Porous MXenes Enable High Performance Potassium Ion Capacitors
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ABSTRACT:

High power K+ ion capacitors have great potential in various large-scale applications

because of the cost advantages and the low redox potential of K/K+. However, the large ionic
radius of potassium brings huge challenges for the development of suitable electrode materials.
Here we demonstrate a general strategy for preparing porous MXene electrodes that can
significantly enhance K+ storage performance. Using V2C MXene as a model system, we show
that the K+ ion storage capacity can be greatly boosted by a simple sequential acid/alkali treatment.
The resulting product, K–V2C, not only delivers a capacity of 195 mAh g-1 (in contrast to 98 mAh
g-1 of pristine V2C) at 50 mA g-1, but also good rate performance. The charge storage mechanism
was carefully studied and is shown to involve a solvent co-intercalation process. In addition, full
cells were fabricated by coupling the K–V2C anode and Prussian blue analogous (KxMnFe(CN)6)
cathode, which can work at a high average operating voltage of ~3.3 V within a wide range (0.01
V to 4.6 V). Moreover, the devices can achieve a high energy density of 145 Wh kg−1 at a power
density of 112.6 W kg−1, suggesting that K–V2C, and other porous MXenes prepared by our
approach, are promising electrodes in mobile ion capacitors.
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Introduction
With the growing concern about the depletion of fossil fuels and their environmental impact,
demands for energy storage systems are rapidly increasing [1, 2]. Among existing energy storage
technologies, lithium-ion batteries (LIBs) are considered the most promising owing to their high
energy density and long cycle life [3, 4]. Unfortunately, the grid-scale application of LIBs has been
limited by uneven distribution, low abundance, and the increasing cost of lithium metal. Therefore,
alternative energy storage systems are urgently needed, yet most remain challenging [1, 3]. In this
situation, a variety of new battery technologies have been proposed, such as Na-ion batteries
(NIBs) [5-7], Mg-ion batteries [8, 9], and Zn-ion batteries [10-12]. Very recently, K-ion storage
systems have received increasing attention because of the following advantages: a) compared with
lithium, potassium is much more abundant (2.09 wt.% for K vs. 0.0017 wt.% for Li) in earth’s
crust [13]; b) the K/K+ couple possesses a redox potential of -2.92 V (vs. standard hydrogen
electrode), which is much lower than that of Na/Na+ (-2.71 V) and is close to that of Li/Li+ (-3.04
V), allowing potassium ion batteries to operate at a wider potential window and thus achieving
higher energy density than NIBs [14-16]; c) potassium does not form alloys with aluminum.
Hence, Al foil can be used as the current collector instead of copper, which can reduce overall
battery cost [15]. However, the large ionic radius of K+ leads to sluggish kinetics and dramatic
volumetric expansion of the electrode materials, making it harder to achieve good electrochemical
performance. In this regard, compounds with large open framework and/or interlayer spacing
should be more promising electrode materials.
MXenes, a family of 2D (two-dimensional) layered compounds that are usually synthesized
by selectively etching “A” off the layered “MAX” phases, where “M” is an early transition metal
(e.g., Ti, V, Cr, Mo, and Nb), “A” is an A-group element (e.g., Al, Si, and Ga) and “X” is C and/or

N [17]. MXenes have shown great potential in energy storage, such as mobile ion batteries and
supercapacitors because of their high electrical conductivity, layered structure, large interlayer
spacing, and rich surface/terminal functional groups [18-22]. Currently, one common issue of
MXenes is that the single or few-layer 2D MXene nanosheets, exfoliated from the etched 3D
(three-dimensional) counterpart, can easily restack and severely hamper electrolyte diffusion and
permeation, resulting in unsatisfactory LIBs and NIB performance [23-25].
Synthesis of electrode materials with porous and/or hollow structures has been proven to be
an effective means to boost the electrochemical performance, which could efficiently improve the
electrolyte diffusion and permeation [24-27]. However, the synthesis of such MXene nanosheets
remains a great challenge. Besides, the low coulombic efficiency (CE) at the several initial cycles
of the MXene electrodes is another big issue of their development for rechargeable batteries. More
importantly, the storage mechanisms of MXene electrodes are still not fully understood but are
critical for improving their electrochemical behavior.
Up to date, various MXenes have been developed, and the most studied one is Ti3C2, a
compound that is relatively easy to synthesize and has found many exciting applications [28-30].
While other MXenes, such as V2C and Nb2C, have considerably less been explored, they have
shown great potential in energy storage applications, as demonstrated both theoretically [31-33]
and experimentally [34-38]. In fact, V2C exhibits higher theoretical capacity than the well-studied
Ti3C2 MXene for mobile ion batteries [31-33]. Also, V2C exhibits a high electronic conductivity
of 3300 S cm−1 [39]. However, the utilization of V2C MXene for energy storage applications such
as potassium ion battery/capacitor is still very limited, and the charge storage mechanism of these
materials remains unexplored.

In this work, we present a simple method involving dual acid/alkali treatment to prepare 3D
porous accordion-like V2C MXene (henceforth referred to as K–V2C to distinguish it from acidetched MXene or V2C). We further investigate their electrochemical performance and charge
storage mechanism for potassium ion capacitor applications. The dual acid/alkali treated product
(K–V2C) shows greatly enhanced performance with a high capacity of 152 mAh g−1 at a current
density of 100 mA g−1 compared to the control sample, acid-treated V2C (72 mAh g−1). The
proposed strategy can be extended to other MXenes with porous nanosheet structure. Further,
potassium ion capacitors were successfully fabricated by coupling the K–V2C anode and
KxMnFe(CN)6 cathode. The full cells could achieve the energy densities of 145, and 30.55 Wh
kg−1 at the power densities of 112.6 and 3026 W kg−1, respectively, suggesting the great potential
of our material in practical energy storage devices.
Results and Discussion
The K–V2C was prepared by a simple sequential acid/alkali treatment. As schematically
shown in Figure 1A. Initially, V2C MXene was prepared by selectively etching Al from the V2AlC
MAX in a mixture of LiF and HCl. The as-obtained V2C powders were then treated by a 2 M KOH
solution to get the K–V2C MXene. The scanning electron microscopy (SEM) images of V2AlC,
V2C, and K–V2C (Figure 1B-D) clearly reveal a structural evolution from bulk solid MAX block
(Figure 1B) to accordion-like MXene sheets (Figure 1C) upon acid etching. Interestingly, after
alkali treatment, the MXene is further delaminated due to the intercalation of K+ ions, resulting in
much thinner MXene sheets, though the overall accordion-like structure of MXene is wellpreserved. Many pores and cracks are also observed in the K–V2C MXene (marked by yellow
dashed circles, Figure 1D-F, S1). This effect could be due to the highly corrosive nature of KOH,
which generates pores and cracks. The high-resolution transmission electron microscopy

(HRTEM) images (Figure 1G and H) confirm the good crystallinity of K–V2C, with measured
spacing (101) plane spacing of 0.248 nm. The selected area electron diffraction (SAED) pattern in
Figure 1I indicates a hexagonal symmetry of the as-prepared K–V2C.

Figure 1. Synthesis process and structural characterization of K–V2C MXene. (A) Schematic
illustration of the preparation process of K–V2C. SEM images of (B) V2AlC, (C) V2C, and (D-F)
K–V2C. (G) HRTEM image, (H) inverse Fourier-filtered image of the square marked in F, and (I)
the corresponding SAED pattern of the K–V2C. (J) SEM-EDS elemental maps of K–V2C.

Figure 2. (A) XRD patterns and (B) Raman spectra of V2AlC, V2C, and K−V2C MXenes. (C) XPS
spectra of K 2p, C 1s, and (D) O 1s, V 2p regions of V2C and K−V2C.
The phase transition from V2AlC to V2C and K–V2C was further studied by XRD and Raman
analyses. Figure 2A shows the XRD patterns of the samples. It is obvious that the (002) peak of
V2C shifts to lower two-theta angle compared to V2AlC, suggesting an expanded interlayer
spacing. After the alkali treatment, the XRD pattern of the resulting K-V2C is similar to that of
V2C, while the diffraction peaks (marked by asterisks) of V2AlC MAX are weakened or vanished.
It should be noted that after KOH treatment, the interlayer spacing of MXene slightly decreases
from ~9.5 to ~9.38 Å (Figure S2). This might be due to the strong interactions of the intercalated
K+ and MXene layers that causes shrinkage of the interlayer distance. A similar phenomenon can
also be found in Nb2C and Ti3C2 MXenes (Figure S5D, S6D). Raman spectra (Figure 2B) were
further collected to study the phase information of the products. It should be noted that V2C MXene

is quite sensitive to the Raman laser. Therefore, we collected the Raman spectra using 633 nm
wavelength with the 10% power filter to avoid sample oxidation, but this results in the low signalto-noise ratio. The comparison between the Raman spectra of V2AlC MAX phase and the
corresponding V2C MXene indicates an overall weakening of the peak intensity as well as a
broadening of the peaks, probably due to the expanded interlayer spacing in MXene with respect
to its MAX counterpart. Three peaks are identified in the V2AlC spectrum at 158 (E2g), 258 (E1g),
and 360 cm−1 (A1g) [40, 41]. The first peak corresponds to in-plane vibrations of V and Al atoms,
while the other two peaks correspond to in-plane and out-of-plane vibrations of V atoms [40, 41].
In contrast, after the acid treatment, the first peak (E2g at ~158 cm−1) that corresponds to the inplane V-Al vibration disappears because of the removal of Al atoms [40]. The other two peaks that
correspond to the in-plane (E1g) and out-of-plane (A1g) V atoms’ vibration can still be found in
V2C spectrum, but slightly shifted to ~270 and 420 cm−1, respectively. This shift might be due to
the enlarged interlayer spacing and the rich surface functional groups (-F, -OH, -O) of MXene that
change the chemical bonding environment. Our results are in good agreement with the previous
experimental results and theoretical calculation [40]. After the alkali treatment, the Raman
spectrum is similar to that of pristine V2C MXene except for a small peak that is observed at ~165
cm−1, which might be associated with the insertion of potassium ions and/or V−O vibrations
originating from surface oxidation [42, 43].

A comparison of the energy-dispersive X-ray spectroscopy (EDS) spectra of the V2C and K–
V2C (Figure S3) suggests that the amount of Al is reduced while K is introduced during the alkali
treatment. This result confirms further etching of residual Al and insertion of K+ ions in the
MXenes. The K:V ratio (in K-V2C) was determined to be 0.11:1 by inductively coupled plasma

optical emission spectrometer (ICP-OES). SEM-EDS elemental mapping (Figure 1J)
demonstrates the homogenous distribution of V, C, and K in K–V2C. The chemical composition
and oxidation states were then investigated by X-ray photoemission spectroscopy (XPS). As
shown in Figure 2C, The C 1s core level region for V2C and K−V2C can be divided into four
peaks centered at around 282.3, 284.76, 286.2, and 288.4 eV, which can be assigned to V−C, C−C,
C=O, and O−C=O, respectively [37]. There is no signal in the K 2p region of the V2C, whereas
two sharp peaks emerged in the K–V2C sample, which shows the successful introduction of K+
into the MXene host. In the V 2p (Figure 2D) region, the peak at the binding energy of 513.4 eV
corresponds to unreacted V2AlC MAX [34, 37]. The peak area is reduced after the alkali treatment
(the ratio of the fitted peaks (V4+/V3+/V species) is 1: 0.7: 0.46 for V2C and 1: 0.92: 0.36 for K–
V2C, respectively) implying further etching of Al, which is consistent with the XRD and EDS
results discussed earlier. The increase of the V3+/V4+ peak area ratio (from 0.7 to 0.92) suggests a
decrease in the V valence, revealing a partial reduction of vanadium upon K+ insertion. Besides,
the slight binding energy shifts of O 1s (blue shift) and V 2p (redshift) may also be due to K +
insertion. Furthermore, three peaks are observed in the O 1s region (at 529.8, 531.5, and 533 eV),
which can be ascribed to mixed vanadium oxide, surface oxide functional groups, and intercalated
water [34]. Note that there is a significant increase in the intensity of the first peak (529.8 eV) upon
KOH treatment, which could be due to the presence of thinner K–V2C MXene sheets, which lead
to a higher surface area and thus expose more oxidized surface and edges. Another possible reason
is that the KOH treatment modifies the terminal functional groups. N2 adsorption-desorption
isotherms measurement was carried out to determine the specific surface area and pore size
distribution of the products. The Brunauer–Emmett–Teller (BET) surface area (Figure S4) are
determined to be 28.4 m2 g−1 for K–V2C, which is almost twice that of pristine V2C (14.26 m2 g−1).

The pore size distribution plots also confirm the existence of pores in the K–V2C sample. All these
studies demonstrate that the potassium inserted porous V2C MXene (or K–V2C) can be obtained
via a facile sequential acid/alkali treatment.

It is worth noting that not only KOH but other bases such as LiOH and NaOH (Figure S5)
can be used for the alkali treatment to achieve similar porous structure and morphology of MXene,
suggesting the flexibility of our method. To further explore the generality of this approach, we
extended the synthesis to various MXenes (i.e., Nb2C, Ti3C2). Delaminated K–Nb2C MXene with
thin sheets were readily obtained (Figure S6), consistent with what we have observed for K–V2C,
confirming the versatility of our approach. Interestingly, for K–Ti3C2, not only delaminated sheets
but also many nanowires were obtained (Figure S7). These nanowires are likely amorphous
titanium oxide resulting from the partial oxidation of Ti3C2, as demonstrated previously [44]. This
result suggests that our sequential acid/alkali treatment is more efficient in etching MAX and in
producing MXene thin sheets compared to commonly used acid-based etching methods.

Figure 3. Electrochemical characterizations of V2C and K–V2C MXenes. (A) Rate performance
of V2C and K–V2C. (B) Galvanostatic charge/discharge curves at various current densities of the
K–V2C. (C) CV curves of the second and third cycles of the V2C and K–V2C. (D, E) Capacity
separation at different scan rates. (F) b-values of different redox peaks determined from the log(i)
versus log(v) plots of K–V2C. (G) GITT curves and (H) the calculated K+ diffusion coefficients in
the V2C and K–V2C electrodes. (I) K+ diffusion coefficients at various states during the discharging
process of the K−V2C electrode.
We then investigated the potassium ion storage performance of V2C and K–V2C. As shown
in Figure 3A, B and S8, the V2C MXene delivers reversible discharge capacities of 98 (6th cycle)
and 72 mAh g−1 (12th cycle) at 50 and 100 mA g−1, respectively. These numbers are already higher

than those reported for Ti3CN at the same rates (65 and 52 mAh g−1, respectively) [45]. In
comparison, the K–V2C can achieve capacities of 195 (6th cycle) and 152 mAh g−1 (12th cycle) at
the current densities of 50 and 100 mA g−1, respectively. Moreover, the capacities of 97 (36th
cycle) and 70 mAh g−1 (48th cycle) can be obtained at high rates of 1000 and 3000 mA g−1,
respectively. This performance improvement of K-V2C compared to V2C could be due to the
presence of abundant pores in K-V2C, which can facilitate the electrolyte diffusion and permeation.
In addition, the much thinner nanosheets of K–V2C provide a larger electrochemically active
surface area which allows enhanced K+ intercalation into the gallery, as well as more K+ adsorption
onto the surface and edges. This can be further confirmed by the cyclic voltammetry (CV) result.
Figure 3C shows the CV plots of the V2C and K–V2C electrodes at the second and third cycles.
Both electrodes exhibit a rectangular-shaped CV above ~1.0 V vs. K/K+, suggesting a typical
capacitor behavior [46]. Additionally, in the region below 1.0 V, a reversible pair of broad redox
peaks are observed. The normalized current of the K–V2C in both regions is obviously larger than
that of the V2C, indicating more charges are involved in the reaction (adsorption/desorption and
intercalation/deintercalation), leading to a higher capacity. We further analyzed the
electrochemical kinetics of K–V2C and quantitatively calculated the capacitive contribution using
a simple CV method (Figure 3D) [47]. The capacitive contribution gradually increases with
increasing scan rates (from 56% at 0.1 mV s-1to 74% at 0.5 mV s-1), which indicates that the
reaction is mainly limited by the electrochemical reaction rate, but not the K+ ion diffusion,
especially at high rates. As discussed earlier, the reaction occurring above 1.0 V is dominated by
capacitive behavior. Indeed, taking the CV at 0.3 mV s-1 as an example (Figure 3E), almost 86%
of the current exhibits capacitive behavior in the region above 1.0 V, in sharp contrast to 46%
capacitive contribution in the region below 1.0 V. Additionally, the b-values of the anodic and

cathodic peaks (see Figure S9) are determined to be 0.83, 0.92, 0.91, 0.94, 0.86, and 0.85, again
implying the charge storage is mostly dominated by capacitive behavior (Figure 3F). Note that
the b-values in the region above 1.0 V (A2, A3, and C1) are generally higher than those in the
region below 1.0 V (A1, C2, C3), which is in good agreement with the result shown in Figure 3E.
The Galvanostatic intermittent titration technique (GITT) was employed to determine the K+ ion
diffusion coefficients (Figure 3G-H). The result shows that the diffusion coefficients of K+ in K–
V2C (10−10 to 10−12 cm2 s−1) are higher than in V2C (10−11 to 10−13 cm2 s−1) throughout the whole
discharge-charge process. This result shows that the porous K–V2C with thinner nanosheets can
achieve a faster K+ migration compared to the pristine V2C. Figure 3I plots the K+ diffusion
coefficients at various states during the discharging process of the K−V2C. Again, the result is
very consistent with the above analysis and discussion, which clearly shows that K+ diffusion
coefficients above 1.0 V are higher than those below 1.0 V.

Another advantage of the K–V2C electrode is the improved coulombic efficiency (CE). The
CEs of MXene electrodes are typically low compared to other materials owing to the abundant
functional groups on MXene surface, and the solid-electrolyte interphase (SEI) formation in the
initial stages. As shown in Figure S10, the first cycle CE is greatly increased from 22.5% for the
V2C electrode to 41.6% for the K–V2C electrode. Moreover, this value quickly reaches 97.1% in
the 5th cycle for K–V2C electrode. In contrast, the CE is only 87.4% for V2C even at the 10th cycle.
There are several possible reasons for the better CE observed for K–V2C. After the alkaline
treatment, the surface area almost doubled but is still significantly lower than the common porous
electrode. The larger surface area might lead to relatively more SEI formation, but the influence is
supposed to be limited given the small surface area (28.4 m2 g-1). However, the alkaline treatment

could also affect the surface functional groups (as confirmed by XPS, Figure 2), which might
promote the efficient extraction of surface trapped K+, which is responsible for the improved initial
CE. Besides, the alkaline treatment can pre-intercalate the K-ion (as confirmed by EDS and ICPOES) which can reduce the amount of irreversible K-ion, thus improving the initial CE. The
cycling stabilities of the two electrodes were tested at a standard current density of 100 mA g-1.
As shown in Figure S11, both electrodes show good performance with ~ 81% capacity retention
(against the capacities of 152 and 73 mAh g-1 of K–V2C and V2C at the 10th cycle, respectively).
What’s more, ~77% capacity can be still maintained after 400 cycles (against the stable capacity
of 113 mAh g−1 at the 15th cycle for the K–V2C electrode even at a high rate of 500 mA g-1 (Figure
S12).

Previous reports revealed that the energy storage behaviors of the MXenes are intricate and
complicated. For instance, Lukatskaya et al. [48] reported spontaneous cation intercalation of
Ti3C2 MXene in various aqueous salts (e.g., LiOH, NaOH, KOH, and so on). However, in
nonaqueous NaPF6/EC-DEC (ethylene carbonate-diethyl carbonate) electrolyte, the cation
intercalation does not occur [44]. Moreover, V2C MXene in a nonaqueous Li+ electrolyte exhibits
a reversible change in the interlayer spacing upon the charge/discharge process [37]. However, in
a nonaqueous Na+ electrolyte, an irreversible change of the interlayer spacing was found for Ti3C2
[49], Ti2C, [46] and V2C [50] electrodes. It is therefore likely that the charge storage mechanism
in nonaqueous K+ electrolytes could be different from those in Li+ and Na+ electrolytes and is
worth further investigation. To gain insight into the K+ ion storage behavior, ex situ XPS, XRD,
and nuclear magnetic resonance (NMR) were carried out. Figure S13A displays the XPS spectra
of K 2p region of the K–V2C electrode at different states. The peaks become much more intense

in the fully discharged state, indicating the insertion/adsorption of K+ ions. The shift to higher
binding energy could be caused by the changes in the chemical environment and/or the structure
rearrangement. At the fully charged state, the peak intensity weakens but is stronger than the
original one, suggesting some of the intercalated K+ ions are trapped by the terminal functional
groups (−OH, −O, and −F). This effect is similar to reported phenomena in sodium ion batteries
[46, 49, 50], and indicates that K+ might be trapped in between the MXene interlayers, where they
serve as pillars to stabilize the structure (as will be discussed later). Figure S13B reveals the
reversible reduction/oxidation of vanadium upon potassiation/depotassiation. Specifically, the V4+
is reduced to V3+ during the discharge process (the blue shift of the V3+ binding energy may be
linked to the insertion of K+ ions and the concomitant bonding rearrangements; similar phenomena
have been seen in previous reports [12, 51, 52]), but almost recovers to its initial state upon
charging.

Figure 4. Ex-situ (A-C) XRD patterns and (D) 39K NMR spectra of the K–V2C electrode at various
charge/discharge states.

Ex-situ XRD measurement was carried out to monitor the phase and structure change during
the charge/discharge process. Obvious lattice changes can be observed in the (002) diffraction
peak at different charging/discharging states (Figure 4). During the 1st discharge process, the sharp
diffraction peak slightly shifts to lower 2θ angle and becomes broader. Surprisingly, a new peak
emerges at the lower 2θ position when the battery was discharged to 1.0 V. This new peak slightly
shifts to lower 2θ angle but still remains upon charging to 3.0 V. Notably, the (002) peak also
becomes broader and doesn’t recover back to the initial position even at the cut-off voltage. To
further understand this situation, we collected ex-situ XRD patterns of the K-V2C electrode in the
5th cycle (Figure 4B). Interestingly, unlike what we observed for the 1st cycle, the (002) diffraction
peak shows a reversible shift. A more intuitive comparison is shown in Figure 4C. For both the
1st and 5th cycles (red lines), the (002) peak becomes broader and slightly shifts to low angle during
the discharge process, and then narrows down upon charging. In analogy with previous reports on
sodium ion storage in MXene [46, 49, 50], we suspected that this effect (appearance of a new peak
in XRD) is caused by solvent co-intercalation along with the K+ ions. While in the fully charged
state, a clear diffraction peak change is observed, indicating that a certain amount of solvated K+
ions is trapped between the layers, which is consistent with the XPS result in Figure S13A [46,
49, 50]. To verify this hypothesis, the electrodes at fully charged/discharged states of the 1st and
5th cycles were dried at 200 °C in a vacuum oven to evaporate the organic solvent. The XRD
patterns of the resulting products are shown in Figure 4C (blue lines). It is interesting to see that
the additional peak, observed before drying, disappears and all these four samples show much
sharper diffraction patterns than those of the samples without high-temperature drying. This result
confirms our solvent intercalation hypothesis. It is noted that the (002) peaks of the dried samples
are located at a lower 2θ angle compared to that of the pristine sample, corresponding to an increase

in the interlayer distance from 9.38 to 9.63 Å. This suggests that a certain amount of K+ ions remain
trapped between the interlayers. HRTEM was further carried out to explore the evolution of the
interlayer spacing. As shown in Figure S14, the interlayer spacing of the pristine electrode is
determined to be ~ 0.94 nm from HRTEM (Figure S14A). At the fully discharged state of the 10th
cycle, the interlayer spacing expanded to ~ 0.995 nm (Figure S14B), and then reversibly shrank
to 0.97 nm at the fully charged state (Figure S14C). These results are good in accordance with the
XRD results (Figure 4).

Further, 39K NMR was utilized to explore the K+ ion storage behavior. As shown in Figure
4D, the spectra display a signal ranging from -50 to -30 ppm, which can be fitted into three peaks.
The peak A (green line) centered at -38.5 ppm is assigned to solvated K+ from the residual
electrolyte because of its line width [53, 54], whereas the other two (B and C, cyan and red lines,
respectively) indicate the existence of two different K+ ions. Specifically, peak A appears at the
negative frequency because the K+ in the electrolyte is strongly shielded by the electron donated
from the solvent and counter-anions [54]. Peak B has a similar negative chemical shift (-39.3 ppm),
while the broader line width suggests lower mobility of solvated K+. This type of K+ can be
assigned to the adsorbed K+ on the surface and edges of the K–V2C nanosheets, as well as the K+
in the SEI. In contrast, peak C exhibits a larger negative shift with much more broader line width,
indicating a stronger shielding effect and lowest mobility. This could be explained by the strong
interaction between the solvated (or at least partially solvated) K+ ions and the neighboring V2C
layers. Based on the above assignment, ex-situ NMR spectra of the 5th cycle (fully discharged and
charged states) prove the reversible solvated K+ (de)insertion where peak C is much more intense
in the fully discharged state compared to the charged state.

The results shown above confirm a reversible solvent co-(de)intercalation process. As
schematically shown in Figure S15, in the initial few cycles, the electrolyte decomposition leads
to the SEI formation. Simultaneously, a certain amount of solvated K+ ions is trapped inside the
layers during the (de)intercalation process, resulting in irreversible expansion of the interlayer
distance (“activation” process). Such a pillared structure is also responsible for the good rate
performance and long-term stability of the K-V2C MXene. Thereafter, reversible
adsorption/desorption and intercalation/deintercalation of the solvated K+ proceeds as the
dominant electrochemical reaction.

Figure 5. Electrochemical characterization of the K+ ion capacitor devices. (A) Galvanostatic
charge/discharge curves of the cathode and anode. (B) Galvanostatic charge/discharge curves of
the full cell at various current densities (based on the mass of the K–V2C). (C) Rate performance
of the full cell. (D) The Ragone plot of K–V2C//KxMnFe(CN)6 cell. (E) Cycling performance of
the device at 1000 mA g–1.

To further demonstrate the potential of K–V2C in K+ ion capacitors, full cells were fabricated
by coupling the K–V2C anode and Prussian blue analogue KxMnFe(CN)6 cathode. We chose
KxMnFe(CN)6 as the cathode based on the consideration of its suitable working voltage window
(2.5 to 4.6 V vs. K/K+) and relatively high capacity. Besides, KxMnFe(CN)6 is low-cost and easy
to prepare. The cathode was prepared by a previously reported method [55]. The XRD pattern and
SEM image can be seen in Figure S16A and B. As shown in Figure S16C and D, the cathode
exhibits a high capacity of 100 mAh g−1 at 50 mA g−1. As shown in Figure S17, the cathode shows
good stability which maintains 92% initial capacity after 150 charge/discharge cycles at 100 mA
g-1. More importantly, a high average operating potential of ~3.7 V (vs. K/K+) can be obtained.
Thus both high energy density and power density can be expected in the K+ ion full cell. According
to the capacities of the cathode and anode (Figure 5A), the mass ratio of the cathode and anode
was optimized at ~ 1.55:1. As shown in Figure 5B and C, the K+ ion capacitor can work with a
high average operating voltage of ~3.3 V within a wide potential range from 0.01 V to 4.6 V. A
high capacity of 145 mAh g−1 can be obtained at 100 mA g−1 (based on the mass of K–V2C).
Moreover, the reversible capacity is retained even at high rates, achieving capacities of 107, 80,
48, and 34 mAh g−1 at 500, 1000, 2000, and 3000 mA g−1, respectively. Additionally, as displayed
in Figure 5D, the K+ ion capacitor can achieve the energy densities of 145 and 30.55 Wh kg−1 at
the power densities of 112.6 and 3026 W kg−1, respectively (based on the total active mass of the
cathode and anode). The long-term stability of the full cell was tested at a high rate of 1000 mA
g−1, a capacity of 76 mAh g−1 can be maintained after 200 cycles, corresponding to 95% capacity
retention (against the capacity of the first cycle, 80 mAh g−1). This result demonstrates the good
performance of the K–V2C MXene and its potential in practical energy storage devices.
Conclusions

We have developed a simple yet versatile sequential acid/alkali treatment to prepare porous
MXene nanosheets and further investigated their electrochemical properties. Using V2C MXene
as a model system, we showed that the dual acid/alkali-treated sample (K–V2C) exhibits a
significant enhancement towards K+ ion storage in nonaqueous electrolytes compared to pristine
V2C MXene. The charge storage mechanism was demonstrated to be a result of solvent cointercalation process, as confirmed by multiple characterizations methods. Further, a K+ ion
capacitor was successfully fabricated by coupling the K–V2C anode and KxMnFe(CN)6 cathode to
demonstrate the practical potential of K-V2C. The device can achieve a high energy density of 145
Wh kg−1 at a power density of 112.6 W kg−1. Our work demonstrates a general strategy for
synthesizing various MXenes with porous nanosheet structures, as effective electrodes for mobile
ion capacitors and other energy storage devices.
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