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KTiy(PO4); is a promising anode material for potassium storage, but suffers from low conductivity
and difficult balance between high capacity and good structural stability. Herein, the Ti3C,Ty MXene is
used as a multifunctional binder to fabricate the KTi,(PO4); electrode by the traditional homogenizing-
coating method. The MXene nanosheets, together with the conductive agent super P nanoparticles,
construct a multiple conductive network for fast electron/ion transfer and high electrochemical kinet-
ics. Moreover, the network ensures the structural stability of the KTiy(PO4); electrode during the de-
intercalation/intercalation of 4 K* ions, which is beneficial for simultaneously achieving high capacity
and good cycle performance. Therefore, the MXene-bonded KTiy(PO4); electrode delivers a reversible
capacity of 255.2 mAh/g at 50mA/g, outstanding rate capability with 132.3 mAh/g at 2 A/g, and ex-
cellent cycle performance with 151.6 mAh/g at 1 A/g after 2000 cycles. This work not only suggests a
high-performance anode material for potassium-ion batteries, but also demonstrates that the MXene is a

promising binder material for constructing conductive electrodes in rechargeable batteries.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) with high energy density have
broad applications in electronic communication and electric vehi-
cles [1-3], but the scarcity and uneven distribution of lithium re-
sources sharply increase their cost and limit their application in
large-scale energy storage system [4-6]. Potassium with similar
physical and chemical properties to lithium attracts much atten-
tion because of its much more abundant reserves and lower cost
[7,8]. Moreover, the redox potential of K/K* couple is —2.93V vs.
standard hydrogen electrode (SHE), indicating a high working volt-
age of potassium-ion batteries (PIBs). In addition, the potassium
jon shows smaller Stokes radius (3.6A) in some organic solvents
than the sodium ion (4.6 A) and lithium ion (4.8 A), implying high
ionic conductivity of the potassium-based electrolyte [9,10]. There-
fore, PIBs are considered as a promising alternative to LIBs in the
field of large-scale energy storage [11]. Nevertheless, the electrode
materials for PIBs usually suffer from large volume change during
the de-intercalation/intercalation of the K* ions with large radius
of 1.38 A, leading to the structural instability and unsatisfactory cy-
cle performance [12-14].
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KTiy(PO4); with high ionic conductivity and massive potas-
sium storage sites has been explored as anode material for PIBs
[15,16], but it shows low electronic conductivity and difficult bal-
ance between high capacity and good structural stability. Han
et al. [17] firstly reported a carbon-coated KTi,(PO4); anode mate-
rial, which delivered only a small capacity of 72.6 mAh/g in a po-
tential range of 1.2-2.8V (vs. K/K*). Later, Du et al. [18] improved
the capacity of KTiy(PO4)3@C nanocomposite to 292.7 mAh/g by
expanding the potential range to 0.01-3V (vs. K/K*), correspond-
ing to the de-intercalation/intercalation of 4 K* during charging-
discharging, which caused large volume change and sacrificed the
cycle performance to some extent. To guarantee the cycle stabil-
ity, Voronina et al. [19] prepared a carbon-modified KTiy(PO4)3
and carried out the electrochemical test in 1-4.0V (vs. K/K*) for
only 2 K* de-intercalation/intercalation at ~1.6V, which displayed
a capacity of 126 mAh/g and good cycle stability with 89% ca-
pacity retention after 500 cycles. Nowadays, the development of
KTi, (PO, )3 for potassium storage is still in the early stage, and the
simultaneous achievement of high capacity, high conductivity and
good structural stability during cycling is still a challenge for the
KTi,(PO4)3; anode.

Two-dimensional (2D) transition metal carbides/nitrides, known
as MXenes with a general formula of My, 1X;Tx, where M ex-
presses the early transition metals like Ti, V, Nb, Mo, etc., X is

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Structure and composition of the prepared KTiy(PO4);. (a) XRD pattern. (b) Crystal structure. (c) Raman spectrum. (d) SEM image. (e) Elemental mapping images of
K, Ti, P, O and C. (f) TEM image. (g) HRTEM image with (h) the corresponding SAED pattern.

C and/or N, and Tx represents the terminations such as -F, -OH
and -0 [20-23], gain great attention in energy storage field ow-
ing to their 2D lamella structure, large surface area, metallic-like
electronic conductivity, high mechanical strength and good dis-
persibility in aqueous and some organic solutions [24-26]. Our
previous works have confirmed that the MXene nanosheets can be
used as a conductive binder for film electrode fabrication through
the vacuum-filtration method [27-30]. Here, we further propose
the assembly of the KTi,(PO,4)3; electrode with MXene as a multi-
functional binder through the conventional homogenizing-coating
strategy, in which the highly conductive MXene sheets, together
with the super P (SP) nanoparticles, construct a multiple conduc-
tive network for fast charge transfer, remarkably enhancing the uti-
lization of the active material KTi;(PO4); and improving the rate
capability of the anode. Moreover, the lamella structure and good
mechanical strength of the MXene are beneficial for protecting the
electrode structural stability, endowing the KTi,(PO4)3 anode with
superior cycle performance.

The KTi,(PO4); nanoparticles were prepared by a solvothermal
process followed by thermal treatment at 750 °C under N, atmo-
sphere (Fig. S1 in Supporting information). XRD pattern of the as-
prepared KTi,(POg4)3 (Fig. 1a) shows the diffraction peaks in good
agreement with the rhombohedral KTiy(PO4); phase (PDF#34-
0131), indicating its high crystallinity. Accordingly, the NASICON
structure of KTiy(POy4)3 is described in Fig. 1b, in which the TiOg
octahedron and PO, tetrahedron are connected at the same point
to construct a 3D framework with large interstitial spaces for fast
K* ion transport. As the used organic raw materials (e.g., CH3COOK
and CygH3604Ti) inevitably introduce carbon in the preparation
procedure, the carbon content of the prepared KTi,(PO4); sam-

ple is tested to be ~1.51% by TG curve from room temperature
to 600 °C in Fig. S2 (Supporting information). Furthermore, the
KTi,(PO4); sample exhibits two Raman peaks at 1355 cm~! and
1595 cm~! (Fig. 1c), corresponding to the D peak (disordered car-
bon or defective graphitic band) and G peak (crystalline graphite
band), respectively. The area ratio of D peak and G peak is cal-
culated to be 2.754, meaning the carbon in the prepared sam-
ple is amorphous. In addition, there is a peak at 985 cm~!, rep-
resenting the stretching vibration of P-O bond in PO, tetrahe-
dral of the KTiy(PO4)3 bulk phase. As observed in SEM image in
Fig. 1d, the KTiy(PO4); sample shows irregular particles in nano-
scale size, and the EDS mapping (Fig. 1e) displays the homoge-
neous distributions of the K, Ti, P, O and C elements that accords
with the KTi,(PO4); molecule structure (Table S1 in Supporting
information). The TEM image further reveals that the KTiy(POy4)3
particle sizes are in a range of 150-200nm (Fig. 1f). Moreover,
the lattice fringes of 0.37 nm corresponding to (113) crystal plane
(Fig. 1g), and the diffraction rings signing (012) and (404) planes
of KTiy(PO4); (Fig. 1h) are exhibited.

Since the high capacity of KTiy(PO4); requires the ex-
panded potential range of 0.01-3V (vs. K/K*) for 4 Kt de-
intercalation/intercalation, from the view of electrode assembly, 2D
MXene nanosheets are employed to construct a conductive frame-
work to promote fast charge transport and limit the structure
change, promising the achievement of both good cycle stability and
high capacity. The KTi,(PO,4)3; electrode is prepared by the tradi-
tional homogenizing-coating process with SP as a conductive agent
and Ti3C;Tx MXenes as a conductive binder instead of conven-
tional polymer binder, and the electrode is denoted as MXene-KTP
(Fig. S3 in Supporting information). The KTi;(PO4)3 electrodes with
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Fig. 2. Morphologies of the KTi,(PO,4); electrodes with PVDF, CMC or MXene as a binder. Top-view and cross-sectional SEM images of (a) PVDF-KTP, (b) CMC-KTP and (c)
MXene-KTP. AFM images of (d) PVDF-KTP, (e) CMC-KTP, and (f) MXene-KTP.
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Fig. 3. Electrochemical performance of MXene-KTP for potassium storage. (a) CV curves at a scan rate of 0.1 mV/s. (b) Charge/discharge profiles at 50 mA/g. (c) Cycle perfor-
mance at 50mA/g. (d) Rate capability. (e) Long-term cycle stability at 1 A/g. (f) EIS spectra with the equivalent circuit in the inset. (g) R values fitting by the equivalent
circuit. (h) Relationship between Z' and square root of frequency =12 in the low-frequency region of the EIS spectra.

polyvinylidene difluoride binder (PVDF-KTP) and carboxymethyl-
cellulose sodium binder (CMC-KTP) are also prepared via the sim-
ilar process for comparison.

XRD pattern of the constructed MXene-KTP electrode reveals
the characteristic peak at 6.2° corresponding to (002) plane of

Ti3C,Tx MXene, indicating the existence of MXene nanosheets
(Fig. S4 in Supporting information). The surface morphologies and
cross-sectional microstructures of the KTiy(POy4); electrodes with
PVDF, CMC and Ti3C,Tx MXene binder are shown in Figs. 2a—c. The
three electrodes are all composed of evenly dispersed KTiy(POy4)3
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Fig. 4. Morphologies of the cycled KTi,(PO4); electrodes. Top-view and cross-sectional SEM images of (a) PVDF-KTP, (b) CMC-KTP and (c) MXene-KTP; AFM images of (d)

PVDF-KTP, (e) CMC-KTP, and (f) MXene-KTP; Roughness difference of (g) PVDF-KTP, (h) CMC-KTP and (i) MXene-KTP.

and SP nanoparticles, among which the MXene-KTP possesses the
flattest surface with the KTi,(PO4); particles evenly embedded in
the conductive framework constructed by the SP nanoparticles and
the MXene nanosheets. The digital photo of the MXene-KTP elec-
trode shows the smooth surface and good wettability with 3 mol/L
KFSI in DME electrolyte (Fig. S5 in Supporting information). Fur-
thermore, the roughnesses of PVDF-KTP, CMC-KTP and MXene-KTP
are 282, 159 and 114nm, respectively (Figs. 2d-f), verifying the
smoothness and the uniformity of the MXene-KTP electrode, which
is beneficial for enhancing the structural stability and ensuring the
rapid charge transfer in the electrode. The electronic conductivities
of the electrodes confirm the superiority of the MXene-KTP, which
displays a much higher conductivity of 45.6 S/cm compared to the
PVDF-KTP (0.185 S/cm) and CMC-KTP (0.228 S/cm) electrodes (Fig.
S6 in Supporting information).

The CV curves of the PVDF-KTP, CMC-KTP and MXene-KTP elec-
trodes (Fig. 3a and Fig. S7 in Supporting information) at 0.1 mV/s
in 0.01-3.0V (vs. K/K*) have two pairs of redox peaks at 1.60V
(red.)/2.10V (ox.) and 0.65V (red.)/0.91V (ox.), corresponding to
the redox reaction of Ti*t/Ti3* and Ti3*/Ti2* pairs, respectively
[31,32]. The irreversible reduction peaks in the first cycle that dis-
appear in the following cycles are attributed to the electrolyte
decomposition and the formation of SEI film [33,34]. Also, the

charge/discharge profiles of the three KTi,(PO4)3 electrodes in Fig.
3b and Fig. S8 (Supporting information) show the electrochemical
behavior in agreement with the CV curves.

The initial reversible potassium storge capacities of the PVDF-
KTP, CMC-KTP, MXene-KTP electrodes are 160.9, 164.7 and 208.9
mAh/g at 50 mA/g, respectively (Fig. 3c). Due to the activation pro-
cess, the capacities of the electrodes gradually increase in the ini-
tial cycles. However, the PVDF-KTP suffers from rapid capacity de-
cay with only 115.5 mAh/g after 50 cycles, while the CMC-KTP
electrode also has unsatisfactory cycle stability with 200.4 mAh/g
after 50 cycles. By contrast, the MXene-KTP electrode delivers su-
perior cycle performance, which exhibits a capacity of 228.3 mAh/g
after 50 cycles. The enhancement of capacity and cycle perfor-
mance is ascribed to the 2D MXene binder that can both facilitate
electron transfer and buffer the volume change of the KTiy(POy4)3
particles. The rate performance further highlights the superiority
of MXene-KTP, which shows the capacities of 221.5, 184.2, 155.8
mAh/g at 200, 500, 1000 mA/g, respectively (Fig. 3d). Even at the
high current density of 2 A/g, the capacity can still maintain at
126.9 mAh/g, much higher than that of PVDF-KTP (7.8 mAh/g) and
CMC-KTP (55.0 mAh/g) electrodes. Fig. 3e reveals the long-term
cycle performance of the MXene-KTP electrode, which possesses
an initial capacity of 113.2 mAh/g at 1 A/g that increases to 156.8
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Fig. 5. Potassium storage performance of the KTiy(PO4); electrode prepared with different ratios of SP and MXene. Charge/discharge curves of (a) KTP/SP/MXene 7:1.5:1.5
and (b) KTP/SP/MXene 7:1:2 at 50mA/g. (c) Cycle performance at 50 mA/g. (d) Rate performance. (e) Long-term cycle stability at 1 A/g. (f) EIS spectra with the equivalent
circuit in the inset. (g) Relationship between Z' and square root of frequency w='2 in the low-frequency region of the EIS spectra. (h) R, values fitting by the equivalent

circuit.

mAh/g after the activation process, and remains at 114.3 mAh/g af-
ter 1500 cycles. The outstanding cycle and rate performance is at-
tributed to its excellent conductivity and structural stability origi-
nated from the 2D MXene nanosheets with metallic-like electronic
conductivity and high mechanical strength as a conductive binder.

To study the kinetics of the electrodes, their EIS spectra are
shown in Fig. 3f. Fitted with the equivalent circuit, the charge-
transfer resistance (R¢) of the MXene-KTP is calculated to be 2400
2, lower than that of PVDF-KTP and CMC-KTP (Fig. 3g). More-
over, the potassium-ion diffusion coefficients are calculated ac-
cording to the slope of the plots of Zg versus w='/2 in the low-
frequency region (Fig. 3h) [35]. The potassium-ion diffusion coeffi-
cient of MXene-KTP (1.1 x 10~!! cm?/s) are much higher than that
of CMC-KTP (9.6 x 1013 cm?/s) and PVDF-KTP (6.0 x 10~13 cm?2/s),
demonstrating accelerated potassium-ion transport. It means the
conductive network constructed by the MXene binder not only
effectively promotes the electron transfer, but also provides high
porosity (Fig. S9 in Supporting information) for fast ion diffusion
in the electrode, which is of great importance for achieving good
rate performance.

To investigate the effect of the binder on the electrode struc-
tural stability, the morphologies of the KTi;(PO4); electrodes us-
ing different binders after 100 cycles are compared. It can be seen
that the big crevices appear on the surface and inside of the PVDF-
KTP (Fig. 4a) and CMC-KTP (Fig. 4b) electrodes, which may cause
the material pulverization and exfoliation from the current collec-
tor during cycling, leading to rapid capacity decay. Nevertheless,
the cycled MXene-KTP electrode retains an intact surface with-
out obvious crack and pulverization phenomenon (Fig. 4c). Further-
more, the surface roughnesses of the cycled PVDF-KTP, CMC-KTP
and MXene-KTP electrodes are 475, 269 and 141 nm, respectively
(Figs. 4d-f). As shown in Figs. 4g-i, the roughness difference of

the MXene-KTP before and after cycling (27 nm) is much smaller
than that of PVDF-KTP (193 nm) and CMC-KTP (110 nm), indicat-
ing that the MXene used as a binder can significantly improve the
structural stability of the KTi,(PO4)3 electrode, as well as fully con-
tact with the active KTi,(PO4); particles and promote fast electron
transfer.

The 2D MXene nanosheets with metallic-like electronic con-
ductivity, as above confirmed, significantly improve the electro-
chemical performance of the KTi(PO4); electrode when used as
a binder. In the MXene-KTP electrode, the SP nanoparticles and
the MXene nanosheets construct a multiple conductive framework.
Therefore, the ratio of SP and MXene is important for the electrode
to achieve both fast electron transfer and rapid ion transport. To
optimize the electrode structure and performance, in addition to
the above-mentioned MXene-KTP (KTP:SP:MXene =7:2:1 in mass),
two electrodes with different ratios of KTP:SP:MXene (7:1.5:1.5 and
7:1:2 in mass) are also prepared. With the MXene content increas-
ing, the surface of the electrode is gradually covered (Fig. S10 in
Supporting information), which may protect the electrode struc-
ture but cause the hindrance of the ion transport. As shown in Figs.
5a and b, the two electrodes show similar electrochemical behavior
to the MXene-KTP with two plateaus at ~1.7V and ~0.7V during
discharge process, corresponding to the redox reaction of Ti**+/Ti3+
and Ti3*|Ti2* pairs, respectively.

Among the three electrodes with different SP and MXene ra-
tios, the KTP/SP/MXene 7:1.5:1.5 delivers the highest reversible ca-
pacity of 255.2 mAh/g at 50 mA/g after activation and exhibits the
best cycle performance with a capacity of 241.2 mAh/g after 70 cy-
cles (Fig. 5¢). Beside, it maintains structural integrality and stability
after cycling (Fig. S11 in Supporting information). As exhibited in
Fig. 5d and Fig. S12 (Supporting information), the KTP/SP/MXene
7:1.5:1.5 possesses excellent rate performance with capacities of
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167.2 and 132.3 mAh/g at current densities of 1 and 2 A/g, respec-
tively, demonstrating the optimized multiple conductive network
with the cooperation of 2D MXene nanosheets and SP nanoparti-
cles. In the conductive network, the MXene nanosheets can realize
the rapid electron transfer on the plane, while the SP particles can
provide the “point-to-point” electron transfer, which endows the
active particles outside the MXene layers with high electron con-
duction. As the excess MXene may suffer from the sheet stacking
that hinders the ion transport, while too low MXene content is not
enough for constructing the highly conductive framework, to max-
imize the performance of the KTi,(PO4); electrode, the appropriate
proportion of SP and MXene is optimized to be 1.5:1.5.

As expected, the KTP/SP/MXene 7:1.5:1.5 electrode displays su-
perior long-term cycle stability at a high current density of 1 A/g
(Fig. 5e). It shows an initial reversible capacity of 103.2 mAh/g
that gradually increases to 161.1 mAh/g due to the activation pro-
cess, and maintains at 151.6 mAh/g after 2000 cycles, correspond-
ing to a capacity retention of ~94.1% (compared with the max-
imum capacity after activation), which is attractive among the
potassium storage anode materials when compared with the pre-
viously reported literatures (Table S2 in Supporting information).
Based on the EIS plots (Fig. 5f), the potassium-ion diffusion coef-
ficient of KTP/SP/MXene 7:1.5:1.5 is calculated to be 1.2 x 1011
cm?/s (Fig. 5g), and its R value is 2048 Q (Fig. 5h). It means
the KTP/SP/MXene 7:1.5:1.5 has the best charge transfer capability
among the MXene-boned KTi,(PO4)3 electrodes, as its appropriate
proportion can maximize the function of the MXene in construct-
ing the highly conductive framework for both fast electron trans-
fer and rapid ion transport, and meanwhile realize the "point-to-
point" electron transfer of SP particles.

It is interesting that the KTP/SP/MXene 7:1.5:1.5 electrode can
also be used for lithium storage. As shown in Figs. S13 and S14
(Supporting information), its lithium storage behavior is differ-
ent from the potassium storage, which has broad CV peaks and
slope charge/discharge profiles, implying the pseudocapacitive con-
tribution. Furthermore, the lithium storage performance of the
KTP/SP/MXene 7:1.5:1.5 electrode is very attractive with an initial
reversible capacity of 471.3 mAh/g at 100mA/g and a coulombic ef-
ficiency of 61.48%. It also achieves excellent cycle performance with
a capacity retention of 93.5% after 50 cycles (Fig. S15 in Support-
ing information). Even at an ultrahigh current density of 10 A/g, it
still displays a capacity of 102.8 mAh/g (Fig. S16 in Supporting in-
formation). Additionally, it shows a capacity of 300.2 mAh/g after
200 cycles at 1 A/g (Fig. S17 in Supporting information), demon-
strating its promising potential as anode material for LIBs.

In conclusion, the KTiy(PO4); electrode with MXene as a binder
was prepared by homogenizing-coating method for PIBs, in which
the 2D MXene nanosheets, together with the conductive agent
SP nanoparticles, construct a multiple conductive network for
the active KTi,(PO4); particles. In the multiple conductive net-
work, the MXene nanosheets facilitate rapid electron transfer on
the plane and the SP nanoparticles endow with the “point-to-
point” electron conduction. It also endows the electrode with fast
ion diffusion and ensures the electrode structural stability during
charge/discharge cycling, leading to the simultaneous achievement

Chinese Chemical Letters 35 (2024) 109191

of high capacity, fast redox kinetics and good cycle performance.
The KTP/SP/MXene 7:1.5:1.5 electrode displays a capacity of 255.2
mAh/g at 50mA/g, superior rate performance (132.3 mAh/g at 2
A/g) and excellent long-term cycle stability with 151.6 mAh/g at
1 A/g after 2000 cycles. This work not only provides a promis-
ing candidate anode material for high-performance PIBs, but also
propose a strategy with MXene as a binder to construct multiple
conductive network for fabricating electrode with active materials
with low conductivity and unsatisfactory structural stability.
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