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ABSTRACT: We, for the first time, report electrochemical
potassium insertion in graphite in a non-aqueous electrolyte,
which can exhibit a high reversible capacity of 273 mAh/g.
Ex situ XRD studies confirm that KCys, KC,, and KCg sequen-
tially form upon potassiation while depotassiation recovers
graphite through phase transformations in an opposite se-
quence. Graphite shows moderate rate capability and rela-
tively fast capacity fading. In order to improve the perfor-
mance of carbon KIB anodes, we synthesized a non-graphitic
soft carbon that exhibits much superior cyclability and rate
capability to graphite. This work may open up a new para-
digm towards rechargeable K-ion batteries.

Demand for Li-ion batteries (LIBs) is rapidly increasing in
powering electronic devices and vehicles.”” However, the
scarcity and rising cost of lithium resources cause a concern
on heavy reliance of LIBs.?> This is particularly true when
considering stationary applications that are indispensable for
deployment of renewable energy.” One of the basic require-
ments for stationary batteries is low cost upon scaling up,
where the economies of scale should be applicable. This calls
for alternative energy storage devices that are based on
Earth-abundant elements.*> Along this line, recently, Na-ion
batteries (NIBs) receive renewed attention because sodium
occupy 2.3 wt.% in contrast to o.0017 wt.% for lithium in
Earth crust.”® Rapid progress has been made on the cathode
side of NIBs, where layered metal oxides’® and polyanionic
compounds®™ demonstrate encouraging capacity and cy-
cling life. In fact, the hurdle of NIBs is on the anode side.”
In LIBs, graphite exhibits a reversible capacity of ~370 mAh/g
by forming LiCs the stage-one Li-graphite intercalation
compound (GIC)."*” Unfortunately, Na/graphite cells only
deliver a maximum capacity of ~35 mAh/g by forming NaCs,
unless solvent molecules are co-inserted or expanded graph-
ite is used."*®

Pure graphite’s failure in NIBs may have discouraged pro-
gress in using graphite as an electrode in K-ion batteries
(KIBs). Electrochemical potassium insertion into graphite
was conducted in molten KF or KF/AIF; at above 700 °C.*°
Wang et al. reported reversible electrochemical insertion of
potassium into non-graphitic carbon nanofibers at room
temperature.” In fact, KCg, the stage-one K-GIC, as the first
discovered alkali metal GIC, has been readily synthesized by
potassium vapor transport or by soaking graphite in a non-

aqueous solution with potassium metal solvated.”* Surpris-
ingly, it remains unknown whether K-GICs can be formed in
an electrochemical K/graphite cell at room temperature.
Like NIBs, the interests on KIBs originate from the abun-
dance of potassium as it occupies 1.5 wt.% of Earth crust.
Progress has been made on the cathode side of KIBs with
Prussian blue and its analogues in both aqueous and non-
aqueous electrolytes.”®*

Here, we, for the first time, report electrochemical potas-
sium storage properties of graphite. We selected a commer-
cially available synthetic graphite (TIMCAL TIMREX SLP50),
which exhibits a well-defined crystal structure as demon-
strated in X-ray diffraction (XRD), transmission electron
microscopy (TEM), and Raman Spectroscopy (Figure 1A and
Figure S1). The K/graphite cells are assembled in an argon-
filled glove box, with graphite as the working electrode, po-
tassium metal (99.5%, Sigma-Aldrich) as the coun-
ter/reference electrode and 0.8 M KPF¢ (99.5%, Sigma-
Aldrich) in 50:50 ethylene carbonate (EC, BASF) and diethyl
carbonate (DEC, BASF).

We first attempt to probe the maximum capacity of graph-
ite in KIBs at room temperature. We conducted galvanostat-
ic potassiation/depotassiation (GPD) tests at C/40 (We de-
fine 1C for the current rate, at which the stoichiometry of KCg
forms during one hour of potassiation of carbon electrodes.),
where graphite exhibits surprisingly high capacities of 475
and 273 mAh/g in potassiation and depotassiation, respec-
tively (Figure 1B). The depotassiation capacity is very close
to the theoretical value of 279 mAh/g when KCg forms. The
initial potassiation capacity is much larger than the theoreti-
cal capacity, which is responsible for the low initial Cou-
lombic efficiency (CE) of 57.4%. Comparing potassiation
potential profiles in the first two cycles show that the slope
region from 1 to 0.4 V (all potentials are vs. K'/K) only exists
in the first cycle, which disappears in the second cycle. This
is very similar to the first-cycle behavior of graphite anode in
LIBs when solid electrolyte interphase (SEI) forms on graph-
ite surface.”®* The following less steep slope from 0.4 to 0.2
V in the first potassiation also contributes to the initial irre-
versible capacity as it is much diminished in the second cy-
cle. On the other hand, the depotassiation potential profiles
overlap very well in the first two cycles.

At C/40, the primary potassiation and depotassiation
plateaus locate at 017 V and o0.27 V, respectively, thus
resulting in a polarization of 0.1 V. To reveal the equilibrium
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potential of potassium storage, we employed galvanostatic
intermittent titration technique (GITT), where a constant
current at C/10 is applied for 0.5 hr before cells rest at open
circuit for 1 hr. As Figure 1C shows, the quasi-equilibrium
potentials for both potassiation and depotassiation are close
to 0.24 V, much higher than that of Li insertion in graphite,
at ~0a V vs. Li'/Li. ® The higher potassiation potential is
practically critical as it relieves the risk of the dendrite
formation on graphite surface. Besides the primary plateau,
there exist other minor plateaus in GPD profiles, which are
more evident in the dQ/dV profiles (We refer to the differen-
tial capacity as dQ/dV), i.e., O2/R2 and O3/R3 peaks (Figure
1D).
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Figure 1. (A) XRD pattern of graphite. Inset: A TEM image of
graphite. (B) GPD profiles of graphite for the initial two cy-
cles between o.01 and 1.5 V at C/40. (C) GITT profiles of
graphite at C/10 in the second GPD cycle. (D) dQ/dV profiles
corresponding to (B). (E) Rate performance and (F) Cycling
performance of graphite at C/2.

To reveal the potassium storage mechanism in graphite,
we carried out ex situ XRD for selected states of charge
(SOCs) in the first-cycle GPD at C/i10 (Figure 2A and B).
Upon potassiation, graphite diffraction peaks do not vanish
until a certain point between 0.3 and 0.2 V, where new peaks
at 22.0° and 29.4° appear, which are attributed to KCy, the
stage-three K-GIC (Point 4). In KCyg, one layer of potassium
appears in every third pair of host graphenes (see Figure
2C).>* Upon further potassiation, KCy¢ transforms to KC,,,
the stage-two K-GIC, where new peaks at 20.2° and 30.6° are
observed (point 5). Finally, after going through a two-phase
period (points 6 and 7) to o.01 V, phase-pure KCg, the stage-
one K-GIC, forms with characteristic XRD peaks at 16.4° and
33.4°. Similar to KCg formed by vapor intercalation, the
electrochemically formed KCg also shows a golden color
(Figure S2). Despite the volume expansion by ~61%, a full
GPD cycle does convert KCg back to graphite via phase

transformations in an opposite direction. The ultimate
potassiation product of KCg leads a plateau well above the
plating potential of potassium metal, which may relieve the
danger of dendrite formation. The lowered intensity of
broadened XRD peaks of graphite after depotassiation
suggests a certain degree of structural damage to graphite
caused by the potassium insertion. Interestingly, a shoulder
peak near the (002) peak appears upon initial potassiation,
disappears at deep potassiation but shows up again after
depotassiation beyond the stage-three phase.  Further
research is being conducted to reveal the phase(s) that
corresponds to this shoulder peak. The ex situ XRD results,
for the first time, show the staging-behavior of K-GICs in a
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A 20 B
& 8 8 Uﬁ S &
= 2 £ s L 2 %
<154 £ v . . s o wgla
1% - —)
@ | re—— — X
> 4 =
S =t
£ =
& c B — e vl
£ 05 E= X
g = i A
13
0.0 T
0 100 200 300 400 500 15 20 25 30 35
Specific capacity (mAh/g) 20 )

o C QK

Figure 2. (A) The first-cycle GPD potential profiles at C/10.
(B) XRD patterns of electrodes corresponding to the marked
SOCs in (A). (C) Structure diagrams of different K-GICs, side
view (up) and top view (down).

Graphite can exhibit a large capacity at low current rates
but its capacity drops dramatically upon high rates, as capac-
ities of 263, 234, 172, and 8o mAh/g are obtained at C/10, C/5,
C/2, and 1C, respectively (Figure 1E). Unfortunately, over 50
cycles at C/2, the capacity of graphite fades from 197 to 100
mAh/g (Figure 1F). In cycling, we also notice that the CE
promptly increases to 93.5% in the second cycle and eventu-
ally stabilizes at ~99%. This phenomenon of rising CE values
indicates the SEI formation during the initial cycling.

Looking at the capacity fading of graphite, we hypothesize
that it may be related to the dramatic volume expansion of
the compact graphite structure. It is intriguing to test a car-
bon with a less compact structure, i.e., of a much lower den-
sity. Along this line, soft carbon is best situated to test this
hypothesis as its less crystalline structure exhibits a much
lower density than graphite. We synthesized a soft carbon
by pyrolysis of an organic aromatic compound, 3,4,9,10-
perylene-tetracarboxylicacid-dianhydride (PTCDA), where
the planar aromatic molecules are stacked into a highly crys-
talline monoclinic structure (Figure S3). The aromaticity of
PTCDA certainly helps its graphitizability, as annealing at
1600 °C induces a well-defined graphitic order (Figure S4).
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We investigate the performance of a representative soft
carbon-pyrolyzed PTCDA annealed at 9oo °C.  This
temperature is high enough to remove most of non-carbon
elements in PTCDA but low enough not to crystalize the
carbon structure. Most importantly, this carbon exhibits a
low density of 1.6 g/cc vs. 2.3 g/cc of graphite. Compared to
graphite, the (ooz) XRD peak of soft carbon is much
broadened (Figure 3A), which shifts to a lower angle,
revealing a larger average d-spacing of 0.355 nm. A
representative TEM image reveals the turbostratic structure
of this soft carbon (Figure Ss). The corresponding selected
area electron diffraction (SAED) presents halo rings,
indicating its polycrystalline nature with a short-range order
(inset of Figure S5). Wide bands and high intensity ratio of
D-band over G-band in Raman spectrum corroborate the less
graphenic carbon structure (Figure S6).
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Figure 3. (A) XRD pattern of soft carbon compared with
graphite. (B) GPD profiles of soft carbon for the initial two
cycles between 0.01 and 1.5 V at C/40. (C) Rate performance
of soft carbon; and (D) cycling performance of soft carbon at
2C.

Compared to graphite, soft carbon exhibits very different
GPD potential profiles, where only slopes exist instead of
plateaus, as shown in Figure 3B, which is also observed in
sodiation of soft carbon. The cause for sloping instead of
plateau is under investigation. This carbon also exhibits a
high depotassiation capacity of 273 mAh/g at C/40, an
interesting coincidence since it is the same as graphite. The
rate capability of soft carbon is very impressive (Figure 3C).
At 1C and 2C, soft carbon exhibits very high capacities of 210
and 185 mAh/g, respectively, compared with 264 mAh/g at
C/10. Even at 5C (1395 mA/g), the soft carbon still retains a
capacity of 140 mA/g. All GPD potential profiles at different
rates show the similar slope behavior (Figure S7). Such high-
rate behavior is comparable to the best rate capability of
carbon materials in NIBs. **3' In contrast to the fast capacity
fading of graphite anode, soft carbon exhibits much
improved cyclability with a capacity retention of 81.4% after
50 cycles at 2C (Figure 3D). Its CE values increases from
56.4% in the first cycle to 92.4% in the second cycle and
eventually stabilizes at ~99%. In terms of capacity fading for
both K/graphite and K/soft carbon cells, the fading
mechanism of carbon electrodes in KIBs is currently unclear;
however, it may be related to the decomposition of the
electrolyte during the repetitive potassium metal plating and
stripping processes. We opened K-graphite cells after 50
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cycles and observed that the seperator turns yellowish
(Figure S8). In future work, electrolyte optimization and
pre-potassiation will be carried out to improve the cycling
performance and CEs.

In summary, we, for the first time, reveal that potassium
can be reversibly inserted into graphite with a high capacity
of 273 mAh/g in electrochemical cells. Revealed by ex situ
XRD, we discovered that upon potassiation, the stage-one
KCs forms via stage-three KC,; and stage-two KC,, as
intermediate phases, where the phase transformations are
reversible in converting KCg back to a less crystalline
graphite. Graphite in KIBs suffers fast capacity fading and
moderate rate capability, which may be due to the large
volume change over cycling. To further improve the
performance, we investigate a low-density soft carbon as a
KIB anode, which exhibits much improved cycling life and
very high rate capability. The new results fill up important
knowledge gaps on carbon electrodes in alkali metal ion
batteries and may open up a completely new paradigm for
energy storage solutions.
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