Va, Vb) 
 

125 Rot (Va Vb)  
 

110, 85 124, 100 Rot (Va Vb)  
 126, 153, 92 

Rot (Va Vb)  
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