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Potassium vanadium fluorophosphate (KVPO,F) is one of the most promising cathode candidates for K-ion batteries because of its
high specific capacity, voltage, and energy density. However, reducing its capacity fade remains an important challenge. This work
leverages structure and electrochemical analysis to understand the capacity degradation mechanism of the KVPO4F cathode.
Interestingly, no structural degradation of the KVPO,F cathode is detected after 200 cycles in the wide voltage window of
5.0-2.5 V (vs K/K™). Instead, the capacity degradation is attributed to electrolyte decomposition at high voltage (>4.5 V vs K/K™),
which causes drying of the electrolyte and the formation of insulating layers on the cathode surface, significantly increasing the
polarization. The properties of four KPFs- and carbonate-based K electrolytes are compared, and 0.7 M KPFg in ethylene
carbonate/propylene carbonate exhibits the highest oxidation stability and results in the best cycling stability for the KVPO,
cathode. These findings suggest that the key to improving the cycling stability of KVPO,F is to develop novel K electrolytes with

even higher oxidation stability.
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Grid-level electrochemical energy storage and renewable energy
conversion have attracted intense interest as world energy consump-
tion rapidly rises. The U.S. Energy Information Administration
(EIA) projects a nearly 50% increase in world energy usage by
2050." Li-ion batteries (LIBs) have long been used to power portable
electronics, and their application has now expanded to larger energy
storage systems; however, their continued use faces important
challenges. It remains debatable whether the available Li resources
can meet ever-increasing demands for large-scale energy storage
systems. Moreover, the use of expensive Co and Ni in Li cathode
materials is a problematic.>* In this regard, K-ion batteries (KIBs)
have emerged as an alternative low-cost energy storage system.* >
K resources are earth abundant, comprising approximately 2.1% of
the Earth’s crust (K is the 7" most abundant element in the Earth’s
crust). Unlike Li cathode materials, K cathode materials do not
necessarily contain Co and Ni, as proven by much recent
works.'"""¥2! In addition, the standard redox potential of K/K" is
lower than that of Li/Li* by ~0.1 V in carbonate-based electrolytes,
indicating that KIBs could have high working voltages, comparable
to those of LIBs.*” Finally, graphite is capable of intercalating K
ions reversibly, forming KCg, and can thus be used as a practically
feasible working anode for KIBs.?*™2

In the early stage of KIB development, layered potassium
transition metal oxides (K,MO,, M = transition metal) were studied
as cathode candidates'*'*'921-22 because of the success of usin
layered oxide compounds in LIBs and Na-ion batteries (NIBs). >~
Although K layered oxides have shown reversible K de/intercalation
behavior, the achievable energy is limited by their sloped voltage
curves,t1213:20.2732:4445 gych 3 sloped voltage profile is an intrinsic
limitation of K layered oxides, which cannot be overcome by
substitution, doping, or nanostructuring. In layered oxides, the
alkali-ion and transition-metal layers are stacked alternatively,
with alkali ions closely packed in each alkali-ion layer, leading to
a short alkali—alkali distance and strong interaction between alkali
ions in the same layer. This interaction between alkali ions becomes
stronger as the ion size increases.*?”**’ The stronger interaction
between K ions than between Na or Li ions leads multiple
intermediates as the K content changes during charge/discharge,
and a steeply sloped voltage curve.**®*’ Thus, polyanion-based
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compounds have been suggested as alterative K cathode candidates
because of their three-dimensional K arrangements and less effective
K-K interaction, thereby avoiding the sloped voltage curve,'*#648:49
However, it remains challenging to find electrochemically active
materials for K cathodes. K ions are not extractable from most K-
containing compounds, or only a small amount (<1 K" per TM) can
be extracted, resulting in a low specific capacity (<100 mAh
g~ 1)20:27:324430 we guspect that this difficulty in discovering
electrochemically active K cathode materials stems from the
collapse or significant destabilization of the host structure when
the large K ions are extracted.

Among the various K-cathode candidates, KVPO4F has shown
particularly promising properties: a high working voltage (>4.2 V),
reversible caPacity (>100 mAh g "), specific energy
(~450 Whkg™"), and fast K mobility in the structure.**>'>% A
recent cost analysis by Yan and Obrovac,”’ based on the BatPac
model from Argonne National Lab,’® also concluded that KVPOF
is a better choice than K layered oxides because of its lower
estimated cost per energy (150-190 $ kWh™' for the
KVPO,F/graphite system vs 160-215 $ kWh™' for the
K,MO,/graphite system), although the cost is still higher than that
of the state-of-the-art LIB system. However, reducing the rapid
capacity decay of KVPO,F upon electrochemical cycling remains a
challenge.*® Because the main driver that determines the success of a
KIB system is the cycle life, as Yan and Obrovac noted in their
annualized capital cost analysis (in terms of $ kWh ™! year '), it is
vital to understand the underlying capacity degradation mechanism
of the KVPO,F cathode and to use this knowledge to improve its
cycling stability.

Our previous work showed that the cycling stability can be
improved by using an oxygen-substituted phase (KXVPOAHyFl,y).46
However, this strategy sacrifices energy density because of the
associated voltage lowering and decreased oxidizable V> content.
Recent work by Liao et al. and Liu et al. showed that the cycling
stability of KVPO4F can be signiﬁcantlZ improved by making a
carbon coating and carbon composite,*” which is consistent with
our previous work that showed that the addition of carbon in a
KVPO,F electrode increases the cycling stability.*® Chihara et al.
demonstrated that the electrolyte selection can also affect the first
cycle coulombic efficiency of the KVPOLF cathode.” In their work,
using ethylene carbonate/propylene carbonate (EC/PC) as the
electrolyte resulted in higher coulombic efficiency than using
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ethylene carbonate/diethyl carbonate (EC/DEC); however, no no-
ticeable difference in the cycling stability was observed in the
voltage range of 5.0-2.0 V for 30 cycles. In addition, Nikitina and
colleagues showed that 0.3 M KPF¢ in fluoroethylene carbonate
electrolyte has better oxidation stability than the EC/PC system;
however, the performance was only evaluated over a very limited
number of cycles (5 cycles).®® Neither of these works was able to
demonstrate how the electrolyte selection affects the long-term
cycling stability.

In our previous work, we observed that the capacity decay mostly
originates from the high-voltage region (>4.5 V), indicating that the
capacity degradation should be attributed either to the decomposition
of the electrolyte or to an irreversible deformation of the KVPO4F
cathode at high voltage.*® In our continuing efforts to develop a
high-performance KIB system, we in the current study investigate
the capacity degradation mechanism of the KVPO,F cathode. We
observe that KVPO,F is stable upon repeated charge—discharge
cycling up to 200 cycles without noticeable crystal structure
degradation or crack formation in particles. Instead, we found that
most of the capacity degradation originates from the instability of K
electrolytes upon oxidation at high voltage (>4.5V vs K/K™). We
also examined the charge—discharge cycling stability of KVPO,F in
the wide voltage window of 2.5-5.0V vs K/K" using several
carbonate-based electrolytes. In general, K salts have low solubility
in non-aqueous solvents.®"-** Therefore, only a few K salts, such as
KPFg and potassium bis(fluorosulfonyl)amide (KFSA), have been
used in the preparation of K electrolytes. KFSA has higher solubility
in carbonate solvents than KPFg salt and the resultant electrolytes
exhibit higher ionic conductivity than KPFg-based electrolytes.®
However, the FSA anion has been reported to corrode Al current
collectors at high potential >4 V (vs K/K™1),”¢10364 which makes
KFSA-based electrolytes impractical for high-voltage K cathodes
such as KVPO4F. Although some highly concentrated ether-based K
electrolytes have offered significant improvement in the charge—-
discharge cycling of K,Mn[Fe(CN)g] and KVOPO, cathodes, their
operation voltage is limited to under 4.5V (vs K/K™).%*% Ionic-
liquid K electrolytes have also been studied, and Masese and his
colleagues proposed their use for high-voltage K cathodes. However,
their charging cut-off voltage did not reach over 4.5V (vs
K/K™1).%57 In addition, the use of highly concentrated and ionic-
liquid electrolytes will increase the production cost of KIBs. For
these reasons, in the current study, we evaluated the effect of
electrolyte selection on the cycling stability of a KVPO4F cathode
using four different KPFg-based electrolytes (KPFg in EC/DEC,
ethylene carbonate/dimethyl carbonate (EC/DMC), EC/PC, and PC),
which are the most commonly used electrolytes for K cathode
materials and are considered practical.®’ Among these electrolytes,
0.7 M KPFg in EC/PC resulted in the best cycling performance, with
the KVPOF cathode maintaining ~75% and ~63% of the initial
discharge capacity after 100 and 200 cycles, respectively.

Experimental

Materials synthesis.—The KVPO4F powder was prepared using
a solid-state method, as described in our previous work. First,
VPO, was synthesized by reacting NH4H,PO, (11.5 g, 98%, Alfa
Aesar), V5,05 (9.05 g, >99.6%, Sigma-Aldrich), and carbon black
(1.2 g, Super P, Timcal). The precursors were mixed using wet ball-
milling in acetone for 12h and dried overnight at 100 °C. The
mixture was then pelletized and sintered at 750 °C for 4 h under
continuous Ar flow. Stoichiometric amounts of KF (99.9%, Sigma-
Aldrich) and the VPO, were homogeneously mixed using a
planetary ball mill (Retsch PM200) at 300 rpm for 4 h. The mixture
was then pelletized and sintered at 650 °C for 8 h with continuous Ar
flow.

Electrochemical measurements.—The electrodes were prepared
by mixing the active material (70 wt%), Super P carbon black
(Timcal, 20 wt%), and polytetrafluoroethylene binder (PTFE;

DuPont, 10 wt%) binder in an Ar-filled glovebox. Test cells were
assembled into 2032 coin cells in a glovebox with a two-electrode
configuration using a K-metal counter electrode. Grade GF/F film
(Whatman, USA) was used as the separator. The GF/F separators
were washed with acetone and dried at 70 °C before use. The KPF¢
salt (American Elements, 99.5%) was dried at 150 °C under vacuum
for >48 h for preparation of the following K electrolytes: 0.7 M
KPF¢ in EC/DEC (anhydrous, 1:1 volume ratio), 0.7 M KPF¢ in EC/
PC (anhydrous, 1:1 volume ratio), 0.7M KPF¢ in EC/DMC
(anhydrous, 1:1 volume ratio), and 0.7 M KPFg in PC. To remove
residual H,O molecules from the electrolytes, we added molecular
sieves to the electrolytes; the molecular sieves were washed with
deionized water and dried at 500 °C for over 7 days before use. All
the K electrolytes used in this study contained <20 ppm H,O, as
confirmed using the Karl Fischer titration method. The electroche-
mical tests were performed on a battery testing station (Arbin
Instruments) using cathode films with a loading density of
~4.5 mg cm™>.

Materials characterization.—The crystal structures of the ob-
tained materials were analyzed using X-ray diffraction (XRD,
Rigaku Miniflex 600) with Cu Ko radiation. The particle mor-
phology was verified using field-emission scanning electron micro-
scopy (FE-SEM, Zeiss Gemini Ultra-55). Air-free X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on a
Thermo Scientific K-Alpha XPS System with a monochromatic Al
Ko X-ray source at the Molecular Foundry at Lawrence Berkeley
National Laboratory. The sample films were transferred into the XPS
system using a Thermo Scientific K-Alpha Vacuum Transfer
Module to avoid air exposure. The spectra were acquired with
passing energy of 50 eV and a dwell time of 50 ms.

Results

We first examined the electrochemical charge—discharge cycling
stability of KVPO4F,, in 0.7 M KPF¢ in EC/DEC, which is the most
commonly used K electrolyte.®' Figs. la—1b shows the discharge
capacity retention with increasing number of cycles at 20mA g '
with a voltage cut-off of 5.0-2.5V. In the first cycle, KVPO4F
delivers a capacity of ~95 mAh g™'; however, only ~45 mAh g™
(~47% retention) is retained after 200 cycles (0.265% fade per
cycle). The capacity retention after the initial 30 cycles (~87%
retention) is similar to that reported by Chihara et al. (~88%
retention); however, data for extended cycling was not provided in
their study.”> We also observed a decay of the discharging voltage
upon repeated electrochemical cycling, as shown in the inset of
Fig. 1a. The average discharge voltage drops from ~4.1 to ~3.7V
after 200 cycles. Figure lc presents the charge—discharge curves
using the normalized capacity. The voltage changes oppositely upon
charging and discharging; that is, the voltage increases for charging
but decreases for discharging upon repeated battery cycling, with the
voltage change during discharging being more obvious. We would
like to emphasize that such a voltage change, an increase during
charging and decrease during discharging, can likely be attributed to
an increase of polarization upon cycling. However, we do not fully
understand the origin of the asymmetric polarization increase
between charging and discharging. If structure degradation of the
cathode occurs, voltage lowering during both charging and dischar-
ging would be expected, as observed in Li-rich disordered rock-salt
cathodes and Ni-rich Li layered cathodes.®®*”' Additionally, we
conducted charge—discharge experiments using different voltage cut-
offs, 5.0-4.3 V and 4.6-2.5 V, as shown in Fig. 1d. The high voltage
cut-off results in significant capacity degradation after 120 cycles
(~38% retention), whereas the low voltage cut-off results in ~92%
retention after 120 cycles. This finding clearly indicates that the
capacity degradation mainly originates from the high-voltage region
(> 4.3V vs K/K™"), which is consistent with our earlier observation
that cycling between 4.7 and 3.0 V results in better stability than
cycling between 5.0 and 3.0V.** The capacity fade of the
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Figure 1. Electrochemical properties of KVPO,F using 0.7 M KPFg in EC/DEC as the electrolyte. (a) Cycling stability of KVPO,F (inset: average discharge
voltage upon charge—discharge cycling). The cut-off voltage is 5.0-2.5 V. (b) Charge—discharge profiles of KVPO4F. (c) Normalized capacity—voltage curves of

KVPO,F. (d) Capacity retention of KVPO4F at different voltage cut-offs.

KVPO4F/K cell could originate from the degradation of the (i)
cathode, (ii) anode, or (iii) electrolyte. The role of each component is
investigated in the following sections.

The structure stability of the KVPO4F cathode was studied after
repeated charge—discharge cycles. Figure 2a presents ex situ XRD
patterns of KVPOLF before and after 200 cycles when 0.7 M KPF¢
in EC/DEC was used as the electrolyte; no noticeable peak shift or
secondary peak evolution are observed (Fig. 2a and inset). The large
bump at 10°-30° in the XRD pattern comes from the Kapton tape
used to prevent contamination of the samples from air exposure. The
oxidation state of vanadium (V) was examined using XPS before and
after 200 cycles, as shown in Fig. 2b. No significant peak shift is
detected even after 200 cycles. We also examined the morphology
change of KVPO,F using SEM (Figs. 2c-2d). No particle size
change or cracks in the particles are observed, consistent with the
small volume change of KVPO,F upon charge and discharge
(~6.5%).%° All of these results indicate that the KVPO,4F cathode
does not undergo considerable material degradation even after 200
cycles.

The separator became yellowish and the K metal was covered
with black/grey powders after 200 cycles, as shown in Figs. 3a-3b.
When we disassembled the cell, the separator was quite dry, which is
highly likely due to the decomposition of the electrolyte and the
(electro)chemical reaction of the electrolyte with K metal. The
black/grey products might originate from either (i) direct reaction of
K metal with the electrolyte or (ii) the decomposition products of the
electrolyte on the cathode side, which migrate to and deposit on the
K metal anode. In the former case, a significant increase of

polarization upon cycling in a K/K symmetric cell would be
observed, which will be discussed later. Here, we investigated the
chemical composition of the decomposed products on the separator
qualitatively. The separators before and after cycling were examined
using energy-dispersive X-ray spectroscopy (EDS), as shown in
Fig. 3c. We immersed the fresh separator in 0.7 M KPF¢ in EC/DEC
and dried it inside an Ar-filled glovebox to be used a control. The
peak intensity is normalized by Si. Although the peak intensities
from Na, Al, and Si do not change as they originate from the glass
fiber separator, the C and K signals grow after 200 cycles, likely due
to K-electrolyte decomposition and formation of K and C containing
products. In addition, no signal from V at ~4.95 keV is observed
after 200 cycles (inset of Fig. 3c), indicating that there is no V
dissolution from the KVPO,F cathode. The electrolyte decomposi-
tion could lead to deterioration of the cycling performance of
KVPOLF/K cells in the following ways: the formation of an
insulating layer (i) on the K metal or (ii) on the KVPO4F cathode
could increase the polarization upon cycling, and (iii) electrolyte
decomposition itself could also increase the cell resistance and
polarization because it will consume the electrolyte in the cell and
decrease the ionic conductivity of the electrolyte.

To understand the origin of the capacity degradation in our
system using a KVPO,F cathode and K-metal anode, we evaluated
the capacity recovered when the K electrolyte and K-metal anode is
refreshed after 200 cycles. For the refreshed cell, we disassembled
the cycled cell and assembled a new cell with an unused K-metal
anode, K electrolyte, and separator and the cycled KVPO,F cathode,
which is washed with DEC solvent to remove any KPFg salt left



Journal of The Electrochemical Society, 2020 167 110555

28 30 32 34 36
After 200 cycles

Electrode

Intensity (a.u.)

1 1 1 1 1 " 1

10 20 30 40 50 60 70
Two theta (Deg.)

(b)

3

©

N

> !

= ( After

n ( 200 cycles

c |

Q :

E : Electrode
:

525 520 515 510

Energy (eV)

Carbon

Before cycling

Carbon

1

i

i
A4

After.200 cycles

Figure 2. Structure and morphology changes of KVPO,F cathode upon repeated charge—discharge cycling. (a) XRD patterns and (b) XPS spectra of KVPO4F
cathode before and after 200 cycles. SEM images of KVPO4F cathode (c) before and (d) after 200 cycles. The smaller particles are carbon additives in the

electrode.

behind. The KVPO,F cathode maintains a capacity of ~45 mAh g~!
(~47% retention) after 200 cycles when 0.7 M KPF¢ in EC/DEC
electrolyte is used; however, the capacity is recovered to ~69 mAh
g~ ' (~73% retention) after the K electrolyte and K metal are
refreshed (Fig. 4a). These results prove that ~50% of the capacity
decay comes from the degradation of the K-metal anode and K
electrolyte. The remaining 50% might originate from the formation
of a resistive layer on the KVPO4F cathode surface due to the
electrolyte decomposition, as we confirmed that there is no structure
degradation or dissolution of KVPO4F, as shown in Figs. 2 and 3c.
The discharge profile of the refreshed cell is presented in Fig. 4b and
remains unchanged compared with that for the 1** cycle of KVPO,F,
while there is remaining polarization. This result also demonstrates
that the bulk structure of KVPO4F remains intact after 200 cycles.
Figure 4c presents the XPS results of KVPO4F before and after 200
cycles. The increased peak signals at ~292.2eV (K-O/K-P
binding), ~288.8 eV (C=0 binding), and ~286.7 eV (C-O binding)
after cycling’” indicate that the surface layer on the KVPO,F
cathode consists of K—, C—, and O—containing compounds, which
might originate from the K—electrolyte decomposition.

The cycling stability of the KVPO4F cathode was examined in
several KPF¢-based carbonate electrolytes (Fig. 4a).®' The EC/DMC
electrolyte shows 59% capacity retention after 140 cycles, and the
PC electrolyte results in very rapid capacity degradation with <10%
capacity retention after 90 cycles. Thus, both electrolytes are even
worse than the EC/DEC system. In contrast, EC/PC offers improved
cycling stability, with ~63% of the capacity maintained after 200

cycles (0.185% fade per cycle vs 0.265% fade per cycle with EC/
DEC). It is instructive to investigate the correlation between the
cycling stability of the KVPO4F/K cells and the oxidation stability of
the K electrolytes. Figure 4d presents the linear scan voltammetry
(LSV) test results of the KPFg-based carbonate electrolytes. The
LSV tests were conducted at 5 mV s~ from the open-circuit voltage
to 5.2 V (vs K/K™). The oxidation stability trend follows PC > EC/
PC > EC/DEC > EC/DMC. The anodic stability of an electrolyte is
complex and has been shown to not only depend on the intrinsic
oxidation limits of the molecules and ions present, but also on their
interaction. The higher oxidation stability of EC/PC over EC/DEC
and EC/DMC may be exylained by the higher desolvation energy of
PC than DEC and DMC.”* Because PC has larger desolvation energy
than DEC and DMC, PC likely participates in solvating K ions along
with EC. Given that the solvent molecules that solvate ions have
higher oxidation stability than free solvents,”* it is reasonable that
EC/PC has higher oxidation stability than EC/DEC and EC/DMC.
Interestingly, the electrolytes with higher oxidation stability offer
better cycling stability for the KVPO4F cathode (Figs. 4a and 4d),
except for the PC electrolyte. To determine the stability of K metal
using the aforementioned electrolytes and its influence on the
cycling stability of KVPO4F/K cells, we tested K/K symmetric cells.
Figures 4e—4h presents the charge—discharge profiles of the K/K
symmetric cells in various KPFg-based carbonate electrolytes, in
which 5-h charge and 5-h discharge cycles are repeated at
~0.025 mA cm™>. We observed a significantly increased voltage
polarization in the PC electrolyte after 200 h (Fig. 4e), indicating that
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the PC electrolyte is highly reactive with K metal, which may have
led to the rapid capacity degradation of the KVPO,4F/K cell observed
in Fig. 4a. In contrast, the other electrolytes (EC/DEC, EC/PC, EC/
DMC) show relatively stable charge—discharge profiles up to 1000 h
(100 cycles) while the EC/PC electrolyte system shows the smallest
overpotential. The results above indicate that the oxidation stability
of K electrolytes is a vital factor in determining the cycling stability
of KVPO4F/K cells and that, among the four K electrolytes
evaluated, EC/PC is the most promising in terms of improving the
cycling stability of the KVPO,F cathode.

Summary

(c) si In this work, the capacity decay mechanism of KVPO4F/K cells
was investigated using XRD, XPS, SEM, EDS, and electrochemical
characterization. We observe that the bulk structure of the KVPO4F
o cathode remains intact even after 200 cycles and argue that
m electrolyte decomposition and the formation of decomposition

products on the cathode surface at high voltage (> 4.5 V) as well

as on the anode are responsible for the significant capacity
degradation. In addition, we compared the cycling stability of
KVPOLF/K cells using four distinct KPFg- and carbonate-based
electrolytes (0.7 M KPF¢ in EC/DEC, EC/DMC, EC/PC, and PC).
Among these electrolytes, EC/PC delivers the highest capacity
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is attributed to its high oxidation stability. This study suggests that
5 Fla K KVPO,F is a highly promising cathode material for large-scale
P Q energy storage, but further efforts should be dedicated to the
N : ; development of novel K electrolytes with high oxidation stability

to improve the cycling stability of KVPO4F cathode for practical
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