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Abstract

Potassium-graphite intercalation compounds (K-GICs) have potential applications in potassium-ion batteries. Although
previous research has reported solid-state nuclear magnetic resonance (NMR) measurements on K-GICs, the assignment
of their **K NMR spectra remains unclear. In this study, we provide new insights into the *°K NMR spectral assignment
for K-GICs and reveal that the state of the intercalated potassium ions varies even for compounds with the same

composition.
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Graphite intercalation compounds (GICs) are a family of materials
formed by intercalating guest atoms or molecules between the
graphene layers of a host graphite.* Graphite intercalation com-
pounds possess a variety of attractive chemical and physical prop-
erties such as high electrical conductivity,”* superconductivity,*®
and hydrogen storage capacity,”® making them important candi-
dates for use in a wide range of fields. Graphite intercalation com-
pounds form a layered arrangement described as “stage n,” where
the index “n” refers to the number of graphene layers between ad-
jacent intercalated layers. For example, stage 1 compounds in-
clude alternate graphene and intercalated layers. Among the
various guest species suitable for GIC formation, potassium is
widely studied as an intercalant.® Stage 1 potassium-GICs
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(K-GICs) have the composition KCg, in which the potassium ions
are periodically arranged between the graphene layers to form a
p(2 X 2)R0° superlattice. Furthermore, the overall crystal structure
exhibits an AaARAYAS stacking sequence along the c-axis, where A
denotes the position of the host (graphene) layers, while a, 8, 7,
and & denote the registry sites occupied by the intercalated metal
species.’®!! In recent years, K-GICs have attracted much attention
because of their potential application in next-generation energy
storage devices, especially potassium-ion batteries (KIBs).*>™**
Potassium-ion batteries comprise low-cost and nontoxic ele-
ments, which have abundant reserves in the Earth’s crust.”® In
addition, KIBs are expected to show high operating voltages and
deliver rapid charge-discharge performance.®!” To fully utilize
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these advantages for KIBs, it is crucial to further probe the storage
position and dynamics of potassium in graphite.

Solid-state nuclear magnetic resonance (NMR) is a potentially
powerful tool for investigating the local environment and state of
potassium in K-GICs. However, NMR measurements of potassium
nuclei are extremely challenging because of their low sensitivity
resulting from the small gyromagnetic ratio.’® In addition, the
high reactivity and electrical conductivity of potassium-stored
carbon materials further complicate NMR measurements. We
successfully observed the **K NMR signals of K-GICs for the first
time in 2024.'° Nevertheless, the spectra exhibited complex fea-
tures with multiple peaks, even though Raman spectroscopy in-
dicated the formation of the simple GIC structure with a single
coordination environment of potassium ions. As a result, the as-
signment of these signals remained unsuccessful. In this study,
we successfully accomplished this signal assignment by perform-
ing **K NMR measurements on both commercial and synthesized
KCg samples under various conditions, thus obtaining new in-
sights into the state of potassium in graphite.

Commercial KCg, manufactured by Strem Chemicals, Inc., was
purchased from FUJIFILM Wako Pure Chemical Corp. The synthe-
sized KCg was prepared as follows. SP-1 graphite powder (Bay
Carbon, Inc.) and potassium metal (Sigma-Aldrich Co. LLC)
were sealed in a glass tube under vacuum at the stoichiometric
ratio of KCq. The sealed mixture was heated at 370 °C for 48 h.
For NMR measurements, approximately 40 to 50 mg of these
samples were mixed with polyvinylidene difluoride (PVDF) and
sealed in a glass tube, as described in our previous report.*®
39K NMR measurements were performed using an NMR spectrom-
eter equipped with an 18.79 T magnet (JNM-ECZ800R; JEOL), cor-
responding to a resonance frequency of 37.3 MHz for 3°K. For
comparison, measurements were also carried out using a spec-
trometer equipped with an 11.75 T magnet (JNM-ECZ500R;
JEOL), at a resonance frequency of 23.3 MHz. All measurements
were performed under static conditions using an Oldfield
echo®® and single pulse sequences. For the Oldfield echo se-
quence, each pulse width was set to 8 ps for the measurements
at 18.79 T and 10 or 12 us for the measurements at 11.75 T. The
interval between two pulses was set to 150 us, and the recycle
delay was 1 s. The spectra at 18.79 T were obtained by accumu-
lating approximately 86,000 transients in 1 day, whereas the
spectra at 11.75 T were acquired over more than 1 week. For
the single pulse sequence, the pulse length was 5 us, with a re-
cycle delay of 1 s. KBr aqueous solution was used as a reference
at 0 ppm. The 90° pulse lengths determined using the reference
were 12 us at 18.79 T and 17 ps at 11.75 T.

The electric field gradient (EFG) of KCg was calculated by
the density functional theory (DFT) using the gauge-including pro-
jector augmented wave approach.?* Density functional theory cal-
culations were performed using Quantum ESPRESSO 7.1% with
the PS-library as the pseudopotential.”® The Perdew-Burke-
Ernzerhof exchange-correlation function was adopted. The input
file for the calculation was generated with help of the cif2cell pro-
gram.>* The Monkhorst-Pack k-point mech was set to 4 x 4 x 4.
The cutoff energy of the system was set to 80 Ry. The crystal struc-
ture of KCg was obtained from the Materials Project database (ma-
terial ID: mp-28930).% The theoretical powder NMR spectrum for
the quadrupolar nucleus was calculated using a program written
by the author, based on the second-order perturbation theory
for quadrupole interaction.®
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Figure 1 a) K NMR spectrum of commercial KCg (Oldfield echo sequence,
18.79 T). b) Top: **K NMR spectrum of synthesized KCs (Oldfield echo
sequence, 18.79 T); bottom: calculated spectrum with Co =3.8 MHz and =
0. The peaks are labeled as Peak |, Peak Il, and Peak IlI, respectively, for
identification. The asterisk (*) denotes a broad signal, attributed to
decomposition and components with structural changes.

The 3K NMR spectra of the commercial and synthesized KCq
samples revealed distinctive differences in their spectral fea-
tures, as shown in Fig. 1. In the spectrum of the commercial
KCg sample measured using the Oldfield echo sequence, a single
sharp peak was observed around 407 ppm (Peak I in Fig. 1a), con-
sistent with our previous study using the single pulse sequence.*®
This observation suggests that all potassium ions in the commer-
cial KCg sample exist in the same local environment on the time-
scale of the 1D NMR measurements. In contrast, the spectrum of
the synthesized KCq sample exhibited a much more complex line
shape (top part of Fig. 1b). The **K NMR spectrum measured us-
ing the Oldfield echo sequence exhibited a broad and asymmet-
ric signal with pronounced tips around 862, 393, and —415 ppm,
which are labeled as Peak Il, Peak I, and Peak IlI, respectively, in
Fig. 1b for identification. Additionally, a broad signal around
0 ppm was also observed (* in Fig. 1b), which is likely attributed
to decomposition and components with structural changes.
When using the single pulse sequence, three clear peaks were de-
tected at the same position as the tips observed with the echo
sequence (Supplementary Fig. S1). This observation is similar
to our previous findings for synthesized stage 2 and stage 3 K-
GIC samples.” However, the peak positions are different from
those observed in the spectrum of KCs. Notably, the large
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positive shift for the KCg sample is attributed to the Knight shift,
as also reported for stage 1 lithium-GICs.?’

The broad and asymmetric line shape composed of Peak Il and
Peak Ill in the spectrum of the synthesized KCg sample resembles
the powder pattern of the central transition for the quadrupolar
nuclei, which is affected by second-order quadrupolar interac-
tions. To investigate this possibility, the EFG at the potassium
site in the commonly proposed KCg structure was estimated us-
ing DFT calculations. The resulting quadrupole coupling constant
(Cq) and the asymmetric parameter (1) were 3.97 MHz and 0.02,
respectively. To confirm the accuracy of these values, we calcu-
lated the quadrupolar powder pattern. By systematically increas-
ing Cq in steps of 0.1 MHz and 7 in steps of 0.1, we achieved the
best agreement with the experimental spectrum at Co=3.8 MHz
and 7 =0, as shown in the bottom part of Fig. 1b. To reflect iso-
tropic shifts, including the Knight shift, a shift of 420 ppm to the
higher frequency side was applied to the calculated spectrum.
This agreement between the experimental and theoretical values
confirmed that the broad and asymmetric line arises from the po-
tassium ions located at the proposed sites in the KCg structure.

To further confirm that the observed signal originates from a
quadrupolar powder pattern, we performed NMR measurements
at a different magnetic field strength (11.75 T). If the line shape is
a quadrupolar powder pattern, the linewidth should increase at
lower magnetic fields. As expected, the spectrum measured at
11.75 T exhibited broadening of the main signals, as shown in
Fig. 2 and Supplementary Fig. S2. Given the excessive broaden-
ing, spectra were recorded with the observation center set at 0
and 1,500 ppm to cover the entire spectral width. Upon combin-
ing these spectra, horns corresponding to Peak Il and Peak lll
were identified around 1,611 and —1,693 ppm at the edges of
the signal, confirming that these components are dependent of
the magnetic field strength. A theoretical NMR spectrum calcu-
lated using Co=3.8 MHz and =0 at 11.75 T (**K resonance fre-
quency: 23.3 MHz) exhibited two horns that closely matched the
positions of the experimentally observed horns, as shown in the
bottom part of Fig. 2. These results serve as evidence for the two
horns (Peak Il and Peak Ill) originating from a second-order
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Figure 2 Top: **K NMR spectrum of synthesized KCg measured with the
observation center set to 0 ppm (Oldfield echo sequence, 11.75 T); bottom:
calculated spectrum with Co=3.8 MHz and =0. The peaks are labeled as
Peak I, Peak Il, and Peak IlI, respectively, for identification. The asterisk (*)
denotes a broad signal, attributed to decomposition and components with
structural changes.

quadrupolar powder pattern. The position of the sharp peak
around 400 ppm (Peak I), observed at a high magnetic field of
18.79 T, remained unchanged with field strength.

The aforementioned findings indicated the coexistence of at
least two types of potassium ions in the synthesized KCq sample.
The broad and asymmetric signal with pronounced tips at 862
(Peak II) and —415 ppm (Peak IllI) was attributed to the quadru-
polar powder pattern, indicating that some potassium ions
experience a strong EFG. Our calculation results strongly sup-
ported the assignment of this signal to intercalated potassium
ions in the commonly proposed KCg structure. On the other
hand, the sharp peak observed at around 400 ppm (Peak 1) was
attributed to the potassium ions that are probably unaffected
by the EFG. The large positive shift due to the Knight shift sug-
gests that these potassium ions are also located at the interlayer
sites. The signal observed for the commercial KCg sample ap-
peared to correspond to Peak I. Assuming a linear relationship
between the atomic charge and the Knight shift, as reported
for lithium,?® and based on the shift of 2,640 ppm for potassium
metal®® (charge 0) and 0 ppm for potassium ion (charge +1), the
charge on the potassium atoms in stage 1 K-GICs was estimated
to be +0.85. This estimated value shows good agreement with
previously reported results.?® The origin of these two distinct po-
tassium ions is currently under investigation. Nevertheless, these
two species are speculated to correspond to potassium ions with
slow and fast dynamics. These ionic behaviors are likely linked to
the crystallinity of the host graphite, such as the crystallite size
and the amount of defect.

In conclusion, this study successfully assigns the previously
unclarified *°K NMR spectra of K-GICs. The complicated NMR
spectra observed in the synthesized KCq samples can be attrib-
uted to at least two types of intercalated potassium ions: those
experiencing an EFG and those that behave as if they do not.
Notably, the significant difference between the NMR spectra
of the commercial and synthesized KCg samples reveals that
the state of the intercalated potassium ions can differ even
among compounds with the same composition. Although fur-
ther investigation is required to clarify the origin of these potas-
sium ions, a possible explanation is the difference in the
dynamics of the ions. Our findings would make a significant
contribution to the understanding of the state of potassium in
graphite. These insights are expected to play an important
role in the development of advanced graphene-based
materials.
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