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ABSTRACT

The high reactivity and unstable potential of metallic potassium limits its application as a stable reference or counter electrode for

a precise and reliable electrochemical characterization of electrode active materials for potassium-ion batteries (PIBs). In this
study, we investigate the application of hierarchically structured KTi,(PO,);/C (KTP/C) and KTiOPO,/C (KTPO/C) composites
as a reference (RE) or diagnostic electrode (DE) respectively. KTP/C is a promising RE due to its stable potential at 1.88 V versus
K*/K on a long-term scale for more than 250 h in a three-electrode configuration with a KTP/C working electrode (WE) and RE
against a metallic potassium counter electrode (CE). Instead, KTPO/C exhibits a low kinetic limitation, making this material
ideally suited as a DE for PIBs. To prove the suitability of KTPO/C as a DE, a full-cell setup of K3;V,(PO,):/C (KVP/C) as
WE against a KTPO/C DE was developed. The full-cell setup with a KTPO/C DE revealed a significant underestimation of
the properties of KVP/C compared to the conventional half-cell setups with a metallic potassium CE. The developed RE and

DE for PIBs facilitate an accurate and reliable electrochemical characterization of electrode active materials for and will accelerate

the future development of PIBs.

1 | Introduction

With lithium-ion batteries (LIBs) predicted to have a market
share of 90% in the future, there is an increasing need for alter-
native battery technologies with less dependency on critical min-
erals like cobalt or nickel [1, 2]. Sodium-ion batteries (SIBs) and
the latest addition to the monovalent ion portfolio, potassium-ion
batteries (PIBs), provide two technologies that can compete and
complement LIBs. SIBs and PIBs are potentially cheaper and
more sustainable, because they rely on a more abundant mineral
basis and avoid critical elements [3]. As sodium and potassium
both do not form alloys with aluminum, its allows its use as cur-
rent collector for negative electrodes instead of expensive copper

used in LIBs [4]. Besides the higher working voltages due to the
lower alkali metal potential, there is one main advantage of
PIBs over SIBs: Potassium ions can reversibly intercalate into
graphite, which means that anode production is already possi-
ble on large scale for PIBs [5, 6]. Based on these facts, the main
critical research fronts for PIBs arise: development of suitable
high-voltage cathode materials and electrolytes compatible with
graphite [4, 7].

For the development and optimization of advanced cathode
materials and electrolytes for PIBs, precise and reliable electro-
chemical characterization methods are inevitable [7-9].
Traditionally, most of the electrochemical characterizations for
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alkali-ion batteries are done in a so-called “half-cell” setup,
where a metallic counter electrode (CE) is utilized to study,
for example, the insertion characteristics of an electrode material
as the working electrode (WE) [9-12]. Several previous studies
outlined that a major problem in postlithium systems, but for
PIBs especially, are interferences from the metallic potassium
CE when characterizing electrode materials or electrolytes in
a half-cell setup. The problems are associated with [9, 12-15]

1. High resistivity of potassium metal itself leads to increased
cell polarization,

2. Growth of mossy structures and dendrites at the potassium
metal surface and

3. Severe crosstalk and self-discharge processes, and

4. Rapid accumulation of parasitic electrolyte degradation
products.

A main problem is the poor passivation of the potassium metal
surface from recurrent electrolyte degradation processes. This
could amplify resistive surface layer growth and foster accumu-
lation of parasitic, soluble electrolyte degradation products that
may induce crosstalk processes [9, 15]. In addition, the potassium
metal CE builds up high resistivity and polarization during
cycling, leading to an increased bias on the C-rate capability test
and cycle life assessment of different electrode materials in half-
cell setups [3, 9, 12-16].

Therefore, any source of metallic potassium can massively influ-
ence the characterization of electrode materials and could lead to
underestimated material performance [3, 7-9]. More reliable
electrochemical characterization thus require three-electrode set-
ups with stable reference electrodes (RE). REs are defined as
(electro)chemically inert materials, with a well-defined redox
reaction that generates a stable potential reading over extended
time intervals (typical drift rates are below 1 mV/h). Ideally, they
exhibit fast electrode kinetics, so they stay nonpolarizable even if
a current is applied. It is further beneficial if the RE operates
within the stability window of the electrolyte to avoid recurrent
side reactions [7, 9, 10]. Previous examples for PIBs include pre-
treated potassium electrodes [8], K-In or K-Bi alloys [7], or Ag/
AgCl references [9]. A direction that was not explored so far for
PIBs are insertion-type REs, where flat sections in the voltage
profile (plateaus) mark points with stable equilibrium potentials
suitable as point of reference [10]. In LIBs, LiFePO, (LFP) [17]
and Li TisO,, (LTO) [18] are well-known examples for this appli-
cation. Strong contenders for this purpose are materials within
the class of polyanionic titanium phosphates. The NASICON-
type KTi,(PO,); (KTP) could be a promising CE for PIBs as it
possesses a well-defined voltage profile between 1.6 and 1.9V
low volume change during cycling (11.7%), indicating its struc-
tural stability [19] and good K* diffusion with ionic conductivi-
ties up to 107 cm?s™* [20, 21].

For truly alkali-metal-free cell setups, alternatives need to be
developed for their common role as CEs. A recent example by
Hwang et al. is the use of NASICON-type sodium titanium phos-
phate (NaTi,(PO,);) as CEs instead of sodium to reduce parasitic
side reactions at the reactive sodium metal surface [22].
Similarly, graphite electrodes exhibit low operation potentials

and significant degrees of irreversible side reactions that may give
rise to crosstalk and rapid loss of potassium inventory. Following
previous works by Dose et al. [23, 24], oversized LFP or LTO elec-
trodes (i.e., high areal capacities for high N/P ratios) could
replace more reactive CEs. As an oversized CE, they provide
an excess charge carrier inventory and in their function as a
quasi-RE, they exhibit a stable redox potential over a wide
state-of-charge range owing to their flat voltage profile. Hence,
the authors referred to this particular type of counter-RE as diag-
nostic electrode (DE). One such candidate for the PIB system
could be the orthorhombic KTiOPO, (KTPO) with a well-defined
plateau at around 1.1V and a width of around 55 mAh g~* [25].
The very stable open 3D structure of the KTPO- material class
with just 9.5% volume change during cycling [25] enables a fast
K* diffusion with ionic conductivities of up to 10™'° cm?®s™". This
value is an order of magnitude higher than for NASICON struc-
tures and leads to low voltage hysteresis, indicating low kinetic
limitations [25, 26].

Unfortunately, polyanionic materials intrinsically suffer from
low electronic conductivity. To overcome polarization effects
caused by low electronic conductivity, which could make a mate-
rial unsuitable for its use as a RE or DE, strategies to enhance the
electronic conductivity have to be applied. This could be done, for
example, by nano-/microstructuring or in situ coating with con-
ductive carbon layers [27-29].

In this study, we investigate the usability of KTP/C or KTPO/C
composites as RE or DE in PIBs for the first time. Therefore, we
developed an easily scalable solid-state approach combined with
a spray-drying method to create hierarchically structured KTP/C-
and KTPO/C-composites with improved electrochemical perfor-
mance. The synthesis process of our recent publication [30] was
transferred to the synthesis of KTP/C or KTPO/C with minor
adjustments. We further prove their use as RE or DE, identifying
KTP/C as the most promising RE and KTPO/C as DE for PIBs.
This study reports the use of an insertion-type material as a RE or
DE in PIBs for the first time and could improve precise electro-
chemical characterization for PIBs greatly.

2 | Results and Discussion

The KTP/C and KTPO/C samples were all synthesized via a solid-
state reaction process combined with a spray-drying and
sintering process according to our previous study on KVP/C com-
posites [30]. The synthesis process is schematically shown in
Figure 1. For KTP/C as carbon source, only p-lactose was added
in process step 3 with 12.5wt%. For KTPO/C, 7.5wt% sucrose
was added in process step 1 and 15wt% p-lactose were added
in step 3 as a carbon source.

21 | Synthesis of Hierarchically Structured
KTP/C and KTPO/C Composites

2.1.1 | KTP/C

The phase evolution and crystallization behavior of KTP was stud-
ied via simultanous thermal analysis coupled with evolved gas
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FIGURE1 | Schematic drawing of the synthesis process of hierarchically structured KTP/C- and KTPO/C-composites with: (1) Mixing of reactants
by planetary ball-milling in isopropanol with subsequent drying, (2) calcination under argon (KTPO/C) or synthetic air (KTP) atmosphere in a chamber
oven at 850 °C, (3) mixing and grinding of KTP or KTPO/C with p-lactose in water by planetary ball-milling, (4) spray-drying of the KTP or KTPO/C
dispersion in water with p-lactose, and (5) sintering of hierarchically structured secondary KTP/C or KTPO/C particles under an argon atmosphere in a

chamber oven at 700 °C for KTP/C and 850 °C for KTPO/C.

analysis via Fourier transform infrared spectroscopy (TG/FT-IR)
under synthetic air, as shown in Figure 2a,b. In the top panel
of Figure 2a, a continuous mass loss can be observed starting from
175°C up to a temperature of 600°C. The total mass loss
accounted for about 20% and remained at this value until the
upper temperature cut-off of 1000 °C was reached. The strong
endothermic signal in the differential scanning calorimetry
(DSC) signal coincides with the mass loss until around 600 °C
and the release of the gaseous byproducts NH; and H,O (150-
400°C). This indicates the decomposition of the reactant
NH,H,PO,. CO, as a sensitive IR probe typically indicated the
decomposition of K,COs. In this synthesis, however, only a minor
CO, signal at around 450 °C was detected, suggesting no signifi-
cant CO, formation and the absence of K,COj; in the precursor.
This is likely because K,CO3; decomposes during the preparation
of the precursor in 2-propanol in the first ball-milling step, proba-
bly under formation of KOH as the actual potassium source in the
calcination reaction to KTP.

The decomposition of K,CO; was confirmed by additional
FT-IR measurements on the precursor (Figure S1). Instead,
the presence of KOH in the precursor correlates well with
the mass loss and prominent IR signal for water at elevated tem-
peratures, indicating the decomposition of KOH. Beginning at
around 750 °C and continuing until a temperature of 950 °C, a
broad exothermic area is apparent in the DSC signal, indicating
the crystallization of the KTP phase during the calcination reac-
tion under synthetic air. Based on the thermal analysis and the

assumption of KOH as potassium source, we propose the follow-
ing reaction scheme (Equation (1)):

.air,A .
2KOH +4TiO, + 6 NH,H,PO, "5 kTi, (PO,),

+6NH, +10H,0

@

Based on the results of the thermal analysis, a reaction tempera-
ture 850°C under synthetic air was found to be optimal.
Inductive-coupled plasma optical emission spectroscopy (ICP-
OES) analysis on pure KTP sample revealed a K:Ti:P-ratio of
1.0:1.87:2.88, which indicates a minor Ti-deficiency. On the con-
trary, X-ray diffraction (XRD) analysis of the pure KTP sample
revealed phase purity without any impurity visible in the powder
XRD pattern (Figure S2). Sharp reflexes and low background of
the XRD pattern indicate high crystallinity of the KTP phase,
while the crystallite size was estimated with 81 (2) nm.

A theoretical reaction yield of around 75% was expected accord-
ing to Equation (1), while a residual mass of 80% is obtained after
the thermal analysis under synthetic air. The differences in the
reaction yield could arise due to a starting decomposition reac-
tion of NH,H,PO,, leading to a release of NH; during precursor
preparation by ball-milling in 2-propanol. Additionally, a reac-
tion of the potassium source with NH,H,PO, during precursor
preparation to K,HPO, is possible. After preparation of the pre-
cursors, a typical smell of ammonia was obtained. This could
result in fact in an increased reaction yield compared to theoret-
ical expected reaction yield.

ChemElectroChem, 2026
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FIGURE2 | TG/DSC-IR-analysis on the calcination reaction of pure KTP under synthetic air (80% 0,/20% N,) with (a) TGA (top), DSC (middle), IR
traces of gaseous byproducts (bottom) and (b) FT-IR spectra at different temperatures with marked signals for main gaseous byproducts during the
calcination reaction, (c) XRD analysis on KTP/C sintered at different temperatures with the performed Rietveld-refinement of the observed powder
XRD-pattern against the rhombohedral structural model with the symmetry R3¢ of KTP (ICSD-67091 ICSD release 2025.1, Lunezheva et al. [31]) and the
cubic structural model with the symmetry P23 of K,Ti,(PO,4); (ICSD-202888 ICSD release 2025.1, Leclaire et al. [32]). SEM images of (d) the morphology
and (e) the cross-sections of the KTP/C-700 composites after completion of the synthesis process.
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To create hierarchically structured KTP/C composites, the pure
KTP has to be spray-dried and sintered under an Ar atmosphere
in the presence of a carbon source, in the case of this study,
12.5wt% of p-lactose. The XRD analysis of KTP/C samples sin-
tered at different temperatures is shown in Figure 2c. The
Rietveld refinement on the diffraction patterns of the KTP/C
samples against the structural model of the KTP phase (ICSD-
67091, ICSD release 2025.1, Lunezheva et al. [31]) revealed
increasing amounts of the cubic K,Ti,(PO,); phase (ICSD-
202888, ICSD release 2025.1, Leclaire et al. [32]) with increasing
sintering temperature up to 8.1 wt% in KTP/C-800. We assume
that the presence of a carbon matrix/in situ carbon coating at
temperatures up to 800°C leads to a partwise reduction of
Ti** to Ti*> and the formation of the cubic K,Ti,(PO,); impurity
phase. The phase analysis suggests an optimum sintering temper-
ature around 700 °C under an Ar atmosphere (Figure 2c) to
maintain phase purity of the KTP/C composites and maximize
sintering activity at the same time. Compared to the pure
KTP, the reflexes of the KTP/C-700 are broadened, while the
crystallite size was estimated with 40 (1) nm, indicating nano-
crystallinity. The necessary ball-milling and in situ carbon coat-
ing decrease the crystallinity of the KTP/C-700 compared to the
pure KTP. Nevertheless, the refined lattice parameters of KTP/
C-700 are in good agreement with literature [19, 31] (refined:
a=b=83615(1)A, ¢=23.1005(6)A, a=p=90°, y=120°
V=1398.92 A%).

All determined powder characteristics of KTP/C-700 and scan-
ning electron microscopy (SEM) images are shown in Table 1
and Figure 2d,e. Nearly spherical-shaped KTP/C granules are
obtained after spray-drying and sintering. Some grooves on
the surface of the granules are visible, indicating a too low binder
poly(acrylic acid)(PAA) or solid content to stabilize the spherical
morphology (Figure 2d.e) [33]. The carbon content after comple-
tion of the synthesis process was determined to be 4.2 wt%, while
a carbon content of 5.3 wt% is theoretically expected assuming a
complete carbonization of the added p-lactose (Table 1).
Differences could arise due to a partwise consumption of the
formed carbon matrix for reduction of tiny amount of Ti** to
Ti*? or an incomplete carbonization of p-lactose. This could lead
to the release of gaseous byproducts in form of lower molecular
species like CO, or CO that could be formed during decomposi-
tion of the pB-lactose, similar to that seen for the KVP/C synthesis
at higher temperatures [30]. The cross-sections of the granules
reveal an open intragranular porosity without any dense surface
layer, which should be beneficial for the electrochemical perfor-
mance of the KTP/C composites. In combination, the high spe-
cific surface (49.4m?g™"), the carbon coating and the open
porosity (49.3%) with nanometer-sized pores create a unique
microstructure, which improves the electronic conductivity

and diffusion kinetics of the granules, as similarly seen in our
previous work on KVP/C composites [30]. Electrochemical char-
acterization of the hierarchically structured KTP/C and their uti-
lization as an RE for PIBs will be discussed in Section 2.2.

212 | KTPO/C

In a similar fashion to the synthesis of KTP, the structural evo-
lution and crystallization behavior of KTPO/C were studied via
TG/DSC-IR analysis under an Ar atmosphere (Figure 3a,b).

Two distinct mass losses are observed in the TGA signal of the
calcination reaction of KTPO/C. At temperatures between 100
and 300 °C, the mass loss correlates with a sharp endothermic sig-
nal in the DSC. This indicates the decomposition of the reactants
NH,H,PO, and sucrose, which is confirmed by the IR traces of
gaseous byproducts as the main peaks for H,O, NH; and CO,
are located at temperatures up to 300°C. At a temperature
between 600 and 650 °C, a strong exothermic signal in the DSC
indicates the crystallization of the KTPO phase. Above 850 °C,
another mass loss is apparent in the TGA. The mass loss correlates
with a strong endothermic signal in the DSC and a release of CO
instead of CO, in the IR traces. This could indicate the start of a
decomposition reaction of the KTPO with formed carbon coating,
leading to impurity phase formation as similar to that seen for
NVP/C or KVP/C composites [30, 36]. All CO, signals in the
IR traces are ascribed to the carbonization of sucrose. An addi-
tional CO, signal should be observed in the IR traces for the crys-
tallization of the KTPO phase between 600 and 650 °C due to the
reaction of K,CO; with the other reactants of the precursor.
However, as described for the KTP precursor above, FT-IR meas-
urements on the KTPO/C precursor (Figure S1) confirmed the
decomposition or reaction of K,CO; with NH,H,PO, during pre-
cursor preparation via planetary ball milling in 2-propanol.

We propose the following reaction scheme for the calcination
reaction of KTPO/C under an Ar atmosphere under the assump-
tion K,COj; converted to KOH (Equation (2)):

KOH + TiO, + NH,H, PO, + nCp,H,,0y 20,

x KTiOPO, /C, + NH; + (11n +2)H,0

@

An 81% residual mass was obtained from thermal analysis under
an Ar atmosphere, aligning with the theoretical yield of 76% after
calcination, assuming complete carbonization of 7.5 wt% sucrose.
Calcination and sintering temperature at 850 °C chosen in this
work is at the upper end of the temperature corridor to produce
the target compound. The higher yields found herein can be
explained by the precursor preparation and associated chemical
reactions during planetary ball milling in 2-propanol (i.e., prior to

TABLE1 | Summary of all relevant powder characteristics after completion of the synthesis process for the hierarchical structured KTP/C-700 and

KTPO/C composites.

Specific Pore
Calcination Sintering C-content after Median secondary surface, Porosity, size,
Composite temp., °C  temp., °C  sintering, wt% particle size, pm m?g™! % nm
KTP/C-700 850 700 4.2 10.2 49.4 49.3 66
KTPO/C 850 850 5.2 11.7 27.7 39.8 42
ChemElectroChem, 2026 5o0f 17
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FIGURE3 | TG/DSC-IR-analysis on the calcination reaction of KTPO/C under Ar atmosphere with (a) TGA (top), DSC (middle), IR traces of gaseous
byproducts (bottom) and (b) FT-IR spectra at different temperatures with marked signals for main gaseous byproducts during the calcination reaction,
(c) XRD analysis on KTPO/C sintered at 850 °C with the performed Rietveld-refinement of the observed powder XRD-pattern against the orthorhombic
structural model with the symmetry Pna2, of KTPO (ICSD-182657, ICSD release 2025.1, Norberg et al. [34]) and the tetragonal structural model with the
symmetry I4/m of the hollandite type K, TiO, (ICSD-247826, ICSD release 2025.1, Sakao et al. [35]), (d) morphology and (e) cross-sections of the KTPO/C
granules after completion of the synthesis studied via SEM.
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calcination), for example. partial decomposition of K,CO3z and
NH,H,PO, occurs, releasing CO, and NH; (seen as low-intensity
IR signal, as well as a characteristic ammonia odor). In addition,
the potassium source and NH,H,PO, may form K,HPO,, which
further contributes to the increased residual mass.

A theoretical carbon content of 3.2% would be expected, assuming
complete carbonization of the 7.5 wt% sucrose during calcination.
Experimentally, only a carbon content of 2.2% was determined for
the KTPO/C after calcination. The addition of 15wt% of p-lactose
for the spray-drying and sintering process to create hierarchically
structured KTPO/C composites should theoretically lead to an
increase in carbon content of 6.3% assuming the complete carbon-
ization of the p-lactose. Experimentally, a total carbon content of
5.2% for the hierarchically structured KTPO/C composites after
completion of the synthesis process was determined, meaning
an increase of only 3.0% carbon content due to the carbonization
of the 15wt% f-lactose. These differences could arise due to an
incomplete carbonization of the two carbon sources sucrose
and f-lactose during calcination and sintering, leading to the vol-
atilization of lower molecular species like CO, or CO as deter-
mined via the thermal analysis at higher temperatures
(Figure 3a,b) and/or the consumption of the formed carbon coating
for the reduction of Ti** to Ti*?, leading to impurity phase for-
mation. The carbothermal reduction of some Ti** is confirmed by
XRD and the performed Rietveld analysis, as shown in Figure 3c.
The high calcination/sintering temperature of 850 °C and the pres-
ence of carbon leads to the impurity phase formation of about
8.5wt% of the hollandite-type K,TiO, bronze (symmetry I4/m)
[35] after completion of the synthesis process of the KTPO/C com-
posites. Additionally, ICP-OES analysis revealed a stochiometric
ratio of K:Ti:P of 1:1.02:0.98, which could be seen as a further indi-
cation for the formation of a Ti-rich impurity. Nevertheless, a very
good agreement between the calculated and recorded diffraction
pattern is observed for the KTPO/C composites. The narrow
reflexes indicate a high crystallinity, while the crystallite size
was estimated as 50 (1) nm. The refined lattice parameters are in
good agreement with literature (refined: a=12.8179(4)A, b=
6.4045(2) A, c=10.5844(2) A, a=p=y=90° and V=2867.26 A%)
[26, 34, 37]. All relevant powder characteristics for the KTPO/C
composites are summarized in Table 1.

Similar to the synthesis of the KTP/C and KVP/C [30] compo-
sites, nearly spherical-shaped granules of the KTPO/C compo-
sites (Figure 3d,e) with an open porosity of around 39.8% and
a specific surface of 27.7 m* g~ were obtained. The cross-sections
of the granules reveal an open porosity with just a small denser
layer at the surface of the granules. The high specific surface,
open porosity with nanometer-sized pores (median: 42nm)
and carbon coating create a unique microstructure, which should
lead to improved electronic conductivity and diffusion kinetics.
This could lead, in fact, to improved electrochemical properties,
which will be discussed in the following sections for the KTP/C
and KTPO/C composites.

2.2 | Electrochemical Evaluation of KTP/C and
KTPO/C

Electrochemical evaluation of the KTP/C and KTPO/C compo-
sites was performed in CR2032-format potassium half-cells in

a voltage window of 1.0-4.0 V. Galvanostatic cycling at various
C-rates ranging from C/20 to 1C (1C=128 mAg™") was per-
formed to determine the basic electrochemical properties like
maximum charge capacity, C-rate capability, and the location
of the voltage plateau. In addition, both materials were subjected
to a self-discharge test to evaluate their applicability as reference
or DEs. As a negative electrode material, the cycling of KTP/C-
700 and KTPO/C WEs starts with a reduction step (cathodic cur-
rent). All stated capacities refer to the composite mass, including
the carbon fraction, and not solely the active material mass.

2.2.1 | KTP/C as Negative Electrode and RE

2.21.1 | KTP/C as Negative Electrode. In Figure 4a, the volt-
age profiles of the C-rate capability test of the KTP/C-700 com-
posite are shown. At C/20, the KTP/C-700 composite reached
125mAh g™ during charge, which is close to the theoretical
capacity of 128 mAhg™'. Until moderate C-rates of C/5, the
for KTP/C typical distinct voltage plateau around 1.5-1.7 V (dis-
charge) and 1.8-2.0 V (charge) is visible, which indicates a two-
phase reaction between the redox-couple KTi,(PO,); and
K;Tiy(POy4); for the KTP/C composites. The two-phase behavior
was further confirmed by additional operando XRD analysis as
the main hkl reflexes 113 and 116 gradually vanish and new
reflexes at lower Bragg angels appear during cycling (Figure
S3a). The polarization in the coin-cell-type half-cell setup
increased during oxidation by 100 mV from C/20 to C/10 (and
another 100mV to C/5). The voltage hysteresis of around
500 mV at C/10 is in good agreement with other carbon-coating
approaches reported in literature [19-21]. The refined particle
architecture combines nanocrystalline primary particles, unique
granule microstructure (open porosity ~49%), carbon coating
(4.2%), and a high specific surface area (~49 m*g™'), enabling
short diffusion lengths inside the KTP/C active material and per-
colating electronic network inside the granules and may also pro-
mote improved charge-transfer kinetics [19, 21, 30, 33, 38]. At
higher C-rates of C/2 and 1C, an increasing polarization is appar-
ent, which is probably attributed to two different effects: an
increased polarization of the metallic potassium anode [9, 12-15]
and solid-state diffusion limitations of K-ions in the bulk active
material phase [27, 39-41].

2.2.1.2 | KTP/C as RRE (KTP-RE). A prerequisite for REs is
small potential drifts, ideally on a mid- to long-term scale.
Therefore, active materials with a distinct and flat redox plateau
over a wide state of charge interval are interesting candidates as
potential RE when partly charged. In a first experiment, the KTP/
C was thus discharged versus K-CE at C/20 to the voltage plateau
at around 1.6 V versus K*/K, and the open circuit voltage (OCV)
was recorded for over 300 h (Figure 4b). After an initial relaxation
of around 48h, the KTP/C potential drift slows down and
approaches a stable value at about 1.84V over the course of
the following ~250 h in a coin-cell-type half-cell setup, which cor-
responds to a drift rate of 41mvd™" (ie., 0.17mVh™?) in the
interval from t=75 to t=2325h. This is in the same range as a
previously presented RE based on Bi-Bi,K alloy: ~0.1 mV h™)
[7]. Table 2 summarizes RE characteristics of previously reported
systems. Based on previous works [8, 9], a significant fraction of
this drift is likely associated with a drift of the potassium poten-
tial rather than the KTP/C.
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(a) KTP/C vs. K-CE (2-electrode)
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Electrochemical characterization of KTP/C composites in a half-cell setup against a potassium metal counter electrode: (a) C-rate

capability test for KTP/C-700 from C/20 to (1C =128 mA g™"), (b) self-discharge test of KTP/C-650 with discharge to the voltage plateau around
1.6 V versus K*/K and subsequent measurement of the OCV (coin cell setup), and (c) three-electrode measurement with a KTP/C-700 RE, a KTP/

C-700 WE and a potassium metal CE. Cycling was performed at C/20 in a voltage window of 1.0-4.0 V (WE vs. CE). The insets show the potential

drifts over an extended time period of over 200 h at OCV.

In a three-electrode cell, KTP/C was further evaluated as RE
using a modified setup previously reported by Biinzli et al.
[45] and Panasenko et al. [9] (Figure S10). The RE pin was loaded
with a KTP/C electrode composite (comprising KTP/C:SuperC65:
PVDF in a 8:1:1 mass ratio, labeled as KTP-RE in the following).
First, the RE-pin was conditioned, following the procedure
described above (voltage transient provided in Figure S4). The
three-electrode cell consisted of a KTP/C WE, potassium metal
CE, and a KTP-RE and was cycled over 6.5 cycles before the elec-
trode was put on a targeted OCV potential of 1.8V for a self-
discharge test. Figure 4c (left panel) shows the potential profiles
of KTP/C WE versus K*/K (top panel), KTP/C WE versus
KTP-RE (middle panel), and K-CE versus KTP-RE (bottom
panel). The potential drift experiment is shown in the enlarged
right panel of Figure 4c.

For the KTP/C WE in this three-electrode setup, the same spe-
cific charge capacity (123mAhg™) and the potential profiles
(Figure S5a) are in good agreement with the two-electrode
half-cell results shown in Figure 4a as well as with previous
KTP-related studies [19, 20, 38, 46]. The experiment also illus-
trates that the voltage hysteresis between charge and discharge
of KTP/C WE is only around 200 mV at C/20 with respect to the
KTP-RE, instead of about 400 mV for the respective coin-cell-type
half-cell against K-CE (Figure 4a). This is further evidence that a

substantial contribution to the cell polarization originates from
the potassium metal (polarization was calculated as the potential
difference at the center of the voltage plateau of KTP/C).
Similarly, the three-electrode cell setup allows one to accurately
track the potential transient of the K-CE electrode, showing the
characteristic plating-stripping features of an alkali metal elec-
trode that are usually superimposed on the WE voltage transient
in conventional two-electrode tests [47, 48]. Starting from strip-
ping steps, the K-CE potential first decreases and then plateaus
around the midpoint of the sequence (at around —1.8 V vs. KTP/
CRE). At the end, a peaking behavior is seen, which usually indi-
cates stripping of bulk K-metal. In the plating steps, typical
nucleation and growth behavior with decreasing overpotentials
are seen. In the section of the sequence, the potential spikes (both
for KTP/C WE and K-CE) are likely due to a blocking boundary
effect as a result of the high upper cut-off of 4.0V (capacitive
effect when KTP/C insertion reaction stops). During the open-
circuit sequence, after 6.5 cycles, the KTP/C WE and the
K-CE show a minor drift of less than 10mV over 200h
(Figure 4c, right panel) versus KTP-RE, accounting for a drift rate
of only 0.05 mV h™" and thus even lower than other reported REs
in the PIB field [7-9]. Other benefits of the KTP-RE include that
the active material operates within the electrolyte stability win-
dow of commonly used organic electrolytes [49] as well as the
repeatable use of the KTP-RE pin after a rinsing (with the
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TABLE2 | Comparison of reference electrode systems suggested for PIB applications and related cell chemistries. Cell setups and measurements on

the reference potential and drift rate may vary.

Reference electrode Electrolyte

Avg. potential (vs. K*/K), V

Drift rate,” mV h-1 Ref.?¢

Potassium-related literature

Bi-BiK, alloy 2M KFSI in 1.07 £0.003 V
TEP (30 °C)
Ag|AgCl 0.75 KPFg in ~ 2.55V (—3.59 V vs. Fc*/Fc)
EC:DEC
KTP/C 0.5M KPFq4 1.84V
in EC:PC

Related cell chemistries

—0.1 £0.1 (over 80 h) Jagger et al. [7]

<0.01 (over 100 days) Panasenko et al. [9]

0.17 (over 250 h) This work

0.21 (over 45 h) Lee and Tang [42]

<0.01 (over 100 h) Linsenmann et al. [43]

0.142 (over 100 h) Ruch et al. [44]

Ag|AgNO; 1M NacCloO, —0.285V vs. Agt/Ag
in PC
Sodiated tin-wire 1M NaPF, -0.11V vs. Na*/Na
micro-RE in EC:-DMC
Activated carbon 1M LiPFg 3.07 vs. Li*/Li
in EC:DMC (=3.25 V vs. Fc*/Fc)

*Drift rates were determined after OCV relaxation interval (material-dependent; different in each study).
PTested in absence of K-metal (Pt-WE, Cu-CE; electrolyte: 10 mM Fc*/Fc, 100 mM KPFg in EC:DEC.
“Tested in glassy carbon/Ag-RE/Na-CE 3-e setup (Ag-RE and Na-CE in separate cell compartments).

electrolyte solvent) and drying (overnight) step. In case of minor
potential drifts, the RE could be reconditioned by polarization
against K-metal prior to reuse in three-electrode measurements.
All of the discussed results underline the great potential of the
KTP/C as RE for PIBs, while to our knowledge, an insertion-type
material is used for the first time as a RE for PIBs. It simplifies
and allows a more precise characterization of active materials
and electrolyte properties, even at higher C-rates, as the overpo-
tentials of the potassium metal CE could be bypassed by control-
ling the WE versus KTP-RE potential.

2.2.2 | Electrochemical Characterization of KTPO/C
Composites

This section investigates the electrochemical properties of KTPO/
C composites, leveraging the three-electrode setup with KTP-RE
established in the previous section.

The voltage profile of the rate capability test is shown in
Figure 5a. At C/20, the maximum charge capacity of
KTPO/C reaches the theoretical capacity of 135mAhg™" in
the fifth cycle. Similar to the KTP/C composites, KTPO/C shows
lower voltage hysteresis of <250 mV between the prominent
voltage plateau at around 1.15V versus K*/K at C/20, compa-
rable to previous studies [19-21, 25, 26]. Operando XRD exper-
iment (Figure S3b) suggests a two-phase composition over a
wide potential range between 0.3 and 1.15V. The initial
40 mAh g™* on the first cycle displays a slower capacity decay
to the 1.15V plateau, which is likely a contribution of
the titanium oxide impurity phase (Figure 3c) [50]. A weak

reflection of the impurity phase near 12.5°, further indicates
minor redox activity of the impurity phase upon cycling.
With increasing C-rate, the polarization increases considerably,
which is also reflected in lower charge capacities. At C/10,
still 118 mAh g™ are retained, while the polarization on the
voltage plateau increases by almost 100mV from C/20 to
C/10. A notable capacity drop is observed at C/5 to
80mAh g™! upon charge. At C/2, less than 30 mAhg™" was
retained. Most of the measured capacity arises from the con-
stant voltage step that is not rate-dependent. Interestingly,
the voltage hysteresis and capacities recover after the rate
test at a constant C-rate of C/5 from cycle 51 onward, reaching
118 mAh g™ in the 95™ cycle. (Figure S6) This could be an
indication that most of the polarization is caused by the
K-CE as the electrochemically active surface area increases
significantly during cycle-aging due to mossy/dendritic
deposits, thus reducing the resistance of this cell component
[9, 12-16]. The high cycling stability combined with high charge
capacity at a low C-rate of C/20 and C/10 could be linked to the
unique microstructure of the hierarchically structured KTPO/C
composites, enabled by the carbon coating (5.2%) in combina-
tion with high specific surface (27.7 m*g™") and open porosity
(39%) [25, 26, 30, 33, 36].

The self-discharge test in Figure 5b (similar to KTP/C) showed
that the potential of the KTPO/C composite was stable for around
48 h and commences to drift strongly afterward, thus rendering
KTPO/C unsuitable as a RE. However, its flat voltage plateau
around 1.15V can be of use as an alternative negative electrode
(see below).
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(a) Rate-capability Test (KTPO/C vs. K)
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FIGURE 5 | Electrochemical characterization of KTPO/C composites in a half-cell setup against a potassium metal counter electrode: (a) C-rate
capability test for KTPO/C from C/20 to C/2 (and cycling at constant C/5 after cycle 50; 1C=135mAg™"), (b) self-discharge test of KTPO/C with
discharge to the voltage plateau around 1.07V versus K*/K and subsequent measurement of the OCV, (c) three-electrode measurement with a
KTP/C-700 RE, a KTPO/C WE and a potassium metal CE. Cycling was performed at C/20 in a voltage window of 0.1-2.5V (WE vs. CE).

To further study the electrochemical properties of KTPO/C,
three-electrode-experiments with a KTPO/C WE, K-CE, and
KTP-RE were carried out (Figure 5c). In a direct comparison,
both voltage profiles and capacities of the KTPO/C composite
electrodes coincide in shape and length (Figure S7), and the volt-
age hysteresis in the three-electrode cell was about 100 mV
smaller than in the two-electrode cell. The voltage transient of
K-CE (vs. KTP/C RE) shows that during reduction (plating on
K-metal), a significant overpotential of more than 100 mV is
built-up (dendrite nucleation and growth), even at C/20. The
experiment aims to demonstrate that the voltage hysteresis of
KTPO/C accounts for less than 70 mV at C/20 when measured
against KTP-RE, whereas in a two-electrode half cells (against
K-CE), the hysteresis amounts to a total of up to 200 mV. This
underlines the issue of using potassium metal in even basic elec-
trochemical testing routines, as a limiting factor for cycle life, cell
resistance, and rate limitation.

2.2.3 | Assessment of KVP/C With KTPO/C as
Diagnostic Anode

The voltage profile of KTPO/C shows a flat redox plateau at
around 1.15V for ca. 50mAhg™", as seen in Figure 5a. When
the electrode only operates within the capacity interval of this
1.15V plateau, it can serve both as a CE and (internal)

pseudo-RE. In addition, the redox potential is within the electro-
chemical stability window of most common liquid electrolyte
components, except for additives such as FEC [49]. In a full-cell
configuration against a cathode material, the length of the pla-
teau is then only limited by the areal capacity of the KTPO/C
electrode. In other words, for high N/P ratios, the KTPO elec-
trode potential can be maintained at the 1.15V over the entire
cycling sequence. This approach is similar to earlier works by
Dose et al. [23, 24] on the changes in lithium inventory in
LiFePO,/Si cells. The authors referred to the oversized
LiFePO, electrode as a diagnostic cathode.

Herein, we expand this approach for the first time to a PIB sys-
tem, using KTPO/C as a diagnostic anode and a carbon-coated
microstructured K;V,(PO4); (KVP/C) positive electrode. The
KVP/C cathode was prepared by a similar synthetic approach,
as reported previously by our group [30]. The practical capacity
of KVP/C matches well with the length of the redox plateau of
KTPO/C (around 55 mAh g™" in three-electrode half-cell against
KTP-RE, Figure S7). For three-electrode measurements, the
KTP/C RE was used.

The data in Figure 6a highlight that the KTPO/C potential
remains constant over the entire cycling range when the acces-
sible voltage and capacity range are limited to the first voltage
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(a) Comparison between potential profiles
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FIGURE 6 | Three-electrode-cell measurement with KVP/C as WE,
an KTPO/C CE (unconditioned) and the KTP-RE with (a) the cell’s poten-
tial profiles against specific charge for the cell voltage (E..y;), the working
electrode potential Ewg(KVP/C) and counter electrode potential
Ec(KTPO/C) (vs. KTP-RE) on cycle #2 and (b) the same potential pro-
files against time over the first three cycles. Galvanostatic cycling was
performed at C/20 (1C =106 mA g™ "), in a 0.5 M KPFg EC:PC (1:1) elec-
trolyte formulation.

plateau, except for 5mAh g’ at the start (charge) and end (dis-
charge), respectively. This could be further tuned by changing
the N/P ratio. Accordingly, the voltage profile of the cell voltage,
E.en, and the KVP/C potential are identical, but shifted by the
KTPO/C potential. This indicates already the good suitability

of the KTPO/C composites as a diagnostic anode for evaluation
of cathodic materials.

For the demonstration of the last experiment, the use of KTPO as
DE in a two-electrode setup, preconditioning of the KTPO/C CE
was performed prior to the full cell experiments (Figure S9) to
eliminate some of the irreversible first cycle losses and to slow
down the depletion of the potassium inventory.

The KTPO/C//KVP/C full cell in a coin-cell setup was tested over
60 cycles at different current densities in the voltage window of
0.8-3.7 V, as shown in Figure 7a(top). The results were compared
to a corresponding half-cell configuration with K-CE in a coin-
cell-type half-cell in Figure 7b(top). A three-electrode data (KVP
vs. precycled KTPO, with KTP-RE) are provided for comparison
in Figure S11 (using the cell setup shown in Figure S10). The
KVP/C composites display higher specific discharge capacities
than the half-cell, yielding an additional 10-20mAh g™ over
the first 20 cycles at cycling rates of C/20 and C/10. The lower
discharge capacity in the 1* cycle is caused by a step time limit
during cycling; thus, the upper voltage cut-off of the cell was not
reached. The capacity increase is likely due to (1) shifts in the
upper voltage cut-off of KVP/C and (2) considerably reduced
reactivity of the KTPO/C anode compared to negative electrodes
operating at potential close to 0V versus K*/K. Based on the
three-electrode data, an upper cut-off limit of 3.7V versus
KTP-RE corresponds to nearly 4.8V versus K*/K. In contrast,
in our previous work, the upper cut-off limit for KVP/C (vs.
K*/K) was 4.5V. Other studies limited the upper cut-off to
4.6V versus K*/K [51-53]. The respective section of the voltage
profiles increases nearly after the plateau at 3.2 V versus KTP-RE,
adding around 20 mAh g~* (illustrated best for the 5™ cycle). The
same plateau corresponds to a potential of 4.4 V versus K*/K in
the half cell. The last cycling stage between plateau and cut-off
only adds around 10 mAh g™*. Taking into account the potential
shift due to the KTPO/C quasi-reference (about 1.15V at C/20),
then an additional 100 mV in overpotential originates from the
use of a K-CE.

The cycling data of the KTPO/C//KVP/C full cell in Figure 7,
bottom row, suggests a minor capacity fade over the first test
interval at C/20 and C/10, whereas the KVP/C half-cell displays
constant capacities with small capacity steps when the rate
increases from C/20 to C/10 and then to C/5. At C/5, both cells
show similar capacities of 58 mAhg™"' and display a similar
capacity drop when the rate is increased to C/2 and 1C (the
higher upper cut-off might buffer a stronger drop for the full cell).
Interestingly, when the current density is set back to C/5 in the
last cycling interval, the capacity recovers fully in the case of the
KTPO/C//KVP/C full cell, while the half-cell configuration suf-
fered from a small loss in this step.

In summary, we established hierarchically structured titanium-
phosphate-based active materials for their application in
(insertion-type) reference and DEs. Three-electrode cells equipped
with these novel electrodes present a means to bypass polariza-
tion and crosstalk biases that originate from metallic potassium
electrodes during the study of electrode materials in half-cell
configurations [16]. The newly developed full-cell setup with a
precycled KTPO/C as diagnostic anode was presented as a poten-
tial enabler for more accurate and precise electrochemical
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FIGURE 7 | Electrochemical characterization of a full-cell setup with a KVP/C WE and a precycled KTPO/C DE (a) compared to the half-cell perfor-
mance of a KVP/C WE against a potassium metal CE (b) at different rates. The voltage profiles are shown in the top row for selected cycles. In the bottom

row shows the specific charge and discharge capacities and corresponding Coulombic efficiencies. C-rates were always calculated based on the theoretical
capacity of KVP/C (1C =106 mAh g"). Determined capacities are always related to the composite active material masses of the KVP/C WE.

characterization of active materials for PIBs. For easier integra-
tion of the DE (e.g., to remove the conditioning step), further
investigations are needed to assess the structure-property rela-
tionships between particle microstructure and morphology and
electrochemical characteristics. This approach may extend to
alternative Ti-based phosphates as well as electrode coating prop-
erties (including densification). Overall, the DE approach will be
of interest where isolated electrode-electrolyte interactions ought
to be investigated and interferences from CEs ought to be
avoided. Therefore, we see a particular potential in the area of
advanced electrolyte development to reduce crosstalk and self-
discharge processes.

3 | Conclusion

In this work, two Ti-based polyanionic materials, KTP/C and
KTPO/C, were successfully implemented as an RE or DE for
an improved electrochemical characterization of active materi-
als for PIBs. The synthesis of hierarchically structured KTP/C
and KTPO/C composites allowed their application as an RE
or DE for PIBs. The potential of the KTP/C composites stabilizes
after 48 h and is stable on a long-term scale (>250 h), enabling
its implementation as an insertion-type RE for the first time for
PIBs. Instead, the potential of the KTPO/C composite stabilizes
quickly, but drifts strongly after 48 h, which make this material
unsuitable as a RE for PIBs. Nevertheless, the kinetic limitation
of potassiation/depotassiation is low for the KTPO/C compo-
sites, which allows it used a stable DE in a full-cell

configuration. A comparison of the electrochemical perfor-
mance of KVP/C in a full-cell and half-cell configuration,
showed a significantly underestimated performance of the
KVP/C in a half-cell setup. With the developed KTPO/C as a
DE and KTP/C as a RE for PIBs, this study paves the way to
bypass the dramatic negative impact of metallic potassium
on and allow a more precise and reliable electrochemical char-
acterization of active materials for PIBs.

4 | Materials and Methods

4.1 | Synthesis of Hierarchically Structured
Titanium Phosphates

4.1.1 | Potassium Titanium Phosphate (KTi,(PO,)s; KTP)

For the synthesis of KTP/C, as reactants K,CO; (VWR,
Germany), TiO, (DEGUSSA/Evonik, Germany), and
NH,H,PO, (VWR, Germany), as well as p-lactose (Sigma-
Aldrich, USA) as carbon source, were used. The reactants
K,CO3, TiO,, and NH4H,PO, were thoroughly mixed in the sto-
chiometric ratios of 1:4:6, while 10 wt% excess of K,CO; was
used. Mixing was achieved by planetary ball-milling in
2-propanol for 8h (1h milling and 1h break alternating) at
250 rpm. Ratio of reactants:milling balls:2-propanol was set to
about 1:4:3.5, while 3002 g of ZrO, ball with a diameter of 3 mm
were used for milling. After ball-milling, 2-propanol was evapo-
rated and the mixture of reactants was dried overnight at 80 °C.
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The calcination of the pure KTP was performed under synthetic
air (80% 0,/20% N,) in a retort oven. The heating rate was set to
1 K/min until 400 °C, where the temperature was held for 2 h.
Afterward, the heating rate was increased to 3 K/min until
850 °C for the calcination of 5 h at this temperature. The samples
were naturally cooled down to room temperature afterward.
Subsequently, the phase pure KTP samples were prepared for
the spray-drying process to create hierarchical microstructures.
Therefore, 12.5wt% of p-lactose was added to the pure KTP,
and the samples were ball-milled in a planetary ball-mill with
deionized water as dispersion media. Milling time was 12h in
total (2 x 6 h milling and 3 h break in between) at 250 rpm, while
300 g of deionized water and 300 g of ZrO,-balls with a diameter
of 3mm were used for 50 g of the powder mixture. For the fol-
lowing spray-drying process, the solid content was adjusted to 8-
10wt% and 1wt% of poly(ethylene glycol) (PEG) and PAA, as
dispersing agent and binder additive, were added. The inlet tem-
perature was 210 °C, the outlet temperature 112 °C, as a process
gas, nitrogen was used. The samples were spray-dried at 30.000-
35.000 rpm of the atomizer wheel. The tower and cyclone fraction
were combined and then subjected to a further heat treatment in
aretort oven under inert Ar atmosphere. The heating rate was set
to 5 K/min, while the end temperature was varied between 650
and 850 °C in steps of 50 °C. Holding time at the end temperature
was 5h. Afterward, the samples were cooled down naturally to
room temperature, sieved, and stored under ambient conditions.

4.1.2 | Potassium Titanyl Phosphate (KTiOPO, KTPO)

For the synthesis of KTPO/C, as reactants K,CO; (VWR,
Germany), TiO, (DEGUSSA/Evonik, Germany), and NH,H,PO,
(VWR, Germany), as well as sucrose (Sigma-Aldrich, USA) and
B-lactose (Sigma-Aldrich, USA) as carbon sources, were used.
The reactants K,COs, TiO,, and NH,H,PO, together with 7.5 wt%
sucrose were thoroughly mixed in the stochiometric ratios of
1:2:2. Mixing was achieved by planetary ball-milling in 2-propanol
for 8 h (1 h milling and 1 h break alternating) at 250 rpm. Ratio of
reactants:milling balls:2-propanol was set to about 1:3:2.5, while
300 g of ZrO,-balls with a diameter of 3 mm were used for milling.
Afterward, 2-propanol was evaporated and the mixture of reac-
tants was dried overnight at 80 °C.

The calcination of the KTPO/C composite was performed under
an inert Ar atmosphere in a retort oven. The heating rate was set
to 1 K/min until 450 °C, where the temperature was held for 2 h.
Afterward, the heating rate was increased to 3 K/min until 850 °C
for the calcination of 12 h at this temperature. The samples were
naturally cooled down to room temperature afterward, and the
KTPO/C composite material was obtained as a fine black powder.
Subsequently, the KTPO/C composite was prepared for the
spray-drying process to create hierarchical microstructures.
Therefore, 15 wt% of p-lactose was added to the KTPO/C compos-
ite and the samples were ball-milled in a planetary ball-mill with
deionized water as dispersion media. Milling time was 12h in
total (2 x 6 h milling and 3 h break in between) at 250 rpm, while
300 g deionized water and 300 g of ZrO, balls with a diameter of
3 mm were used for 50 g of the powder mixture. For the following
spray-drying process, the solid content was adjusted to 8-10 and
0.5 wt% of PEG and PAA, as dispersing agent and binder additive,
were added. The inlet temperature was 210 °C, the outlet temper-
ature 112 °C, as a process gas, nitrogen was used. The KTPO/C

composite was spray-dried at 30.000-35.000 rpm of the atomizer
wheel. The tower and cyclone fraction were combined and then
subjected to a further heat treatment in a retort oven under an
inert Ar atmosphere. The heating rate was 5 K/min until 850 °C,
where the temperature was held for 5h. Afterward, the samples
were cooled down naturally to room temperature, sieved, and
stored under ambient conditions.

4.1.3 | Potassium Vanadium Phosphate (K3V,(PO,4)s/C,
KVP/C)

The synthesis of hierarchically microstructured KVP/C compo-
sites as cathode-active material was previously reported in refer-
ence [30].

4.2 | Material Characterization
4.2.1 | Thermal Analysis TG/DSC-IR

Thermal analysis was performed with a TGA STA449 (Netzsch,
Germany) directly coupled with a FT-IR Vertex 70 (Bruker,
Germany) to analyze gaseous reaction products. The heating rate
was 5 K/min up to 1000 °C under Ar (KTPO/C) or synthetic air
(KTP/C)-atmosphere, respectively. The transfer line and FT-IR
gas measurement cell were heated to 200 °C in advance. IR traces
of the gaseous byproducts were calculated by subtracting a base-
line in the respective IR-spectra to further eliminate measuring
artifacts from the FT-IR gas measurement cell.

42.2 | XRD

Powder XRD measurements were recorded at a D2 diffractome-
ter (Bruker, Germany) using Cu-Ko-rays between 10°-60°.
Rietveld refinements were performed using the software
TOPAS (Bruker, Germany). Crystallite size was estimated by a
double-Voigt approach as implemented in the TOPAS software.

423 | SEM

Electron micrographs were recorded using a field-emission scan-
ning electron microscope (Supra55, Carl Zeiss GmbH,
Oberkochen, Germany) at different acceleration voltages and
magnifications. Cross-sections of the electrodes were obtained
via jon-beam milling using an EM TIC3X system (Leica
Microsystems GmbH, Wetzlar, Germany), employing argon ions
at an accelerating voltage of 6 kV and a gun current of 2.2 mA.

4.2.4 | Porosimetry

To evaluate the specific surface of the particles, N,-sorption
measurements at Gemini VII 2390a (Micromeritics, USA) were
performed. Brunauer-Emmett-Teller (BET) evaluation was used
in the linear region of the adsorption isotherm with a positive
C-value. Prior to characterization, all samples were predried
overnight at 120 °C under vacuum.

Mercury porosimetry was used to evaluate the internal porosity
of the particles with a CEI PASCAL 1.05 (Thermo Electron,
USA). The internal porosity P was calculated by use of the inter-
nal specific pore volume Vp below a defined threshold value
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Ve

based on the following formula: P = ;=2 with the density of the
P

I
’
different composites p. The threshold was used to distinguish
between intergranular and intragranular porosity. For KTPO/
C, a density p of 3.03gcm™ (Norberg et al. [34], ICSD-
182657, ICSD release 2025.1) and for KTP/C, a density p of 2.99 g
cm™ (Lunezheva et al. [31], ICSD-67091, ICSD release 2025.1)
was used for the calculation of the internal specific pore volume.

4.2.5 | Particle Size Distribution

Static light scattering was applied to measure the particle size
distributions using a Horiba LA50 (Retsch Technology,
Germany). Internal sonification was used to destroy any possible
agglomerates. Measurements were performed five times per sam-
ple and mean values for the volume-weighted particle size distri-
bution were calculated.

4.2.6 | ICP-OES

Chemical composition was evaluated by use of ICP-OES with
iCAP7600 duo (Thermo Scientific, USA). The composites were
dissolved in nitric acid and/or hydrochloric acid prior to mea-
surement. The elemental composition was measured three times
for each sample and mean values were calculated. The carbon
content was analyzed with a CS analyzer (inductar CS cube,
Elementar Analysensysteme GmbH, Germany).

4.3 | Cell Assembly and Electrochemical
Characterization

4.3.1 | Electrode Preparation

The active material powders were first dried at 120 °C under vac-
uum in a vacuum oven (Buechi, Switzerland) and sieved with a
32 um sieve. Subsequently, the KTP/C or KTPO/C samples were
mixed in a Speedmixer with a premixed slurry containing PVDF
(Solef PVDF 5130/1001, Solvay), C65 (C-Nergy Super C65,
TIMCAL), and NMP in a ratio of KVP/C:C65:PVDF of
80:10:10. The well-mixed and homogeneous slurry was then cast
onto Al foil with a wet-film thickness of 200 pm by a doctor blade.
The electrode sheets were cut into 12 mm (half-cell), 14 mm (ano-
des/DE:s for full cells), and 16 mm disks with a 8 mm hole in the
center (three-electrode setup, WE). The electrodes were then
dried at 120 °C under vacuum in a Biichi oven and transferred
without further exposure to ambient air into an Ar-filled glove-
box. Typical mass loadings for the electrode active material were
between 3.5 and 4.5 mg/cm>,

4.3.2 | Cell Assembly

All cells, either in a coin-cell CR2032 or three-electrode
setup, were assembled in Ar-filled gloveboxes (H,O and O, <
0.1 ppm). The theoretical capacity of KTP/C was defined as
128 mAh/g and that of KTPO/C as 135mAh/g. For KVP/C
(K3V,(POy,)3) positive electrodes in full-cell experiments, the
theoretical capacity of KVP/C was defined as 106 mAh/g (the
practical capacity was around 60 mAh/g) [30].

4.3.3 | Half-Cell Tests (Coin Cells)

For coin-cell type half cells as WE, the different KTP/C or KTPO/
C samples were used as 12 mm disk electrodes, while potassium
metal (chunks in mineral oil, 98%, Thermo Scientific Chemicals)
was used as anode. The potassium metal was cut into small
pieces, washed thoroughly and stored over n-hexane inside
the glovebox. For preparation of potassium metal anodes, the
potassium metal was rolled and squeezed into thin sheets inside
a nitrile glove. After that, 14 mm disk electrodes were punched
out of the thin potassium metal sheets to use them as the anode.

As an electrolyte, a solution of 0.5M KPFg in EC:PC (1:1 by vol-
ume) was used, while the volume was set to 150 pL. As a separa-
tor, Whatman GF/C-separators with a diameter of 16 mm were
used for the coin-cell format half cells. Galvanostatic charging
(CCCV) with a CV step was performed at a Biologic BCS
(Biologic, France) in a voltage range from 1.0 to 4.0V (KTP/
C) and 0.1-2.5V (KTPO/C in a half-cell configuration. GCPL
measurements were performed at the following C-rates: C/20,
C/10, C/5, C/2, and 1C. For KTP/C and KTPO/C, in all half-cell
configuration, cycling always starts with discharge, as they are
evaluated as anodic materials.

4.3.4 | Self-Discharge Tests

The potential drift under OCV was measured in half-cell config-
urations using either KTP/C or KTPO/C WEs versus potassium
metal. The composites were discharged (at C/20) to the voltage
plateau around 1.6-1.7 V for KTP/C and around 1.0 V for KTPO/
C and kept under open-circuit conditions without any applied
current after the plateau was reached for several days.

4.3.5 | KVP//KTPO Two-Electrode Full Cell Tests

For all full cell setups in a CR2032-type coin-cell, 14 mm disk
electrodes of KTPO/C as DEs were preconditioned in a half-cell
setup against potassium metal. For preconditioning, the KTPO/C
DE were cycled at C/30 in a voltage range of 0.9-1.5V versus
potassium metal for two cycles to reduce irreversible losses in
the subsequent full cell setup and stopped at the voltage plateau
of KTPO/C.

For CR2032-type full cells, the preconditioned KTPO/C electro-
des were used as a DE against a 12 mm KVP/C electrode. The wet
film thickness of the KVP/C WE for the full cell setups was
reduced to 100 pm to bypass a possible capacity limitation of
the full cell caused by the KTPO/C DE (the N/P ratio was around
1:1, assuming practical capacities of 60 mAh g™ for KVP/C and
50 mAh g~* for KTPO/C). As an electrolyte, a solution of 0.5 M
KPFg in EC:PC (1:1 by volume) was used, while the volume was
set to 150 pL. As a separator, Whatman GF/C-separators with a
diameter of 16 mm were used for the coin-cell format half cells.
Galvanostatic charging (CCCV) with a CV step was performed at
a Biologic BCS (Biologic, France) in a voltage range from 0.8 to
3.7V. GCPL measurements were performed at the following
C-rates: C/20, C/10, C/5, C/2, and 1C. All stated capacities refer
to the composite mass of the KVP/C WEs and not the active
material content.
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4.3.6 | Experiments in Three-Electrode Cells

Cell setups and RE conditioning and cycling protocols in a coin-
cell-type cell setup were established in our previous work by
Panasenko et al. [9]. The experimental setup is schematically
shown in Figure S10.

4.3.7 | RE (KTP-RE) Preparation

To utilize KTP/C as a RE, a conductive metal pin was coated
with an electrode slurry with KTP/C as active material, mixed
as described above. This pin was preconditioned in a classical
half-cell configuration against a 14 mm potassium metal disk
electrode. Cycling was performed with a current of 1 pA until
the voltage plateau of KTP/C around 1.6-1.7V was reached.
Subsequently, the current was stopped at the voltage plateau
around 1.6-1.7 V, and the pin was kept at open-circuit condition
for at least several days for relaxation of the KTP/C into equi-
librium state. Afterward, the KTP/C-coated pin could be
utilized as RE in potassium-ion-battery half- and full-cell
configuration.

4.3.8 | Three-Electrode Half-Cell Configurations

The cell setup comprised a KTP/C or KTPO/C ring electrode
(16 mm in diameter with 8 mm hole in its center) as WE, a
14 mm potassium metal disk as CE, and a KTP-RE pin
(Figure S10). As a separator, an 18 mm Whatman GF/C was
used, while the electrolyte volume of 0.5M KPFy in EC:PC
(1:1 by volume) was increased to 300 pL. Galvanostatic charg-
ing (CCCV) with a CV step was performed at a Biologic SP-200
(Biologic, France) in a voltage range from 1.0 to 4.0 V KTP/C or
0.1-2.5V (KTPO/C) at C/20. The cell voltage (WE vs. CE), WE
potential (WE vs. RE), and CE potential (CE vs. RE) were
recorded simultaneously over time. Additionally, for KTP/C
as WE, the OCV was recorded for several days after cycling
at C/20.

4.3.9 | Three-Electrode Full-Cell Configurations

Full cell configurations contained a KVP/C ring electrode as WE
(outer diameter: 16 mm, inner diameter: 8 mm), a 14 mm KTPO/
C disk electrode as DE, and a KTP/C reference pin. Experiments
included tests with pristine and preconditioned KTPO/C DE
(preconditioning: see above). The wet film thickness of the
KVP/C WE for the full cell setups was reduced to 100 pm to
bypass a possible capacity limitation of the full cell caused by
the limited areal capacity of the KTPO/C electrode. As electro-
lyte, 300 pL 0.5M KPFg in EC:PC (1:1 by volume) was used,
soaked in a Whatman GF/C separator with a diameter of
18 mm. The voltage window was set to 0.8-3.7 V in the full-cell
setup with a preconditioned KTPO/C DE, while it was 0.6-3.8 V
with an unconditioned KTPO/C DE. Galvanostatic charging
(CCCV) with a CV step was performed at a Biologic SP-200
(Biologic, France). The C-rate test was performed at the following
C-rates: C/20, C/10, C/5, C/2,and 1C (1C = 106 mA/g). All stated
capacities refer to the composite mass of the KVP/C WE and not
the active material content.
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