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ABSTRACT: High specific capacity materials that can store
potassium (K) are essential for next-generation K-ion batteries.
One such candidate material is phosphorene (the 2D allotrope
of phosphorus (P)), but the potassiation capability of
phosphorene has not yet been established. Here we systemati-
cally investigate the alloying of few-layer phosphorene (FLP)
with K. Unlike lithium (Li) and sodium (Na), which form Li3P
and Na3P, FLP alloys with K to form K4P3, which was confirmed
by ex situ X-ray characterization as well as density functional
theory calculations. The formation of K4P3 results in high
specific capacity (∼1200 mAh g−1) but poor cyclic stability
(only ∼9% capacity retention in subsequent cycles). We show
that this capacity fade can be successfully mitigated by the use
of reduced graphene oxide (rGO) as buffer layers to suppress
the pulverization of FLP. We studied the performance of rGO and single-walled carbon nanotubes (sCNTs) as buffer
materials and found that rGO being a 2D material can better encapsulate and protect FLP relative to 1D sCNTs. The half-
cell performance of FLP/rGO could also be successfully reproduced in a full-cell configuration, indicating the possibility
of high-performance K-ion batteries that could offer a sustainable and low-cost alternative to Li-ion technology.
KEYWORDS: phosphorene anode, potassium-ion batteries, K4P3 alloy, energy density, cycle stability

Rapid exploitation and depletion of nonrenewable energy
resources and intermittent power generation from
renewable resources makes efficient energy storage

essential to our progress and prosperity.1,2 Industry has to date
primarily relied on lithium (Li)-ion batteries (LIBs) to meet the
rapidly escalating global energy storage demand because of their
higher energy density and longer cycle life relative to other
competing technologies.3−6 However, the battery industry is
facing a bottleneck in widening the application of LIBs, which
arises due to uneven distribution and scarcity of Li (0.0017 wt

%) in the Earth’s crust.7,8 This not only increases the production
cost of LIBs but also raises a question on their ability to meet the
burgeoning demand for energy storage.9 This has stimulated
interest in potassium (K)-ion batteries (KIBs) as a possible
replacement to LIBs due to the following reasons: (i) low cost
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and higher abundancy of potassium in the Earth’s crust (2.09 wt
%), (ii) similar working mechanism (rocking chair concept) to
LIBs, and (iii) almost similar reduction potential (−2.97 V vs
E°) in comparison with Li (−3.04 V vs E°).10−13 However, the
specific capacity and energy density of KIBs are still lacking
when compared to LIBs, which warrants the development of
improved anode and cathode materials for KIB applica-
tions.14−16

Researchers have to date explored several cathode materials
for KIBs among which Prussian blue and its analogues,17−19

layered oxides based on manganese,20 vanadium,21 and cobalt
anions,22 polyanionic compounds,23 and organic compounds24

show high specific capacity and long cycle life. In the case of
anode materials, various carbonaceous materials (e.g., graphite,
hard carbons, soft carbons, hard−soft carbons, doped graphene)
have been reported as active materials for intercalation/
deintercalation of K+ ions and show reasonable specific
capacities of 200−300 mAh g−1.25−32 However, in order to
match LIB performance, further improvements in anode
performance are necessary. One way to achieve this is to explore
alloys (e.g., tin (Sn), antimony (Sb), bismuth (Bi), and
phosphorus (P)), since alloy-based chemistries offer superior
specific capacity when compared to the traditional K-ion
intercalation chemistry.33−36 Among alloy-based materials, P
shows the highest theoretical capacity of∼2500 mAh g−1, which
is attributed to K3P formation.37 This led to extensive research
over red phosphorus (RP) as anode materials for KIBs.38−40

However, to date there is large scatter in the reported data. In
fact, depending on the conditions used for RP synthesis and

processing, a variety of alloys including KP,38,39 K2P3,
39 K3P,

37

and K4P3
40 have been reported in the literature. The ambiguity

in electrochemical data of red P can be due to a variety of factors
such as its amorphous structure, processing conditions, and the
level of purity of the material (red P generally contains traces of
white phosphorus). It is difficult to pinpoint the relative
importance of these factors, but in our view the amorphous
nature of red P plays a significant role. In this work, as an
alternative to RP, we chose to focus on the potassiation and
depotassiation behavior of “phosphorene”, whose structure is
highly crystalline and well-defined.41 In fact, phosphorene has
proved to be a superior anode material and had shown higher
specific capacity and rate capability than RP in Li and Na ion
batteries, which is attributed to its higher specific surface area,
higher electrical conductivity, and nanolayer (two-dimensional,
2D) structure.42−45 However, to the best of our knowledge,
phosphorene-based materials have not yet been explored in
KIBs.
Herein, we report the fabrication and electrochemical

characterization of KIBs based on few-layer phosphorene
(FLP) anodes. FLP was synthesized in our work by liquid
phase exfoliation of bulk black phosphorus (BP). Reduced
graphene oxide (rGO) and single-walled carbon nanotubes
(sCNTs) were used as a buffer layer to accommodate the
volume expansion caused by alloy formation. Most interestingly,
ex situ X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and density functional theory (DFT)
calculations all indicate that FLP reacts with P to form the
K4P3 alloy phase, which is very distinct from what has been

Figure 1. Characterization of as-produced few-layer phosphorene (FLP) sheets. (a) Schematic illustration of exfoliation of FLP in NMP
solution. (b) SEM image of FLP deposited on a Si/SiO2 wafer (inset shows AFM image; scale bar = 500 nm). (c) Typical TEM image of FLP. (d)
Representative HRTEM image of FLP (inset shows SAED pattern). (e) Raman spectroscopy and (f) high-resolution P 2p XPS spectra of FLP.
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reported for Li-ion (Li3P) and Na-ion (Na3P) batteries.
42,43 In

the absence of a mechanically robust carbon buffer layer, the
specific capacity of the FLP anode drops precipitously after a few
cycles due to volume expansion driven pulverization of the
electrode material. By proper selection of the geometry of the
carbon buffer material (e.g., 2D rGO vs 1D sCNTs) and its
loading content, the FLPmaterial showed drastic improvements
in its cycle stability. Furthermore, we demonstrated the viability
of FLP by employing the FLP/rGO anode in a working full-cell
wherein spherical potassium cobalt oxide (s-KCO)46 was used
as a cathode. FLP/rGO anode in FLP/rGO||s-KCO full-cells

delivered high specific capacity (∼420 mAh g−1 at 0.5 C),
reasonably good rate capability (∼180 mAh g−1 at 2.5C and
∼150 mAh g−1 at 4C), and stable cycle life (∼230 mAh g−1 at
0.5C for 100 cycles). Such a working full-cell demonstration of a
KIB with an FLP anode indicates the promise of this material for
practical applications.

RESULTS AND DISCUSSION
Synthesis of Few-Layer Phosphorene. In order to

synthesize FLP, bulk black phosphorus was exfoliated in
anhydrous N-methyl-2-pyrrolidone (NMP) as depicted in

Figure 2. Characterization of FLP/rGO and FLP/sCNTs composites. (a) Schematic illustration of synthesis of FLP/rGO and FLP/sCNTs.
Representative TEM image of (b) FLP/rGO and (c) FLP/sCNTs (inset shows SAED pattern). High-resolution (d, e) P 2p andC 1s XPS spectra
of FLP/rGO and (f, g) P 2p and C 1s XPS spectra of FLP/sCNTs. (h) Raman spectra of FLP/rGO and FLP/sCNTs.
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Figure 1a. As water plays an important role in oxidation of
phosphorus, anhydrous organic solvent was used for exfoliation

in order to prevent degradation of the as-synthesized
phosphorene sheets.44 Among various organic solvents, NMP

Figure 3. Electrochemical performance of FLP/rGO (1:3) cycled in a half-cell configuration against K metal. (a) Schematic illustration of the
half-cell configuration. (b) CV of the FLP/rGO (1:3) electrode at a scanning rate of ∼0.2 mV s−1. Broad peaks in the CV are indicated by the
yellow bands. (c) Electrochemical charge/discharge voltage profile of FLP/rGO (1:3) at a current density of ∼0.1C. (d) Cyclic performance
and Coulombic efficiency of FLP/rGO (1:3), FLP/sCNTs (1:3), FLP/rGO (1:1), only rGO, and only FLP at a current density of ∼0.1C. (e)
Rate capability of FLP/rGO (1:3) at different current densities, increasing from∼0.1C to∼1.2C. (f) Electrochemical charge/discharge voltage
profile of FLP/rGO (1:3) at different current densities, increasing from ∼0.1C to ∼1.2C. (g) Cycling performance of FLP/rGO (1:3) at a
current density of ∼0.5 C. It should be noted that for all tests a charge−discharge rate of 1C corresponds to a current density of ∼1 A g−1.
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was used for the exfoliation of BP due to its higher exfoliation
efficacy and its ability to prevent rapid degradation of
phosphorene in ambient condition through a solvation shell.47

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images (Figure 1b,c) show synthesis of few-
layer phosphorene sheets with sharp edges, with an average size
of 500 nm to 2 μm, and no visible signs of ambient degradation.
An atomic force microscopy (AFM) image (inset of Figure 1b)
further confirms production of FLP with an average thickness of
3−8 nm, corresponding to ∼6−10 layers of phosphorene
(assuming that the interlayer spacing in BP is ∼0.53 nm). Well-
aligned lattice fringes observed through high-resolution trans-
mission electron microscopy (HRTEM) and confirmation of
orthorhombic crystal structure through selected area electron
diffraction pattern (SAED) proved that the liquid phase
exfoliation method did not alter the structure of phosphorene
(Figure 1d). The lattice constants (3.26 and 4.4 Å) measured
through HRTEM are also consistent with previously reported
values.48 Scanning transmission electron microscopy (STEM)
established that the two-dimensional sheets are composed of
phosphorus atoms (Figure S1). Raman spectroscopy (Figure
1e) was further employed to confirm the successful exfoliation of
black phosphorus. Bulk black phosphorus generally shows three
major unique phonon modes at ∼359 cm−1 (Ag

1), ∼434 cm−1

(B2g), and ∼461 cm−1 (Ag
2), which exhibit a slight right shift

after exfoliation (among which the Ag
2 shift (∼3.0 cm−1) is

major), confirming the decrease in the thickness of BP.49 The
high ratio of Ag

1/Ag
2 (>0.5) further confirms minimal oxidation

of the FLP sheets.49 Lastly, XPS was used to investigate the
chemical composition of the as-synthesized phosphorene sheets.
High-resolution P2p XPS analysis shows a major peak with a
shoulder between 129 and 131 eV, which is attributed to the P−
P bond, whereas a minor peak between 132 and 134 eV is
attributed to the P−O bond (Figure 1f). This slight oxidation of
phosphorene is to be expected since the exfoliation and
centrifugation processes were carried out under ambient
conditions.
Synthesis of Phosphorene−Carbon Composites. Two

categories of graphitic materials with similar density (∼1.7−1.9
g cm−3), reduced graphene oxide (2D) and single-walled carbon
nanotubes (1D), were mixed with FLP. This was done for three
reasons. One reason is to mechanically buttress the FLP sheets
and protect them from pulverization during alloying/dealloying
with K. This is critically important because large volume changes
(theoretical volume expansion of K4P3 is ∼411.78%) can
generate significant stresses in the material, making it necessary
to protect the material. The other reasons are to increase the
electrical conductivity of the composite electrode and to provide
a stable solid electrolyte interface (SEI). Phosphorene−reduced
graphene oxide (FLP/rGO) and phosphorene−single-walled
carbon nanotubes (FLP/sCNTs) composites were synthesized
by mixing the graphitic materials and phosphorene in an NMP
dispersion (Figure 2a), followed by vacuum filtration (see
Methods section). This results in a sandwich structure wherein
phosphorene sheets are encapsulated with graphitic materials
(Figure 2b,c). TEM images of FLP/rGO and FLP/sCNTs
clearly show the presence of FLP sheets underneath wider rGO
sheets (Figure 2b) and a network of sCNTs (Figure 2c). The
SAED pattern further verifies the presence of both phosphorene
and rGO/sCNTs in the composite structure (insets of Figure 2b
and c). The high degree of transparency of the FLP observed in
TEM images indicates that self-assembly and restacking of the
FLP was hindered by the rGO/sCNTs. High-resolution P 2p

and C 1s XPS analysis of FLP/rGO and FLP/sCNTs shows the
absence of any additional peaks, which confirms only secondary
(i.e., van derWaals) interactions between FLP and rGO/sCNTs
and eliminates the possibility of any chemical reaction between
them (Figure 2d−g). While the functional groups present in
rGO and sCNT are almost identical, the relative intensity of the
functional groups with respect to the C−C bond intensity is
different in rGO and sCNT. While this could affect the
nonbonding (i.e., van der Waals) interaction between the
materials, XPS analysis clearly shows that there is no direct
chemical bonding between the FLP sheets and the nanocarbon
materials in our electrode. The increase in intensity of the P−O
signature in FLP/rGO and FLP/sCNTs composites in
comparison with as-synthesized phosphorene can be due to
the oxidation of phosphorene sheets during vacuum filtration,
slurry coating, and electrode preparation (all processes were
conducted in ambient conditions). Raman spectroscopy of
FLP/rGO and FLP/sCNTs shows the presence of distinct D, G,
2D, and G+Dmodes of rGO and sCNTs, as well as Ag

1, B2g, and
Ag

2 modes of phosphorene, which also confirms successful
synthesis of the FLP/carbon composite structure (Figure 2h).

Electrochemical Testing in Half-Cell Configuration.
Electrodes were prepared by slurry coating a mixture of
composite powder, super-P carbon black, and polyvinylidene
fluoride (PVDF) on copper foil (see Methods section). With
potassium hexafluorophosphate (KPF6) in ethylene carbonate/
diethyl carbonate (EC/DEC) as electrolyte and potassium foil
as reference/counter electrode, half-cells were configured as
shown in Figure 3a. In addition to pure FLP, FLP/rGO and
FLP/sCNTs electrodes in the same weight proportion (1:3)
were prepared. Electrodes with 1:1 weight proportion of FLP
and rGO were also synthesized. The K-ion storage mechanism
of the FLP/rGO (1:3) electrode was investigated through cyclic
voltammetry (CV) in the voltage range of 0.03−2.3 V at 0.2 mV
s−1 scan rate (Figure 3b). Broad peaks located at∼0.4 and∼0.65
V appeared in the first cycle during the discharge process but
disappeared in subsequent cycles. This is attributed to
decomposition of the electrolyte, which leads to the formation
of the SEI layer over the FLP/rGO electrode. Formation of the
SEI layer is further verified by the voltage profile of the discharge
curve in the first (formation) cycle wherein similar plateaus and
slope shapes appeared as in the CV scan (Figure S2a). In
subsequent cycles, CV peaks located at ∼0.1, ∼0.2, and ∼0.7 V
(Figure S2b) are observed during the discharge process and are
attributed to the stepwise potassiation process of FLP and the
intercalation of K in rGO (to form KC8). Similarly, in the charge
process, the appearance of three broad peaks at ∼0.15, ∼0.45,
and ∼0.75 V (Figure S2b) are due to deintercalation of
potassium from rGO and stepwise depotassiation of FLP. The
overlapping of CV profiles in Figure 3b (after the third cycle is
completed) indicates good electrochemical stability of the FLP/
rGO electrode. Stable and reversible potassiation/depot-
assiation in the FLP/rGO electrode is further verified by
overlapped charge/discharge curves in subsequent cycles after
the initial capacity loss (see Figure 3c). The mechanisms for
depotassiation/potassiation of phosphorene and intercalation/
deintercalation of rGO are further verified by the presence of
similar plateaus and slope shape in the voltage profiles of the
charge/discharge curves in subsequent cycles, as indicated in
Figure 3c. It should be noted that the charge/discharge voltage
profile of a pure rGO electrode (without FLP) (Figure S3),
fabricated using the same procedure as FLP/rGO, showed
intercalation and deintercalation at ∼0.2 and ∼0.45 V,
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respectively. This allows us to differentiate between the
electrochemical signatures related to K-alloy formation and
those caused by K-intercalation in rGO. Similarly CV data taken
on pure rGO (without FLP) and pure FLP (without rGO)
electrodes (Figure S4) allow us to distinguish the electro-
chemical signatures associated with K-alloying and intercalation
with FLP vs K-intercalation into rGO.
It should be noted that due to the bulkiness and slow kinetics

of the larger K ion, broad peaks are observed in the CV plots.
This is in contrast to Li, for which much sharper peaks have been
reported.43 The broad peaks that we report in our work are also
consistent with what has been reported in the literature for
potassium.44,45 The broadness of the response makes it
challenging to precisely identify the peaks for our K-ion battery
system. Therefore, for better interpretation of the results we
have computed the dQ/dV plots for the FLP/rGO (1:3) and
pure rGO electrodes. The dQ/dV plots for FLP/rGO (1:3) at
0.1C for discharge and charge steps are shown in Figure S5a,b.
During the discharge step, a broad prominent peak is observed
between 0.1 and 0.25 V, and a small peak is observed at ∼0.7 V.
Similarly, during the charge step a broad prominent peak is
observed between 0.15 and 0.5 V and a small peak is observed at
∼0.75 V. The corresponding dQ/dV plots for pure rGO (at
0.1C) for discharge and charge steps are shown in Figure S5c,d.
We can observe peaks at ∼0.2 V during discharge and ∼0.45 V
during charge. By comparing Figure S5a,b and Figure S5c,d, we
conclude that potassium intercalation and deintercalation into
FLP occurs at ∼0.7 and ∼0.75 V respectively, while the alloying
and dealloying reactions of FLP with potassium take place at
∼0.1 and ∼0.15 V, respectively. Intercalation and deintercala-
tion of potassium into rGO appears to take place at ∼0.2 and
∼0.45 V, respectively. We emphasize that given the broadness of
the peaks these are ballpark estimates rather than precise values.
In addition to CV and dQ/dV analysis, we also used the

galvanostatic intermittent titration technique (GITT) to further
study the reaction chemistry. More specifically, we have
performed GITT measurement of an FLP/rGO (1:3) half-cell
at a C rate of 0.1C after four cycles of activation (Figure S6a).
During GITT measurement, pulse current was provided for 1 h
followed by a considerably long relaxation time of 5 h for
obtaining the quasi-open-circuit potential. The reaction
resistance was evaluated from GITT by measuring the
overpotential (i.e., potential drop between termination of
relaxation step and initiation of current step) at each current
pulse or step and dividing it with the pulse current. Figure S6b
indicates that the reaction resistance of the FLP/rGO electrode
continually decreases during the discharge process. This is due
to the formation of the KxP alloy, which has better conductivity
then FLP. As expected, the reaction resistance in the charge
process increases due to reversibility of alloy formation (i.e.,
conversion of KxP alloy back to FLP). We approximated the K+

chemical diffusion coefficient for potassiation and depot-
assiation of FLP/rGO (1:3) based on a simplified version of
Fick’s second law of diffusion (which assumes that the cell
voltage varies linearly with τ1/2; see inset of Figure S6c):50

τ=
πτ
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where D is the diffusion coefficient, mB is the active mass of the
electrode, Vm is the molar volume of the electrode, MB is the
molar mass of the electrode, S is the electrode area,ΔEs andΔEτ

are obtained from GITT measurements (inset of Figure S6a),

and τ is the duration of the current pulse. Due to the bigger size
of the K ion, the DK‑ion value, calculated based on the geometric
area of the electrode, for both discharge and charge processes is
quite low and lies in the range of 10−11−10−13 cm2s−1 (Figure
S6c,d). This DK‑ion value is 2−3 orders of magnitude lower than
the average diffusion coefficient for Li- and Na-ion diffusion into
phosphorus and rGO-based materials (10−9−10−11

cm2s−1),51−56 which confirms the sluggish K-ion diffusion
kinetics in the FLP/rGO electrode material.
During discharge, the diffusion coefficient shows three

minima at ∼0.1, 0.2, and 0.7 V, which is consistent with our
CV (Figure S4) and dQ/dV (Figure S5) results. The diffusion
slows down at these voltages due to alloying of FLP with K (at
∼0.1 V), intercalation of K into FLP (at ∼0.7 V), and
intercalation of K into rGO (at ∼0.2 V). Similarly, in the charge
process, the diffusion coefficient is low at ∼0.2, ∼0.4, and ∼0.8
V, which is also consistent with the aforementioned CV and dQ/
dV results. The drop in diffusion rate at these voltages suggests
dealloying of K from FLP (at∼0.2 V), deintercalation of K from
FLP (at ∼0.8 V), and deintercalation of K from rGO (at ∼0.4
V).
To confirm the GITT prediction of sluggish diffusion kinetics

of K, we also carried out electrochemical impedance spectros-
copy (EIS) on an FLP/rGO (1:3) half-cell after five cycles of
activation. Figure S7 shows the Nyquist plot of the FLP/rGO
(1:3) cell within a frequency range of 0.1 Hz to 100 kHz (inset
shows the equivalent circuit model used to fit the data). The
depressed semicircle in the Nyquist plot is due to impedance
from the solid electrolyte interface (resistance R2 and
capacitance C2) at high frequency and charge transfer
(resistance R3 and capacitance C3) at middle frequency. The
intercept of the Nyquist plot at the x axis in the high-frequency
range determines the electrolyte resistance (R1). The linear
slope in the Nyquist plot in the low-frequency range is attributed
to Warburg impedance (W1). Using the equivalent circuit
diagram, electrolyte resistance (∼20 Ω), solid electrolyte
resistance (∼465 Ω), and charge transfer resistance (∼705 Ω)
were obtained by fitting the model to the test data. Both solid
electrolyte resistance and charge transfer resistance are much
higher in our battery when compared to phosphorus- and
carbon-based Li-ion and Na-ion batteries (∼50−150 Ω).42,57,58
This is due to the relatively low ionic conductivity of K+ ions in
the SEI layer and relatively slower diffusion of K+ in the FLP/
rGO electrode, which can be attributed to the larger size of K
compared to Li and Na ions.59 Note that such high resistances
were also observed in other K-ion batteries based on carbon and
other alloy materials (e.g., red P, Bi, Sn, Sn4P3, SnSb, and
FeP).43,59−62

Figure 3d shows galvanostatic charge/discharge cycling
responses of FLP/rGO (1:3), FLP/sCNTs (1:3), FLP/rGO
(1:1), pure rGO, and pure FLP electrodes at a charge/discharge
rate (C rate) of ∼0.1C (where, 1C = ∼1A g−1). After SEI
formation, FLP/rGO (1:3) showed a high first discharge
capacity of ∼910 mAh g−1 (initial Coulombic efficiency (CE)
∼81%), which is superior to FLP/sCNTs (1:3) (613 mAh g−1;
initial CE ∼50%) and rGO (∼200 mAh g−1; initial CE ∼70%)
but lower than FLP/rGO (1:1) and FLP, which achieved
capacities of∼950 mAh g−1 (initial CE∼40%) and ∼1200 mAh
g−1 (initial CE ∼30%), respectively. In all our work, the
gravimetric capacity of FLP/rGO and FLP/sCNTs has been
calculated by subtracting the contribution of rGO and sCNTs,
respectively (Figures S8 and S9) and then normalizing by FLP
mass. The FLP/rGO (1:3) electrode delivers a specific capacity
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of ∼650 mAh g−1 in the first 15 cycles and maintains a capacity
of ∼550 mAh g−1 up to 50 cycles at a current density of 0.1C,
showing ∼74% of capacity retention. The slight capacity fade in
the first few cycles for the FLP/rGO (1:3) electrode can be due
to irreversible processes (alloying/dealloying is not 100%
reversible, especially in first few cycles). In contrast to FLP/
rGO (1:3), FLP/sCNTs (1:3) shows rapid decay in capacity to
∼200 mAh g−1 over the initial 15 cycles and then maintains a
capacity of ∼160 mAh g−1 up to 50 cycles at the C rate of 0.1C,
showing only 43% capacity retention. This large difference in
capacity retention between the FLP/rGO (1:3) and FLP/
sCNTs (1:3) electrode can be attributed to the difference in
sandwiching/packing of 2D−2D sheets and 1D−2D sheets. In
the case of FLP/rGO, rGO tends to cover (Figure 2b) the entire
FLP sheet (sizes of rGO and FLP sheets were ∼10 μm and 500
nm to 2 μm, respectively) and hence is able to suppress the
fracture/pulverization of the FLP by providing a stronger elastic
buffer layer. In the case of FLP/sCNTs, due to their 1D
structure, sCNT networks that form over the FLP surface are
unable to adequately protect the FLP sheets. The sCNTs form a
porous structure (Figure 2c), which allows pulverized FLP
particles to escape from the electrode, resulting in a loss of active
material.40 A similar effect was also observed when we reduced
the proportion of rGO in the FLP/rGO electrode. For instance,
reducing the rGO:FLP weight ratio to 1:1 results in a rapid
capacity fade with only∼9% capacity retention after 50 cycles at
a C rate of ∼0.1C. This can be attributed to unavailability of
sufficient buffer layer material to buttress the FLP sheets.
Without the use of rGO, the capacity of the pure FLP electrode
decayed precipitously from 1200 mAh g−1 to below 50 mAh g−1

in less than 10 charge−discharge steps, indicating the pivotal
role played by the rGO buffer material in stabilizing the
performance of the FLP. In order to verify that rGO buffering
can protect the FLP material, ex situ SEM imaging before and
after cycling for FLP/rGO (1:3) and FLP/sCNT (1:3) was
carried out. FLP/rGO (1:3) showed high structural stability, as
there was no indication of cracks or delamination of material
from the copper current collector (Figure S10). By contrast, the
FLP/sCNTs (1:3) showed poor structural stability, as large
cracks were observed and the electrode material delaminated,
revealing the underlying copper current collector substrate
(Figure S11). This confirmed that the 2D rGO buffer layer is
able to suppress the pulverization and delamination of FLP
much more effectively than 1D sCNTs.
It should be noted that the CE of FLP/rGO (1:3) running at

0.1C is low during initial cycles, but quickly increase after 5
cycles. This is indicative of SEI instability especially at lower
voltages (below 0.1 V) during initial cycles. Owing to the low
electrochemical potential of K+/K, the solvent in the electrolyte
can be readily reduced on the electrode surface.63 That being
said, the CE of FLP/rGO (1:3) did climb to ∼97% at the end of
50 cycles of charge and discharge at 0.1C rate (Figure 3d). In
fact, among all the electrodes that we tested, FLP/rGO (1:3)
showed by far the highest CE. Further, the effect of unstable SEI
during the initial cycles can be mitigated at higher C rates as
observed in our work (CE of FLP/rGO reached∼99%within 25
cycles at a faster rate of 0.5C (Figure 3g)). This is because at
higher rates there is less time available for electrolyte breakdown
and undesirable side reactions to take place. The CE during
initial cycling could potentially be further improved by
improvements to the electrolyte, which should be pursued as
part of future work.

The rate capability of the FLP/rGO (1:3) anode was
investigated at different C rates as shown in Figure 3e, and its
corresponding charge/discharge voltage profiles are shown in
Figure 3f. The FLP/rGO (1:3) anode delivered reversible
capacities of ∼710, ∼600, and ∼550 mAh g−1 at rates of ∼0.1C,
∼0.2C, and ∼0.4C, respectively. Even at higher rates of ∼0.6C
and ∼1.2C, FLP/rGO displayed a reasonable capacity of ∼400
and ∼230 mAh g−1, respectively. When the C rate was reverted
back to ∼0.1C, a charge capacity of ∼700 mAh g−1 was retained
after 30 cycles, revealing reversible alloying/dealloying of the
FLP and stable cycle life. On the other hand, the pure rGO
electrode showed much lower reversible capacities of ∼150,
∼110, ∼80, ∼65, and ∼40 mAh g−1 at current rates of ∼0.1C,
∼0.2C, ∼0.4C, ∼0.6C, and ∼1.2 C, respectively (Figure S8b).
As mentioned previously, for all the specific capacity
calculations, the contribution of rGO was deducted in order
to establish the capacity delivered by the FLP. Similar shape and
slope of charge/discharge voltage profiles, with reduced
overpotential, at different current rates further confirms the
reversibility of the alloying/dealloying reaction. The FLP/rGO
(1:3) electrode also delivers relatively stable performance
(Figure 3g) at higher C rates. For example, at a current rate of
∼0.5 C and after initial capacity losses, the FLP/rGO electrode
displayed a high charge capacity of ∼450 mAh g−1 with >99%
Coulombic efficiency. After cycling for 300 cycles, FLP/rGO
(1:3) was still able to deliver a capacity of∼230 mAh g−1, which
indicates ∼0.16% capacity decay per cycle (Figure 3g). On the
basis of these results, we conclude that the rGO material serves
two important functions in our electrode: (1) rGO acts as an
elastic buffer layer helping to accommodate the high volume
expansion and prevent the pulverization/delamination of the
FLP electrode and (2) rGO facilitates the transport of electrons
(generated during the alloying reaction) to the copper current
collector.
One observation from the rate capability testing is that the

high rate performance of FLP/rGO (1:3) is not exceptional and
neither is that of rGO alone. The main reason for this is the
sluggish intercalation/deintercalation and alloying/dealloying
kinetics of K ions as compared to that of Li. The reason for this
sluggishness arises from the larger size of the K ion relative to
that of Li. In fact, the rate capability performance of FLP/sCNTs
(Figure S9) was similar to that of FLP/rGO. This confirms that
the “intrinsic sluggishness” of alloying and intercalation of K is
the primary reason that the specific capacity drops significantly
with the C rate.

Alloying Mechanism in Phosphorene. Phosphorus has
the ability to form various alloy states with potassium (e.g., KP,
K2P3, K3P, and K4P3). Initial testing of RP in KIBs reported
formation of only the KP phase.38,39 However, Wu et al. recently
reported the existence of the K4P3 phase while investigating RP
encapsulated in dual-doped porous carbon nanofibers.40 In
contrast to this, other studies (e.g., Li et al.37) have reported the
existence of the K3P phase. A possible reason for the large
diversity in alloying phases that have been reported to date could
be the predominantly amorphous nature of RP, which lacks
long-range order, and hence a variety of alloying states are
possible based on the experimental conditions, purity, initial
structure, and degree of crystallinity of the RP that was used.
Indeed a mix of different alloying states is also possible in such
predominantly amorphous systems. On the other hand, FLP,
which is highly crystalline, and has a well-defined initial
structure, may offer a more deterministic alloying response.
To study this, ex situ XPS and XRD measurements were carried
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out. Two types of samples, electrodes after discharge to∼0.03 V
and after charge to ∼2.3 V, were initially sputtered with Ar+ for
the removal of the SEI layer on the top of the electrode, so that
detection of alloy formation beneath it could be possible.
Figure 4a−f show high-resolution C 1s, K 2p, and P 2p XPS

analysis of discharged and charged FLP/rGO (1:3) electrodes.
Two important observations can be made while comparing XPS
data of the discharged and charged electrodes: (i) shifting of
major peaks and (ii) the appearance of additional peaks. In C 1s
XPS spectra (Figure 4a and d) of both discharged and charged

materials, C−C, CO/C−O, and C−F bonds appear at
∼284.6, ∼286, and ∼288 eV, respectively which is mainly
attributed to rGO and PVDF binder. The small broad peak
appearing between 282 and 284 eV is attributed to the
intercalation of K ions in rGO (forming KC8). The relative
intensity of the KC8 peak decreases in the charged electrode,
indicating deintercalation of K from rGO. However, the
presence of the KC8 peak in the charged electrode indicates
that intercalation/deintercalation is not 100% reversible, and
this can contribute to capacity loss. In K 2p XPS spectra (Figure

Figure 4. Ex situ XPSmeasurement and DFT calculations. (a−f) High-resolution XPS analysis of (a and d) C 1s, (b and e) K 2p, and (c and f) P
2p after (a−c) discharge (0.03 V) and (d−f) charge (2.3 V). (g) Formation energies of different alloys calculated by DFT.
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4b), the discharged electrode shows two peaks in doublets
(2p3/2 and 2p1/2) between 292−296 eV and 294−297 eV,
corresponding to KxO/KC8 and KxF, respectively which is
attributed to trace amounts of SEI leftover on the FLP/rGO
electrode. This is because Ar+ sputtering is not 100% effective in
removing the SEI layer. Similar peaks in doublets also appear in
the charged electrode (Figure 4e) but are right shifted, which
indicates the loss of electrons by potassium while going from the
discharged to the charged state. A decrease in the relative

intensity of KxO/KC8 in the charged state can be attributed to
deintercalation of K ions from rGO and is consistent with the C
1s XPS spectra (Figure 4a and d).
Most importantly, the discharged electrode exhibits a

prominent peak (also in a doublet) between 289−292 eV,
which is attributed to “alloy formation (KxP)” during the
discharge process (Figure 4b). According to the NIST database,
such a peak can correspond to either K4X or K3X, wherein X is a
counterion. This indicates the possibility of only K4P3 or K3P

Figure 5. Demonstration of full-cell KIBs based on s-KCO||FLP/rGO (1:3). (a) Charge/discharge curves for the FLP/rGO (1:3)||K and s-
KCO||K half-cell configurations. (b) Electrochemical charge/discharge voltage profile of the full-cell KIB at a current density of ∼0.5C. (c)
Charge−discharge cycling performance of the full-cell KIB at a current density of ∼0.5C. (d) Rate capability of the full-cell KIB at different
current densities, increasing from 0.5C up to 4C. (e) Electrochemical charge/discharge voltage profile of the full-cell KIB at different current
densities, from 0.5C to 4C. It should be noted that for all tests a charge−discharge rate of 1C corresponds to a current density of ∼1 A g−1.
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alloy formation. Such a peak is not prominently observed in the
charged electrode (Figure 4e), confirming the reversibility of the
alloying/dealloying mechanism, which is consistent with the
electrochemical performance of FLP/rGO. Lastly, in P 2p XPS
spectra (Figure 4c and f), three peaks, in a doublet (2p3/2 and
2p1/2), appear between 128 and 130 eV, 131−133 eV, and 134−
136 eV, which corresponds to alloy formation (K4P3 or K3P), a
P−P bond, and a P−O bond, respectively. The presence of the
P−P bond indicates that only the K4P3 alloy (Figure S12g) is
present and rules out K3P as a possibility. This is evident, since
P−P bond formation is not present in K3P (Figure S12f). Our
conclusion that K4P3 is being formed is also in accordance with
the specific capacity numbers obtained from electrochemical
tests (Figure 3c and d); K3P alloy provides a much higher
specific capacity of ∼2500 mAh g−1, which is 2- to 3-fold higher
than what we havemeasured. As a final proof, we also carried out
ex situ XRD characterization of the charged and discharged
electrodes, which revealed the presence of peaks corresponding
to the K4P3 alloy phase (Figure S13).
It should also be noted that on alloying phosphorus loses

electrons, which leads to a right shift of the P−P bond peak in
comparison with unalloyed FLP. In the charged state, two major
peaks, in the doublet, are observed between 129−131 eV and
132−134 eV, which corresponds to the P−P bond and the P−O
bond, respectively. Such a left shift in the P 2p XPS spectrum is
due to a gain of electrons by P after dealloying. This shift
between the charged and discharged states confirms the
reversibility of the K4P3 alloying/dealloying reaction. The F 1s
and O 1s XPS spectra of the discharged and charged state
confirm the existence of the SEI layer over the FLP/rGO
electrode, PVDF binder, and oxide groups present on
phosphorene and graphene sheets (Figure S14).
First-principles DFT calculations were performed to develop

a deeper understanding as to why K4P3 alloy formation is
preferred over other competing alloy states. For this, the
formation energy per P atom of possible alloys (KP, K2P3, K3P,
and K4P3) of phosphorene with potassium is computed (see
Methods), wherein the K3P alloy shows a formation energy of
−0.98 eV, which is very similar to the K4P3 alloy (−0.97 eV) but
lower than the formation energy of KP (−0.90 eV) and K2P3
alloy (−0.79 eV) (Figure 4g and Table S1). This indicates that
K2P3 is stable at higher potentials and then converts into KPwith
further potassiation at lower potentials. Upon further
potassiation, KP will change to K4P3 at a potential of ∼0.03 V.
If the K4P3 phase is potassiated to 0.0 V or below 0.0 V, K4P3 can
change into K3P, but kinetics permitting will get converted back
to K4P3 and K based on the K−P phase diagram (Materials
Project, https://materialsproject.org/). The formation of K4P3
at∼0.03 V is also consistent with our experimental observations,
since (i) the pure FLP anode shows a specific capacity after the
formation cycle of ∼1200 mAh g−1 (Figure 3d), which closely
matches the theoretical capacity of K4P3, and (ii) P 2p XPS
analysis shows the presence of the P−P bond, which rules out
K3P since P−P bonds are absent in K3P (see Figure S12f).
Full-Cell Potassium-Ion Battery Demonstration.Devel-

oping a working full-cell device is indispensable to demonstrate
the proof-of-concept in a realistic operational environment.
Here we report a full-cell KIB device with the FLP/rGO (1:3) as
the anode and s-KCO as the cathode. The s-KCOmicrospheres
were fabricated using a facile self-templating method, wherein
cobalt carbon trioxide (CoCO3) microspheres, synthesized
through a solvent-thermal method, were initially calcined in air
to form porous cobalt oxide (Co3O4) microspheres followed by

further calcination in the presence of potassium hydroxide (see
Methods).46 XRD data reveal that the s-KCO has a hexagonal
structure with lattice parameters of a = b = 2.8 Å and c = 12.4 Å.
Peaks between 10° and 30° are attributed to scattering from the
Kapton film, which was used to prepare samples for XRD
(Figure S15). SEM and TEM imaging indicates the spherical
morphology of the s-KCO with an average size of 8−10 μm
(Figures S16 and S17). Well-aligned lattice fringes (d = 0.62
nm) observed through HRTEM are in accordance with XRD
data and prove the highly crystalline structure of the s-KCO
(Figure S17f). Energy dispersive X-ray spectroscopy also
confirms the uniform distribution of potassium, oxygen, and
cobalt in the s-KCO (Figure S18).46

Full-cells were configured with FLP/rGO (1:3) as the anode,
s-KCO as the cathode, and KPF6 in EC/DEC as the electrolyte
(see Methods). Before configuring the full-cell, FLP/rGO (1:3)
and s-KCO were initially cycled, in their respective voltage
windows (0.03−2.3 V for FLP/rGO and 1.7−3.7 V for s-KCO),
in a half-cell configuration for the removal of irreversible
capacity and activation of both the materials. Both FLP/rGO
(1:3) and s-KCO showed highly reversible capacities of ∼610
and ∼65 mAh g−1 at a C rate of ∼0.2 C, respectively (see Figure
5a). These activated materials were then used to fabricate s-
KCO||FLP/rGO (1:3) full-cell KIBs (at a cathode-to-anode
capacity ratio of 0.95:1) and were operated in the 0.03−3.3 V
voltage window. Charge/discharge voltage profiles and cycling
performance of FLP/rGO (1:3) show a discharge capacity of
∼420 mAh g−1 after the second cycle and retained a discharge
capacity of ∼250 mAh g−1 after the 70th cycle when operated at
a current rate of ∼0.5 C (see Figure 5b,c). The specific capacity
of the full-cell is calculated based on the phosphorene mass
present in the anode (i.e., after removing the contribution of
rGO). The s-KCO||FLP/rGO (1:3) full-cell delivers an average
Coulombic efficiency of >99% at a current rate of ∼0.5 C
(Figure 5c). The rate capability of FLP/rGO (1:3) in the full-cell
device at different current rates and its corresponding charge/
discharge voltage profile are shown in Figure 5d,e. The FLP/
rGO anode delivered high discharge capacities of ∼420, ∼310,
and ∼190 mAh g−1 at current rates of ∼0.5C, ∼1C, and ∼2C,
respectively. Even at a high current rate of ∼2.5C and ∼4C,
FLP/rGO showed discharge capacities of ∼180 and ∼150 mAh
g−1, respectively. A stepwise decrease in current rate from 4C to
0.5C resulted in the FLP/rGO regaining a discharge capacity of
∼410 mAh g−1 after 45 cycles, revealing highly reversible
potassium storage in FLP/rGO with stable performance.
Voltage profiles at different current rates (Figure 5e) are
consistent with the rate capability results, as they show almost
similar shape and slope with slightly different overpotential. The
above test results demonstrate that the FLP/rGO (1:3)
electrode retains its performance attributes in a full-cell setting
and therefore shows promise as a high specific capacity anode
material in KIBs.
One interesting observation in all of our testing is that the

capacity retention of the FLP/rGO electrode improves at high C
rates. This is because at high C rates a relatively smaller fraction
of phosphorene is taking part in the alloying/dealloying reaction
due to the slow kinetics of alloy formation. In fact, the larger size
of the K ion as compared to Li makes the alloying−dealloying
reaction for K more sluggish compared to Li, and hence more
reaction time is required to fully utilize the entire phosphorene.
This leads to a decrease in the stress buildup, since the volume
expansion/contraction of the electrode is mitigated due to
incomplete participation of phosphorene in the alloying/
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dealloying process. Therefore, at higher C rates, the possibility of
pulverization and delamination of the electrode is lower in
comparison with slower C rates.

CONCLUSION

In conclusion, we have demonstrated successful application of
FLP as anode materials for KIBs. Pure FLP showed a high initial
capacity of ∼1200 mAh g−1 with rapid capacity decay in
subsequent cycles, which is attributed to pulverization of the
electrode due to large volume changes during the alloying/
dealloying of phosphorene. While red phosphorus has been
shown to form a variety of alloys with potassium (KP, K2P3, K3P,
and K4P3) at different potentials, FLPwas observed to formK4P3
at ∼0.03 V. This was confirmed by ex situ XPS and XRD as well
as first-principles DFT calculations and galvanostatic charge−
discharge cycling. In order to prevent pulverization and capacity
fade, composites of rGO and sCNTs with FLP were synthesized
wherein rGO and sCNTs were used as buffer layers to
mechanically buttress the FLP sheets. We found that rGO
exhibited a highermechanical stability (∼74% capacity retention
after 50 cycles) than sCNTs (∼43% capacity retention after 50
cycles). This is due to the 2D structure of rGO, which allows it to
better support the 2D FLP sheets. Owing to its superior
mechanical integrity, FLP/rGO not only delivered a high
specific capacity (710 mAh g−1 at 0.1C) and a reasonable rate
capability (400 and∼200mAh g−1 at 0.6 and 1.2 C rate) but also
showed good cycle stability (∼230 mAh g−1 at 0.5 C for 300
cycles). A very similar performance was observed while
investigating FLP/rGO in a working full-cell KIB, wherein s-
KCO was used as the cathode. On the basis of our findings, we
conclude that FLP materials show significant promise as high-
performance anode materials for next-generation KIBs. Such
KIBs could play an important role in reducing our current
reliance on lithium-ion technology.

METHODS
Synthesis of Few-Layer Phosphorene. Black phosphorus,

purchased from Smart Elements, was immersed in anhydrous NMP
at a concentration of ∼0.5 mg/mL and ultrasonicated (tip sonication)
for ∼5 h in an ice bath wherein the on/off ratio was 3 s/2 s. In order to
separate unexfoliated BP, centrifugation at 500−2000 rpm was
performed for ∼30 min. This led to the appearance of a brown
solution consisting of FLP sheets. The unexfoliated BP was further
exfoliated using the tip sonication method in order to increase the
efficiency of exfoliation.
Synthesis of FLP, FLP/rGO, and FLP/sCNTs Electrodes.

Reduced graphene oxide and single-walled carbon nanotubes were
purchased from ACSMaterials. rGOwas mixed in anhydrous NMP at a
concentration of ∼1 mg/mL and was bath sonicated for ∼30 min,
which led to a black-colored solution. The as-synthesized FLP solution
was then mixed with a rGO solution followed by bath sonication for
∼90 min, which led to a gray-colored solution. Lastly, the FLP/rGO
solution in anhydrous NMP was vacuum filtered and dried at ∼70 °C
overnight inside an argon-filled glovebox in order to remove the
remaining NMP. After complete removal of NMP, FLP/rGO powder
was mixed with super-P carbon black and PVDF binder in 80:10:10%
proportion by weight. After mixing, the FLP/rGO electrode slurry was
prepared by adding a small amount of NMP to the mixture, followed by
stirring at∼2000 rpm for∼20 min. The slurry was then coated on a Cu
foil, heated in ambient conditions for 2−3 h, and then transferred to a
vacuum chamber and further heated at∼45 °Covernight. Pure FLP and
the FLP/sCNTs electrodes were also synthesized using the above
procedure.
Synthesis of s-KCO Cathode. Initially, cobalt carbon trioxide

(CoCO3) microspheres were synthesized using the solvothermal

method46 wherein a solution containing ∼0.95 g of cobalt chloride
(CoCl2·6H2O), ∼2.5 g of urea, ∼55 mL of glycerol, and ∼20 mL of
H2O was stirred for ∼2 h at room temperature and transferred to a
Teflon-lined autoclave, which was then heated at ∼180 °C for ∼12 h.
As-synthesized CoCO3 was washed with ethanol and water multiple
times before calcination at∼500 °C for∼4 h, which led to formation of
cobalt oxide (Co3O4)microspheres. Co3O4 (∼3mmol) was thenmixed
with potassium hydroxide (KOH, ∼6 mmol) in water (∼1 mL) and
dried at ∼80 °C in order to make a solid mixture, which was then
preheated at ∼350 °C for ∼2 h. After pretreatment, the solid mixture
was calcined at ∼700 °C for ∼10 h in an oxygen (O2) environment
followed by natural cooling to ∼200 °C. This led to the formation46 of
s-KCO, which was then taken out in an argon-filled glovebox to avoid
any contamination in ambient conditions. For the preparation of the s-
KCO electrode, the slurry was initially prepared by properly mixing s-
KCO powder, super P-carbon black, and PVDF binder (mass ratio of
5:1:1) in small amount of NMP, which was then coated on aluminum
foils and dried at ∼100 °C for ∼12 h in vacuum.

K-Ion Half-Cell Measurement. For the half-cell configuration,
2032-type coin cells were used wherein potassiummetal was used as the
reference/counter electrode and Celgard 2340 polypropylene mem-
brane as separator. The electrode coated on copper foil was punched in
a circular shape with an area of ∼1.27 cm2. Mass loading of the whole
material (electrode materials (FLP/rGO, FLP/sCNTs, rGO) + carbon
black + PVDF) ranged from 1 to 2 mg, depending on the coating
technique used. Potassium hexaflorophosphate (0.9 Μ, KPF6) in EC
and DEC, mixed in 1:1 ratio by volume, was used as the electrolyte.
Assembly of all the batteries was done inside an argon-filled glovebox
(MBraun Labstar). Charge/discharge testing and GITT were
performed within voltage window of 0.03−2.3 V using an Arbin
BT200 battery instrument. Cyclic voltammogram testing and EIS were
conducted at room temperature using a Gamry Instruments
potentiostat. Similarly, the half-cell for s-KCO with a mass loading of
∼1 mg/cm2 was also configured. Charge/discharge testing for s-KCO
was performed within a voltage window of 1.7−3.7 V using the same
Arbin BT200 battery instrument.

K-Ion Full-Cell Measurement. For the full-cell test, the half-cell of
FLP/rGO (1:3) was cycled for one or two cycles between 0.03 and 2.3
V in order to remove irreversible capacity, whereas s-KCO was cycled
between 1.7 and 2.3 V for activating the cathode. The full-cell was then
assembled by taking out the anode material from the FLP/rGO||K half-
cell and cathode from the s-KCO||K half-cell inside an argon-filled
glovebox. A fresh cell was then assembled with cycled FLP/rGO (1:3)
as anode, activated s-KCO as cathode, and 0.9 M KPF6 in EC/DEC
(1:1) as the electrolyte. The active material mass ratio of the cathode
and anode was around 4:1.

Materials Characterization. Phosphorene was characterized using
SEM (Hitachi S4800), XPS (K-alpha Thermos VG Scientific), TEM
(Technai G2 F30, 300 kV), STEM (Talso F200X, 200 kV), Raman
(Aramis, France), and AFM (Bruker, USA). FLP/rGO and FLP/
sCNTs were characterized using TEM (JEOL JEM 2010, 200 kV),
XRD (D-MAX/2400 with Cu Kα radiation), XPS (PHI 500
Versaprobe with Al Kα radiation), and Raman (labRAM HR800,
632.8 nm He−Ne laser).

DFT Calculations. The Vienna ab Initio Simulation Package
(VASP) was used to carry out all the DFT computations with core−
valence interaction using the projector-augmented-wave (PAW)
method. For all the calculations, exchange−correlation interactions
were described by the generalized gradient approximation (GGA) with
the Perdew−Burke−Ernzerhof (PBE) functional. A cut-off energy of
500 eV was used to generate the plane-wave basis set, and the first
Brillouin zone was sampled using a Monkhorst and Pack k-point
scheme. All the structures were relaxed until the self-consistent field
energies were converged to 10−5 eV with a force on each atom of less
than 0.05 eV Å−1. The details of the atomic position and cell dimensions
(POSCAR file) for all the considered systems are given in the
supplementary details. Formation energy of the alloy was calculated
according to the following equation:

= { − *\ _ + * }E E X Y E n Y( mu K / ) /f (KxPy) P
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wherein Ef refers to the formation energy; E(KxPy) and EP refer to DFT
relaxed energy of the KxPy alloy, and phosphorene, respectively; \mu_K
refers to the chemical potential of K with respect to metallic K; n refers
to numbers of phosphorus atoms in phosphorene; and X and Y refer to
the number of potassium and phosphorus atoms, respectively, in the
alloy.
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