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Carbons are considered as anode active materials in potassium-
ion batteries (PIBs). Here, the correlation between material
properties of disordered (non-graphitic) and ordered graphitic
carbons and their electrochemical performance in carbon j jK
metal cells is evaluated. First, carbons obtained from heat
treatment of petroleum coke at temperatures from 800 to
2800 °C are analyzed regarding their microstructure and surface
properties. Electrochemical performance metrics for K+ ion
storage like specific capacity and Coulombic efficiency (CEff) are
correlated with surface area, non-basal planes and micro-
structure properties, and compared to Li+ ion storage. For
disordered carbons, the specific capacity can be clearly
correlated with the defect surface area. For highly ordered

graphitic carbons, the degree of graphitization strongly deter-
mines the specific capacity. The initial CEff of graphitic carbons
shows a strong correlation with basal and non-basal planes.
Second, kinetic limitations of ordered graphitic carbons are re-
evaluated by analyzing commercial graphites regarding particle
size and surface properties. A clear correlation between particle
size, surface area and well-known challenges of graphitic
carbons in terms of low-rate capability and voltage hysteresis is
observed. This work emphasizes the importance of bulk and
surface material properties for K+ ion storage and gives
important insights for future particle design of promising
carbon anodes for PIB cells.

Introduction

In the past decades, the demand on electrochemical energy
storage (EES) technologies for portable electronics, electric
vehicles (EVs) as well as for stationary grid storage has grown
rapidly. Especially for portable devices and EVs, lithium ion
batteries (LIBs) are considered as state-of-the-art battery
technology due to a high volumetric and gravimetric energy
densities, high power density and energy efficiency as well as
long cycle life.[1] However, for stationary grid storage and larger
applications, low acquisition and operating costs are a domi-
nating factor and are required to compete with other EES

technologies.[2] In terms of LIBs, lithium has been classified as
critical raw material within the European Union due to the
limited abundance of lithium resources and locally restricted
occurrences since 2017,[3] which among others are and will be
the main factors for increased costs today and in the future.[4]

Therefore, various ”post lithium (ion) batteries” like sodium-ion
or potassium-ion batteries (SIBs/PIBs)[5] and multivalent-ion
technologies (Mg,[6] Ca[7]) attract an increased attention over
the last years. Due to the high abundance and expected lower
raw material costs especially the familiar SIBs and PIBs were
discussed as promising alternatives.[5a,8] However, to compete
with LIBs in terms of costs, an increase in energy density based
on optimization of active materials for both technologies is still
required.

SIBs and PIBs are based on the same ion-transfer (rocking-
chair) principle like LIBs, but there are notable differences
strongly influenced by the (electro)chemical properties of the
respective alkali ion. This is mainly caused by differing ionic
radii (K+ : 1.38 Å; Na+ : 1.02 Å; Li+ : 0.76 Å) and atomic masses
(K+ : 39.10; Na+ : 22.9; Li+ : 6.94) for the same charge.[9] As a
result, K+ ions show a weaker Lewis acidity than Li+ and Na+

ions, leading to a higher electrolyte conductivity of solvated K+

ions due to a smaller solvation shell.[10] In common organic
carbonate solvent electrolytes, like propylene carbonate or a
mixture of ethylene carbonate and diethyl carbonate, the redox
couple K jK+ shows also even lower operating potentials than
Li jLi+ and Na jNa+.[11] In addition, binary graphite intercalation
compounds (GICs) can be formed electrochemically up to
maximum stoichiometries of LiC6

[12] and KC8,
[13] whereas Na+

intercalation is limited to NaC64
[14] or forms co-intercalated
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ternary species based on ether-based solvents showing
increased capacity.[15] Overall, PIBs could exhibit some promis-
ing benefits over SIBs for stationary EES applications in future,
even though a strong optimization of active materials or even
new materials are still required to really take advantage of
potential benefits and to overcome assumed stronger volume
expansion.[8a,16]

With regard to negative electrodes (anodes), various
materials like insertion-/intercalation-type carbon materials
(e.g., soft carbon,[17] hard carbon,[18] graphite,[19] carbon
nanostructures,[20] doped carbon structures[21]), alloying-type
materials (e.g., P,[22] Sb,[23]), and conversion-type materials (e.g.,
metal sulfides,[24] metal oxides[25]) have been studied intensively
for reversible K+ ion storage.[8a] However, due to their decent
capacity, high abundance, high electronic conductivity, low
cost and well-known processability, non-graphitic carbona-
ceous materials like hard (non-graphitizable) carbons, soft
(graphitizable) carbons and especially graphite are considered
as most suitable anode materials for a possible future industrial
application. All three types of carbon anodes were already
investigated for K+ ion storage and show similar specific
capacities between �200–270 mAhg� 1.[17b,19b,26] Among them,
hard and soft carbons show a benefit in terms of improved rate
capability due to the fast storage mechanism of K+ ions, called
adsorption, which is similar to Li+ ion storage.[17b,26] Hard
carbons are dominated by highly disordered stacked carbon
units showing a high micro porosity. Based on the adsorption
storage mechanism, especially hard carbons are assumed to
show a reduced volume expansion caused by their porous
structure and K+ ion adsorption in nano-pores.[26a,27] However,
due to the porous structure they also suffer from a low initial
Coulombic efficiency (CEff), lower tap density and from a
reduced volumetric electrode capacity.[26a] With regard to
processability and costs, most of the hard carbon precursors
show a lower carbon yield during synthesis compared to those
of soft carbons.[28] Soft carbons are graphitizable disordered
carbons consisting of small graphitic domains, which are
weakly cross-linked. By thermal heat treatment the ordering of
these domains is increased and more or less well-defined
graphitic structures are formed.[28,29] Graphite itself also shows
promising characteristics as anode material for K+ ion storage
due to the low operating potential and a moderate theoretical
capacity of 279 mAhg� 1.[19b] However, graphite suffers from
larger volume expansion and lower kinetics than soft carbon.[30]

Soft carbons represent an interesting material class for K+ ion
storage due to their possibility to balance the advantages and
disadvantages of adsorption and intercalation mechanisms. The
stepwise heat treatment of soft carbon precursors allows to
investigate the impact of different parameters on the electro-
chemical properties from highly disordered soft carbon to well-
ordered graphite. The number of systematic studies about the
correlation of the heat treatment temperature (HTT) of soft
carbons and their electrochemical properties for K+ ion storage
is rare. Lin et al. used polyacrylonitrile-derived carbon nanofiber
films as model material to investigate K+ ion storage at three
different carbonizing temperatures (650 °C, 1250 °C, 2800 °C)
with regard to their different carbon microstructure.[31] Utilizing

mesophase pitch carbon as commercial precursor, Tan et al.
studied stepwise synthesized soft carbons (800–2800 °C) and
characterized the storage mechanism systematically via in-situ
Raman spectroscopy, recently.[30a] Both studies showed that a
disordered microstructure is present at lower HTT, which leads
to a fast K+ adsorption mechanism, whereas a well-ordered
structure at higher HTT is dominated by an intercalation-type
K+ ion storage suffering from low kinetics. However, it is well-
known from LIBs, that not only the carbon microstructure
influences the electrochemical properties of carbon anodes.[32]

Also surface properties, like defect surface area and non-basal
planes determine key performance indicators (KPIs) like specific
capacity and CEff for reversible cation storage.[28,32a,b] Further-
more, the particle size, especially of graphite anodes, can also
have a huge impact on the rate capability.[33] To the best of our
knowledge, these important characteristics of carbonaceous
anodes have not been systematically addressed for K+ ion
storage so far.

In this study, petroleum coke, an industrially used precursor
for soft carbon and artificial/synthetic graphite, is stepwise
heat-treated from 800–2800 °C and characterized as electrode
material for K+ ion storage. Surface properties and the degree
of graphitization are correlated to different electrochemical
performance indicators and the results are compared to data of
Li+ ion storage.[28] In a second part, commercial graphites with
different particle sizes are characterized electrochemically,
demonstrating a strong correlation of particle size, voltage
hysteresis and rate capability for K+ ion storage.

Experimental Section

Material synthesis

For the preparation of various carbonaceous anode active materi-
als, petroleum coke (PET Coke 200, 200 mesh; CGC Klein Carbon
Graphite Consulting) was used and prepared according to the
previous publication.[28] In short, the precursor was first carbonized
in a temperature range between 800 °C and 1000 °C under argon
(Ar) atmosphere in a Nabertherm oven RS 80/75013 (Nabertherm
GmbH). After grinding and sieving to a grain size of<75 μm the
achieved materials were either used for electrode preparation or
further heat treatment procedures (>1000 °C). Heat treatment in
the temperature range between 1100 °C and 2100 °C was
performed under Ar atmosphere to carbonize and/or graphitize the
carbonized precursors by using a high temperature chamber
furnace HTK 25 (Carbolite Gero GmbH & Co.KG), whereas for
preparation at temperatures >2100 °C a LHTG 200–300/30-2G-
oven (Carbolite Gero GmbH & Co. KG) was utilized. The target
temperatures were achieved within 10 h and were held for
additional 10 h.[28] Commercial synthetic graphite materials, named
KS4, KS10, KS15, KS25, KS44 and SFG 44 (Imerys Graphite & Carbon),
were used in the second part of the study to investigate the impact
of particle size distribution on K+ ion storage.

Physical characterization of carbonaceous materials

A Carl Zeiss AURIGA scanning electron microscope (Carl Zeiss
Microscopy GmbH) was used at a nominal acceleration voltage of
3 keV to observe the morphology of the precursor as well as of the
prepared and investigated materials.
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For insights into the development of the graphitic structure by
calculating the ID/IG ratio with increasing HTT, the petroleum coke-
derived materials were characterized by Raman spectroscopy.
Therefore, a Raman dispersive microscope (Bruker SENTERRA,
Bruker Optics Inc.) was used operating with a green semiconductor
as laser source at a wavelength of 532 nm and 10 mW working
power. The samples were focused by a 20× objective. Using an
integration time of 60 s, 10 integrations were carried out and
conducted. The shown data for the heat-treated samples were
taken from our previous publication.[28]

Powder X-ray diffraction measurements (XRD) were performed to
investigate the structural changes of the graphitized carbon
samples during the heat treatment by calculating the average
interlayer spacing (d002), the mean crystallite size along the c axis
(Lc) and the degree of structural order. The measurements were
carried out at a Bruker D8 Advance X-ray powder diffractometer
(Bruker AXS GmbH) equipped with nickel filtered Cu Kα radiation
(λ=0.154 nm) in the range of 20° and 35° (2θ) three times per
sample. 10 wt% of sieved pure Si powder (Wacker Chemie; grain
size: 40–75 μm) was added to the carbon sample for each measure-
ment to avoid possible inaccuracies. Avoiding any influence of
absorption only a few mg of material was placed on an oriented Si-
wafer sample holder. As described in the work of Iwashita K et al.
the d002-values were calculated after Lorenz polarization (LP)-
correction and peak fitting using Voigt functions.[34] Shown data for
graphitized soft carbon was taken from our previous publication.[28]

The carbonized materials were also characterized by nitrogen
adsorption measurements using an ASAP 2020 (Accelerated Sur-
face Area and Porosimetry Analyzer, Micromeritics GmbH) at 77.3 K
(liquid nitrogen temperature). For calculation of the Brunauer-
Emmet-Teller (BET) and density functional theory (DFT) surface
areas, the standard instrument software and the DFT plus software
were used. Data were adopted from our previous studies.[28,32a]

Electrode and cell preparation, and electrochemical
characterization

The data of Li+ ion storage of carbonaceous anodes was taken
from our previous study.[28] For electrochemical characterization of
K+ ion storage constant current cycling (CCC) and current rate (C-
rate) charge/discharge cycling measurements were performed in
lab-scale Swagelok type T-cells (three-electrode configuration)
using a multichannel Maccor 4300 battery test system at room
temperature. As reference and counter electrodes (RE, CE) metallic
potassium (99.95% purity, Sigma-Aldrich) was used. The working
electrode (WE) was prepared as described previously, consisting of
90 wt.% of the carbon active material, 5 wt.% of sodium-
carboxymethylcellulose as binder (Na-CMC, Walocel CRT 2000 PPA
12, Dow Wolff Cellulosics) and 5 wt.% of the conductive agent Super
C65 (Imerys Graphite & Carbon).[28] Aluminum foil (Evonik Industries,
15 μm thickness) was utilized as current collector for negative
electrodes. Active mass loadings were between 2.5 and 3.0 mg
cm� 2.

1 M potassium bis(fluorosulfonylimide) (KFSI, Solvionic; purity:
99.9%) in ethyl methyl carbonate (EMC; BASF SE; purity: battery
grade) was utilized as electrolyte. A Whatman glass microfiber
separator (grade GF/D; Ø=13 mm between WE and CE; Ø=8 mm
for the RE) was wetted with 120 μL and 80 μL of electrolyte,
respectively.

The CCC/C-Rate experiments were performed in the potential
range between 0.01 V and 1.5 V vs. K jK+. The theoretical capacity
of the anode active material was calculated to be equal to the one
of graphite (279 mAhg� 1). In the first part, investigating the heat-

treated soft carbons, the specific current was set to 279 mAg� 1 for
a rate of 1 C. The first five cycles were performed at 0.1 C
(formation cycles) followed by three cycles each at 0.2 C, 0.5 C,
1.0 C and 2.0 C. Afterwards, CCC was continued at 0.5 C to reach
100 cycles in total. These parameters were used to make a fair
comparison between potassium related data and previous pub-
lished lithium related data.[28]

For the investigation of the impact of particle size for commercial
graphitic materials, the specific current was set to 279 mAg� 1 for a
rate of 1 C. The first five cycles were performed at 0.1 C (formation
cycles), followed by five cycles each at 0.5 C, 1.0 C, 2.0 C and 5.0 C.
Afterwards, the cycling was continued at 1.0 C for 500 cycles.

Results and Discussion

Investigation of heat-treated soft carbons

Petroleum coke was heat-treated stepwise at different temper-
atures in a range between 800 °C and 2800 °C to investigate the
impact of the heat treatment temperature (HTT) on the
electrochemical performance in PIB cells. In the first part, the
obtained carbonaceous materials are characterized regarding
the structural characteristics and surface properties. Different
techniques like X-ray diffraction (XRD), Raman spectroscopy,
nitrogen adsorption measurements, CHN-analysis and scanning
electron microscopy were used. In the second part, the
obtained samples are electrochemically characterized, and the
data is correlated to certain material properties. The shown
data of the material characterization has been published
previously, however, for evaluation of the Li+ ion storage
behavior.[28]

Material characterization

After HTT, the obtained samples were first characterized via
Raman spectroscopy and XRD to investigate the microstructure
of the carbonaceous materials. Raman spectroscopy is a useful
tool for carbon-based materials which allows to study the
presence of graphitic and disordered domains.[35] Figure S1
displays the Raman spectra of all heat-treated samples. In the
temperature range of 800 °C to 1600 °C, two broad bands at
�1350 cm� 1 and �1590 cm� 1 are mainly present, which can be
attributed to disordered-induced (D-band, 1350 cm� 1) and ideal
graphitic vibration modes (G-band, 1580 cm� 1),
respectively.[35b,36] With regard to literature, an additional D2-
band (1620 cm� 1, disorder) and a D3-band (1500 cm� 1, disorder)
in soft carbons contribute to the peak observed at �1590 cm� 1

which leads to the broadening of the signal, however, plays a
minor role for the intensity of the peak.[37] With increasing
temperatures (�1800 °C) a strong growth of two narrow bands
at 1580 cm� 1 and 2695 cm� 1, representing the G- and G'-
band,[35b,36] can be observed, whereas the D-band decreases.
This behavior shows the increase of ordered graphitic domains
and a loss of defects and boundaries with increasing temper-
ature. The intensity ratio of D- and G-bands (ID/IG) is often used
as a well-known indicator to quantify the progress of graphiti-
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zation. Figure 1a shows the ID/IG ratio in dependence of the
HTT. In the range from 800 to 1600 °C, the ratio remains nearly
constant at a value of �1.0, representative for a highly
disordered structure. At 1800 °C the ratio decreases to 0.51,
indicating the starting graphitization process, and ends up at a
value of 0.07 after treatment at 2800 °C corresponding to a
highly graphitic structure. The most obvious changes at
temperatures around 1800 °C are consistent with the pre-
graphitization step, described in early studies, where carbon
layers and crystallites are de-wrinkling. With increasing temper-
atures above 2000 °C the crystallite growth continues and
results in formation of graphitic structures.[38] As a result, the
samples from 800 °C to 1800 °C are categorized in the following
as “non-graphitized” (marked in Figure 1a as section “I”) and
above 1800 °C as “graphitized” samples (marked as section “II”).
For a further study of the graphitized samples (II), the obtained
materials were characterized via XRD (Figure S2). The patterns
in Figure S2 show a broad reflection at �26 °C 2θ. With
increasing temperature, the reflection narrows and shifts to
higher 2θ values corresponding to the well-known 00 l
reflection of graphitic carbons at 26.5° 2θ indicating a
homogenous graphitization. Based on the Bragg equation, the
average interlayer distance (d002) was calculated by using the
position of the 00 l reflection and is shown in Figure 1b for
temperatures �1800 °C. The interlayer spacing decreases from

0.3426 nm (1800 °C) to 0.3359 nm (2800 °C) indicating a con-
vergence to a perfectly stacked graphite with an interlayer
spacing of 0.3354 nm. All values are summarized in Tables S1
and S2.

The homogenous graphitization allows to calculate the
degree of graphitization (DoG) with respect to the interlayer
distance (d002) by using Equation (1):

DoG %ð Þ ¼
0:3440 nm � d002

0:3440 nm � 0:3354 nm
� 100 (1)

The value of 0.3440 nm is typical for the interlayer distance
of turbostratic carbon and representative for the DoG border of
non-graphitizable and graphitizable carbon.[39] The calculated
DoGs for the carbon samples are shown in Figure 1b (right
axis). Linked to the decreasing interlayer distance, the DoG
increases strongly from �22% (1800 °C) to �93% (2800 °C).
Compared to commercial graphite particles, like KS44 (DoG:
99.6%, see Table S3), the DoG at 2800 °C is still very low and
disordered domains seem to be still present in the sample. For
a higher DoG, treatments at even higher temperatures (>
2800 °C) or longer holding times (>10 h) would be required
during graphitization process.

In addition to the microstructure, also the surface character-
istics were investigated via nitrogen sorption measurements.

Figure 1. Overview of carbon material characteristics at different HTT: a) ID/IG intensity ratios obtained from Raman spectroscopy (compare Figure S1), b)
average interlayer distance and degree of graphitization of graphitized (1800–2800 °C) samples obtained from XRD (compare Figure S2), c) BET surface areas
and calculated prismatic, defect, basal and non-basal surface areas obtained from nitrogen sorption measurements.
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The results of the surface analysis are shown in Figure 1c. For
all samples, the BET surface area is remarkably low in
comparison to commercial graphites (Table S3), which is,
however, correlated to the relatively large particle size (D90:
72�3 μm). At 800 °C, a surface area of only 5.3 m2 g� 1 was
determined. With increasing temperature, the BET surface area
decreases strongly ending up with a value of 1.8 m2g� 1. Besides
BET surface area, basal-plane and non-basal plane areas of
graphitic carbons are known to play an important role for
electrochemical performance, e.g., in LIBs.[32a] The amount and
ratio of these two different surface types can be calculated via
DFT theory[40] and are displayed in Figure 1c. Similar to the BET
surface area, also the non-basal plane area decreases strongly
with increasing temperature, whereas the absolute basal plane
area increases at lower temperatures (up to 1400 °C) and
remains nearly constant at >1600 °C. The non-basal plane can
be further divided into prismatic and defect surface area.
Figure 1c shows that a defect surface area of 1 m2g� 1 at 800 °C
can be measured, which decreases with increasing temper-
ature, whereas no defect surface area is detectable anymore at
>1800 °C.

Electrochemical characterization

The carbon samples obtained from heat treatment were used
as electrode material and investigated in carbon j j K metal
cells (half-cell setup, three electrode configuration)[41] by
constant current charge/discharge cycling experiments. The
electrolyte plays also a significant role when materials and their
electrochemical performance are analyzed.[42] Therefore, 1 M
KFSI in EMC was used as electrolyte, with regard to the
literature known stabilized performance of KFSI-based electro-
lytes in K metal cells.[11,19b,43] For a comparison to lithium-based
chemistry as state-of-the-art technology, data from our pre-
vious study were used.[28] Figure 2 shows the discharge (=de-
potassiation/de-lithiation) capacity of the fifth cycle at 0.1 C in
dependence of the HTT. In terms of potassium, the obtained
disordered soft carbon treated at 800 °C shows a high capacity
of 243 mAhg� 1. With higher temperatures, the capacity first
drops mostly linear to 106 mAhg� 1 at 1800 °C and increases
again to 153 mAhg� 1 at 2000 °C. In the range from 2000 °C and
2600 °C, the capacity stagnates and even decreases slightly,
whereupon at 2800 °C it increases again to 201 mAhg� 1. In
comparison to Li+ storage, the course of the discharge capacity

Figure 2. Electrochemical performance of heat-treated carbonaceous materials in carbon j j K metal cells (half-cell setup, three-electrode configuration; CE and
RE: K metal, WE: carbons, electrolyte: 1 M KFSI in EMC) compared to performance in carbon j j Li metal cells (half-cell setup, three-electrode configuration;
electrolyte: 1 M LiPF6 in EC:DMC 1 :1 by vol.). a) Discharge [(de-)potassiation; (de-)lithiation] capacity in the 5

th cycle at 0.1 C (1 C=279 mAg� 1 for (de-
)potassiation or 1 C=372 mAg� 1 for (de-)lithiation); b) correlation of discharge capacity and defect surface area. c) Correlation of discharge capacity and
degree of graphitization (including data for KS44 graphite). Potential range: 0.01–1.5 V vs. K jK+. Data for carbon j j Li metal cells were taken from previous
publication.[28]
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in the low temperature range (800–1400 °C) is very similar. It is
worth to mention, that the capacity values for Li+ and K+ ion
storage are nearly the same. However, with higher temper-
atures (�1800 °C) the gap between lithium and potassium
increases, and the capacity for Li+ storage grows strongly
without any stagnation to >300 mAhg� 1.

As described in the previous chapter, the samples can be
divided in two sections based on material properties: disor-
dered (I) and ordered carbons (II). This subdivision is also
roughly visible in the course of the discharge capacities. In
section (I) the capacity decreases with higher temperature,
whereas in section (II) the capacity increases with increasing
temperature, except for the described stagnation for K+ ion
storage.

To find explanations for this behavior, the development of
capacities is considered from different perspectives. Previous
studies showed that for disordered soft carbons a surface-
driven adsorption mechanism is mainly dominant, whereas for
ordered graphitic carbons an intercalation mechanism can be
observed, which was proven by in situ Raman and XRD
studies[30a] as well as cyclic voltammetry experiments.[31] How-
ever, to the best of our knowledge, no systematic analysis of
special surface properties obtained via gas adsorption measure-
ment has been performed yet combined with correlated
electrochemical performance of soft carbons. For further and
deeper understanding of the stated surface-driven mechanism,
the obtained discharge capacities for the samples in section (I)
were analyzed with respect to measured surface properties.
Figure S3 displays the correlation of specific discharge capacity
and BET surface area for K+ and Li+ storage. For both
chemistries, a rough trend can be observed. With decreasing
BET surface area, the discharge capacity decreases. However, in
the range of 4.0–3.0 m2g� 1 the correlation is not very clear. A
further important property for the ion adsorption storage
mechanism is the number of defects.[44] Figure 2b shows the
discharge capacity of the 5th cycle in dependence of the defect
surface area for samples treated at temperatures between
800 °C and 1800 °C. It is clearly visible that the discharge
capacity decreases also with a lower defect surface area, but
the correlation seems not to be linear. For K+ storage (squares),
the discharge capacity decreases only slowly between
1.1 m2g� 1 and 0.5 m2g� 1 (243 mAhg� 1 to 224 mAhg� 1), where-
as below 0.5 m2g� 1, the capacity drops strongly with decreas-
ing defect surface area to 106 mAhg� 1 at 0.1 m2g� 1. It is
noticeable that the samples treated at 1000 °C and 1400 °C
achieve similar capacities and possess the same defect surface
area, which could explain the outlier for 1400 °C observed in
Figure 2a, and strengthen the correlation of defect surface area
and capacity for disordered carbons.

Moreover, this observed trend is similar for Li+ ion storage,
although the capacity drops not as strongly as for K+ ion
storage where the defect surface area falls below 0.5 m2g� 1.
Besides defects, also the prismatic surface area, which is plotted
in Figure S3, is well-known to play a role for adsorption
mechanism confirming the described trends.[32a] The strong
correlation of BET, prismatic and especially defect surface areas
with the discharge capacity for disordered soft carbons

supports the hypothesis of a surface-driven adsorption mecha-
nism. Therefore, the defect surface area might be considered as
an indicator for the disordered bulk structure of the carbon
material, which enables the adsorption storage mechanism.
These results give further insights into the storage mechanism
and show the importance of surface-controlled and -optimized
soft carbons. For further validation of the intercalation/insertion
vs. adsorption processes, it might be helpful to analyze core-
shell type carbon materials, i. e., graphite core/amorphous shell
materials vs. amorphous core/graphite shell materials.

In section (II) of the chosen HTT window, the obtained
carbonaceous materials start to develop an ordered graphitic
structure. By correlating the achieved discharge capacities of
section (II) with surface properties (see Figure S4), no clear
trends can be observed. In contrary, the discharge capacity
even increases with lower BET surface area. This observation
supports the hypothesis, that surface-driven adsorption K
storage mechanism can be neglected at temperatures
>1800 °C and is replaced by an intercalation K storage
mechanism. To investigate the dependence of the capacity
from graphitization progress, the discharge capacity for Li+ and
K+ ion storage is plotted against the calculated DoG in
Figure 2c. In addition to the highest temperature, the capacity
of commercial graphite KS44 was added in Figure 2c to
compare with a graphitic carbon with similar particle morphol-
ogy (see Figure S5) but higher DoG, since the DoG of the
sample obtained at 2800 °C is only limited to 93%. The course
of capacity in dependence of DoG looks similar to Figure 2a for
both, Li+ and K+ storage, which is caused by the nearly linear
increase of the DoG with higher temperatures (see Figure 1b).
The theoretical capacities of a Li- and K-based GICs
(372 mAhg� 1 for LiC6 and 279 mAhg� 1 for KC8) are multiplied
with the degree of graphitization and are displayed as dotted
lines to estimate the contribution of the intercalation mecha-
nism for ordered carbons (Figure 2c). These lines allow to
estimate the contribution of the developed graphitic domains
to the overall capacity. At lower DoG and with that, at lower
HTT, the achieved capacity exceeds the theoretical achievable
values by formation of a GIC for both chemistries. This means
that not only intercalation, but also surface-driven adsorption
mechanisms seem to still contribute to the capacity. At a DoG
of >50% the theoretical capacity of the GIC exceeds the
achieved capacity for both chemistries. However, for K+ storage
the capacity stagnates with increasing DoG until a value of
90% is reached. At this point, the capacity increases steeply
again and reaches nearly the theoretical possible capacity by
forming KC8. Based on these results, it can be assumed that for
K+ storage a high DoG is even more mandatory than for Li+

storage to achieve high capacities close to the theoretical
value. This observation is in line with previous studies about
the influence of crystallinity for synthetic graphite. Igarashi
et al. showed that the crystallinity of graphite is a predominant
factor for K+ intercalation and application as negative electrode
material.[45]

A further important performance indicator for the practical
application of electrode active materials is the Coulombic
efficiency (CEff). For Li

+ ion storage the impact of surface area as
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well as of non-basal planes including defect and prismatic
surface areas were shown in early studies.[32a] It is well-known,
that a high surface area as well as a high amount of non-basal
planes lead to lower initial CEff.

[32b] To confirm such a behavior
for K+ ion storage, the CEff of the first cycle was investigated
with regard to different surface properties.

Figure 3a shows the CEff in dependence of the HTT. For
carbon j j Li metal cells, the CEff increases with higher temper-
ature, apart from the obtained sample at 2000 °C. In terms of
carbon j j K metal cells, the CEff decreases from 800 °C to
1600 °C, except of the obtained sample at 1400 °C and increases
again at temperatures >1600 °C. To shed more light on this
unexpected behavior, Figure 3b displays the CEff against the
BET surface area for all heat-treated samples (section I+ II). For
Li+ storage, the CEff increases clearly with decreasing surface
area as expected, even though the obtained sample at 2000 °C
differs strongly. For K+ storage, the trend is not clear due to
the high CEff at high BET surface area and two lower CEff values
at moderate surface areas. However, splitting up the charts into
ordered (section I) and disordered (section II) carbons, the
described expected trend can be observed for the ordered
carbons in section II, where the BET surface area clearly
correlates with the CEff (Figure S6). For the disordered carbons
in section I, no clear trend is visible. This phenomenon is also

observed for the non-basal surface area including defects and
primary planes. For section II the CEff increases with a lower
number of non-basal plane area, whereas for section I no clear
trend could be identified for any surface area (Figure S6). Based
on these results, it seems to be the case that the well-known
correlation of surface area and CEff is not clear for K

+ storage in
disordered carbons. Only for ordered carbonaceous materials,
known trends from Li+ storage can be transferred to the K-
based chemistry following similar rules.

Figure 4a and b shows potential profiles for potassiation (a)
and de-potassation (b) of carbon j j K metal cells for selected
materials obtained at different HTT. It is visible that the (de-
)potassiation is shifted to lower values with increasing HTT
caused by the development of an ordered graphitic structure.
For disordered carbon obtained at 800 °C, potassiation already
starts at 1.0 V vs. K jK+ followed by a typical sloping potential
behavior. At temperatures >2200 °C, potassiation starts at
�0.3 V vs. K jK+ showing a clear plateau caused by the staging
intercalation mechanism.[46] In Figure 4c and b the cyclic
potential profiles of Li+ and K+ storage of carbons obtained at
800 °C and 2800 °C are displayed. In terms of disordered
carbons, a similar sloping behavior is visible for both
chemistries with a low voltage hysteresis. For the carbons
obtained at 2800 °C, a strong difference between Li+ and K+

Figure 3. Development of first cycle Coulombic efficiency of carbon j j K metal cells in dependence of a) HTT, b) BET surface area (800–2800 °C) and c) non-
basal surface area (1800–2800 °C). Data for carbon j j Li metal cells were taken from previous publication.[28]
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ion storage is visible. The potassium potential profile exhibits a
strong voltage hysteresis (>0.3 V) compared to Li+ storage
(<0.1 V) which is also described in earlier studies.[11]

In further cycling experiments, the rate capability and
cycling stability of all obtained materials were investigated in
carbon j jK metal cells (Figure S7). Representative performance
data for disordered carbon (800 °C) and ordered carbon
(2800 °C) are discussed in more detail. Figure S8 displays the
de-potassiation capacities at different C-rates. The disordered
soft carbon clearly outperforms the graphitic ordered carbon in
terms of specific capacity at different rates. The ordered carbon
only achieves �50% of the capacity at 0.5 C compared to the
value at 0.1 C, whereas the disordered one still achieves �80%.
This behavior shows a very poor rate capability for samples
with increased graphitic ordering. The sluggish kinetics of K+

ion intercalation into graphite is often referred as one
disadvantage of graphitic carbons as negative electrode
material compared to soft carbons and is explained by the
limited diffusion.[30] This claimed disadvantage of graphite is
often used to question a potential application of graphite in
possible future PIB cells. However, important characteristics of
graphitic anodes are also the particle size and morphology,
which has been rarely addressed systematically in literature so
far.[46b] In general, the particle size as well as the particle
morphology have a strong impact on the electrochemical
performance. Especially for graphite negative electrodes in LIB
cells strong effects on the rate capability and CEff in the first
charge/discharge cycle can be observed,[47] whereas the
characteristics of graphite as a positive electrode in a dual-ion

cells play a minor role.[48] In this study, the D90 particle size
distribution of the carbon obtained at 2800 °C was determined
to be �72 μm, which is significantly larger than that of
commercial graphites used in LIB cells (<30 μm). Therefore,
commercial graphites with high degree of graphitization and
different particle sizes were investigated with regard to their
electrochemical performance to understand the impact of the
particle size on cell performance.

Impact of particle size on electrochemical performance

Different commercial graphites with a flake-like morphology
were selected to gain insights into the impact of particle size
on K+ ion storage (Table S3).

The choice of the different graphite materials was made
regarding different D90 particle size distributions to cover a
broad range of different particle sizes and surface areas. The
materials were investigated by charge/discharge experiments
at different rates of 0.1 C, 0.5 C, 1 C, 2 C and 5 C (1 C=

279 mAg� 1). Figure 5a displays the specific capacity of the third
cycle for all graphitic carbons at different C-rates. For all
graphite materials, a decay of capacity with higher C-rate can
be observed (compare Figure S9). KS4 shows an exceptionally
small loss of capacity, whereas SFG44 undergoes a strong
capacity decay for C-rates higher than 0.5 C. This behavior can
be correlated to the increased particle size. Figure 5b shows
the capacity retention at different C-rates in dependence of the
particle size distribution (D90). To ensure a fair comparison

Figure 4. a) Charge (potassiation) and b) discharge (de-potassiation) potential profiles of the 5th cycle for carbons obtained at different temperatures cycled in
carbon j j K metal cells (half-cell setup, three-electrode configuration; CE and RE: K metal, WE: carbonaceous materials, electrolyte: 1 M KFSI in EMC). c and d):
Cyclic potential profiles of the 5th cycle for Li+ and K+ ion storage against normalized capacity for carbons obtained at c) 800 °C and d) 2800 °C. Potential
range: 0.01–1.5 V vs. K jK+. Data for carbon j j Li metal cells were taken from previous publication.[28]
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considering the slightly different capacities at 0.1 C, a “rate
retention” was calculated, which is described as percentage of
achieved capacity at a given C-rate in relation to the capacity at
0.1 C. The rate retention at all C-rates decreases strongly with
increasing D90 value. For the lowest particle size distribution
(D90: 4.9 μm, KS4) 86% of capacity is still achievable at 2 C and
even 73% at 5 C. This behavior demonstrates the power of
particle design and influence of the particle size on the claimed
poor rate capability. It can be stated that the claimed slow

diffusion of K+ ion inside of graphite even strengthens the
effect of the particle size and underlines the importance of
particle design for possible future applications.

Furthermore, the different graphitic materials also show a
huge difference in their potential profile. Figure 5c displays the
potential profiles of the 5th cycle at 0.1 C for representative
carbon j j K metal cells. KS4 shows a typical profile during
potassiation, dominated by a staging behavior with an on-set
potential of �0.4 V vs. K jK+. With increasing particle size, the

Figure 5. Electrochemical performance of different commercial graphites in graphite j jK metal cells (half-cell setup; three-electrode cells, CE and RE: K metal,
WE: graphites, electrolyte: 1 M KFSI in EMC). Potential range: 0.01–1.5 V vs. K jK+. a) Specific discharge (de-potassiation) capacity in the 3rd cycle at different
current rates, b) rate retention in dependence of the D90 particle size distribution, c) potential profiles of the 5th cycle at 0.1 C, d) voltage hysteresis of the 5th

cycle at 0.1 C in dependence of D90 value, e and f) first cycle Coulombic efficiency in dependence of e) BET surface area and f) portion of “non-basal” surface
area.
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staging plateaus more and more diminish, and the on-set
potential is lowered to a value of 0.25 V vs. K jK+ for SFG44. A
similar trend can be seen for the de-potassiation profiles. A
clear staging behavior is visible for KS4, whereas the de-
potassiation profile is shifted to higher values for SFG44, and
the plateaus seem to be smeared. It can be stated that the
enhanced voltage hysteresis, which is often mentioned as
disadvantage for possible application, is influenced by the
particle design. To find out more about possible correlations
with material properties, Figure 5c shows the voltage hysteresis
of different graphites, defined as difference between mean
charge (potassiation) and mean discharge (de-potassiation)
potential, in dependence of the D90 particle size distribution.
Based on this correlation, it can be assumed that the voltage
hysteresis increases significantly with larger particle sizes. This
effect could be explained by the claimed low diffusion kinetics
of K+ ions inside of graphitic domains.[30] With increasing
particle size, the length of diffusion paths inside graphitic
particles are increased and with that overpotentials are
generated. However, it should be kept in mind, that with lower
particle size also the specific surface area increases (Table S3).
With that, also the effective current density differs since the
same specific, mass-related, current was applied. In comparison,
KS4 possesses a 7.5 times higher surface area than SFG44
(Table S3) and therefore experiences theoretically a maximum
7.5 times lower current density considering only the surface
area of the pure graphitic powder. However, by manufacturing
the composite electrode, the electrochemically active surface
area should be decreased slightly and with that also the
difference between KS4 and SFG44. Nevertheless, to estimate
the effect of a possible lower effective current density on the
voltage hysteresis due to the higher surface area of KS4,
potential profiles of KS4 at five and ten times higher specific
current rates (0.5 C and 1 C) are compared to the potential
profile of SFG44 at 0.1 C in Figure S10. It can be observed, that
with higher current rates, the potassiation plateaus are shifted
to lower potentials, whereas the de-potassiation potentials
increase. As a result, the voltage hysteresis increases with
higher current rates. However, even at ten times higher specific
current KS4 exhibits still a lower hysteresis and a more
pronounced staging profile than SFG44. This observation
suggests that the effect of a stronger hysteresis is related to a
higher current density due to the lower surface area but is
even more affected by larger particle sizes and longer diffusion
paths.

On the other hand, also the different surface properties
could play an important role determining kinetics of K+ ion
uptake. In Figure S11, the voltage hysteresis is plotted against
the BET surface area, absolute “non-basal plane” surface area
and the percentage of non-basal planes. Considering the
intercalation mechanism of large K+ ions via the prismatic
plane, especially the proportion of non-basal planes should be
a determining factor for limiting kinetics and possible over-
potentials, which effects the voltage hysteresis. For a propor-
tion of more than 55% of non-basal planes, the voltage
hysteresis strongly decreases with an increasing portion of non-
basal planes. To summarize theses correlations, both parame-

ters, particle size and surface properties, especially the portion
of non-basal planes, play an important role for the overall
kinetics of graphite-based electrodes in PIB cells including rate
capability and voltage hysteresis.

Graphites with similar particle size distribution but different
non-basal plane ratios should be investigated in future studies
to quantify and clearly separate the influence of both
parameters. A further performance indicator, which is affected
by the particle design, is the CEff. Figure 5e and f shows the first
cycle CEff in dependence of the BET surface area and basal
surface area ratio. In the first part of this study, it was already
observed that the CEff decreases with higher surface area for
graphitic ordered carbons. This trend is confirmed by analysis
of commercial graphites. SFG44 with the lowest BET surface
area (3.3 m2g� 1) shows a high initial CEff of 87.9%, whereas KS4
suffers from a low initial CEff of 76.6%. Considering the
intercalation mechanism of K+ into graphite via the prismatic
plane and the related solid electrolyte interphase (SEI)
formation, the initial CEff often correlates significantly with the
non-basal-planes, as known for LIB cells.[32] Figure 5f displays
the initial CEff in dependence of the ratio of non-basal surface
area. Also, the CEff decreases with increasing non-basal surface
area, which can be explained by a possible enhanced electro-
lyte decomposition and SEI formation on prismatic planes. Both
correlations support the results demonstrated in the first part
of the study.

Overall, the results show that the particle design strongly
influences the performance of graphite for K+ ion intercalation.
Small particle sizes are very important to achieve a promising
rate capability, small voltage hysteresis (thus high voltage
efficiency[49]) and to buffer also the volumetric expansion
during K+ intercalation. Keeping this in mind, KS4 shows a
promising performance with outstanding rate capability and
high cycle stability. Figure 6 shows the long-term cycling
performance of KS4 graphite j jK metal cells at 1 C. After
500 cycles a capacity of 181 mAhg� 1 is still achieved demon-
strating a high-capacity retention of 72% (500th to 30th cycle).
Furthermore, a high CEff of >99.9% is reached showing the
practicability of graphitic anodes for PIBs.

Conclusion

In this work, a comprehensive study about the impact of
different particle, structure and surface parameters for disor-
dered soft carbons and ordered graphitic carbons on the
electrochemical performance for K+ ion storage is presented.
First, petroleum coke as industrial precursor for artificial graph-
ite and soft carbons, was heat-treated from 800 °C to 2800 °C in
200 °C steps and analyzed regarding the degree of graphitiza-
tion via Raman spectroscopy and XRD as well as to surface
properties via nitrogen adsorption measurements. Based on
the material characterization, the obtained materials were
divided into two sections: disordered (800 °C–1800 °C) and
ordered graphitic carbons (1800 °C–2800 °C). Constant current
charge/discharge experiments in carbon j j K metal cells were
performed to correlate electrochemical performance indicators
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with material properties and compared to results obtained for
Li+ ion storage. For disordered carbons, similar specific
capacities for Li+ and K+ ion storage were detected. The
specific capacity strongly correlates with the defect surface
area of the disordered carbons confirming the surface-driven
adsorption mechanism of K+ and Li+ ion storage in disordered
soft carbons. However, no clear trend could be observed for
the correlation of Coulombic efficiency (CEff) and surface
properties for K+ ion storage in disordered carbons.

The capacity of ordered graphitic carbons was linked to the
degree of graphitization (DoG). In comparison to Li+ ion
storage, an increased DoG seems to be mandatory to achieve
moderate capacity close to the theoretical value. For ordered
graphitic carbons, a clear trend was observed for the CEff and
surface properties. As expected, the CEff is closely linked with
the BET surface area and area non-basal plane area. Comparing
the kinetics of highly disordered carbon obtained at 800 °C and
graphitic ordered carbon heat-treated at 2800 °C, the disor-
dered carbon clearly outperforms the graphitic material, the
latter also suffers from a strong voltage hysteresis.

However, supposed disadvantages of graphitic carbons, like
poor rate capability and strong voltage hysteresis, were further
investigated in a second part of the study, by analyzing the
electrochemical performance of commercial flake-like graphite
with different particle size distributions in graphite j jK metal
cells. It was clearly shown that the rate capability is strongly
influenced by the particle size. Utilizing KS4, with a low D90
particle size distribution value of 4.9 μm, a capacity of
202 mAhg� 1 at 5 C could be achieved, representing a high-
capacity retention of 76.6% compared to 0.1 C. Furthermore,
the voltage hysteresis could be closely linked to particle size
and surface area properties of graphitic carbons. By decreasing
the particle size and increasing non-basal planes the voltage
hysteresis was strongly reduced. However, the large surface
area and high portion of non-basal planes of KS4 was found to
cause a low first cycle CEff.

To summarize, these results show important insights into
the correlation of material properties and electrochemical
performance for carbonaceous anodes and emphasize the
significant impact of particle, structure, and surface design for

optimum K+ ion storage capabilities. The optimization of the
particle morphology of graphitic negative electrode materials
can overcome known issues of graphitic potassium storage
anodes like low kinetics and large voltage hysteresis to pave
the path towards future application of PIB cells.
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