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Multifunctional Molecule-Grafted V,C MXene as
High-Kinetics Potassium-lon-Intercalation Anodes for

Dual-lon Energy Storage Devices

Davood Sabaghi, Josef Polédk, Hyejung Yang, Xiaodong Li, Ahiud Morag, Donggi Li,

Ali Shaygan Nia, Saman Khosravi H, Tomds Sikola, Xinliang Feng,* and Minghao Yu*

Constructing dual-ion energy storage devices using anion-intercalation
graphite cathodes offers the unique opportunity to simultaneously achieve
high energy density and output power density. However, a critical challenge
remains in the lack of proper anodes that match with graphite cathodes,
particularly in sustainable electrolyte systems using abundant potassium.
Here, a surface grafting approach utilizing multifunctional azobenzene
sulfonic acid is reported, which transforms V,C MXene into a high-kinetics
K™ -intercalation anode (denoted ASA-V,C) for dual-ion energy storage
devices. Importantly, the grafted azobenzene sulfonic acid offers extra

K*-storage centers and fast K*-hopping sites, while concurrently acting as a

buffer between V,C layers to mitigate the structural distortion during K*

intercalation/de-intercalation. These functionalities enable the V,C electrode

with significantly enhanced specific capacity (173.9 mAh g=' vs 121.5 mAh
g~ ' at 0.05 A g7 '), rate capability (43.1% vs 12.0% at 20 A g~'), and cycling

stability (80.3% vs 45.2% after 900 cycles at 0.05 A g~'). When coupled with
an anion-intercalation graphite cathode, the ASA-V,C anode demonstrates its

potential in a dual-ion energy storage device. Notably, the device depicts a
maximum energy density of 175 Wh kg=" and a supercapacitor-comparable

power density of 6.5 kW kg~', outperforming recently reported Li*-, Na*-, and

K*-based dual-ion devices.

1. Introduction

Driven by the increasing energy de-
mand spanning from individual elec-
tronics to grid storage applications, elec-
trochemical energy storage devices have
become a vibrant area of focus for
both academic research and practical
applications.['?] Supercapacitors and bat-
teries possess nearly opposite power
and energy characteristics due to their
distinct electrochemical mechanisms.l!
However, the need for both power and
energy density are equally crucial for
real-world energy storage applications
and is expected to continually grow.
Consequently, it is strongly desired to
develop advanced energy storage de-
vices that can mitigate the power-energy
tradeoff.[*-%] One approach to tackle this
dilemma is to adopt high-kinetics ion-
intercalation anodes/cathodes to assem-
ble full devices. Such electrodes in-
volve Faradaic redox reactions of the
bulk electrode with large charge-storage
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capacity, while allowing high rate performance with superior fast-
charging capability.[>”) A representative cathode that fulfills these
criteria is graphite with favorable anion-intercalation chemistries
(such as hexafluorophosphate, bis(fluorosulfonyl)imide, and
bis(trifluoromethanesulfonyl)imide anions).®] The graphite
cathode can deliver a large specific capacity of up to 100 mAh
g1, a high average discharge potential of >1.5 V versus standard
hydrogen electrode, and ultrafast rate capability (up to 100 C).[%!
A variety of dual-ion energy storage devices using typical Li-ion
battery electrolytes have been demonstrated by pairing graphite
cathode with different Li*-hosting anode materials, such as
graphite,'”) WS, 'l ¢-MoO, (' and TiSe, [**] Beyond Li sys-
tems, extending the dual-ion device concept to more sustainable
systems using abundant elements like K is even more attractive,
which, however, has been seldom explored.l'*1¢] The challenge
in utilizing K* arises from its considerably larger size (1.38 A in
radius) compared with Li* (0.76 A in radius). This size difference
poses a critical challenge in finding suitable K*-hosting anode
materials that can concurrently match with the specific capacity
and rate capability of anion-intercalation graphite.['’]

MZXenes, which can be represented by the formula M, ,, X, T,
(n =1-4, M is a transition metal, X is N and/or C, and
T, is terminal groups), have gained considerable attention as
a versatile group of 2D transition metal carbide and/or nitride
materials.['821 Particularly, their slit-shaped 2D nanochannels
and metallic nature with high electrical conductivity allow MX-
enes to exhibit favorable cation intercalation and hosting capa-
bility as pseudocapacitive anode materials.??] As a representative
example, Ti;C, MXene showed a decent Li*-hosting capacity of
468 C g7! (130 mAh g!) and excellent rate performance with ca-
pacity retention of 61% from 2 to 1000 mV s~! in a non-aqueous
lithium bis(trifluoromethanesulfonyl)imide electrolyte.?*] More-
over, early studies have widely demonstrated that the Li*-hosting
capacity of MXenes could be considerably boosted by modify-
ing their layered structures in terms of surface chemistry!2+2°]
and interlayer space.l?-?’] Compared with Li*-hosting MXenes,
progress in K*-hosting MXenes appears to be much retarred. Ap-
parently, the large size of K* leads to problematic K*-intercalation
kinetics in MXenes, limiting their charge-storage capacity and
rate capability.3%-323334] For instance, pristine V,C anode **l and
Ti;CN anodel*”! at 0.05 A g~! were shown to exhibit limited spe-
cific capacities of 98 mAh g=! and 65 mAh g=!, respectively. Al-
though the K*-storage capability of Ti;C, MXene was boosted by
the alkalization treatment, the obtained Ti;C, nanoribbons only
depicted a specific capacity of 78 mAh g~! at 0.2 A g~1.34 More-
over, Wang et al.3>] pioneered the construction of 3D Ti,C, T, MX-
ene porous frameworks using electrostatic flocculation and sub-
sequent K*-preintercalation. Compared with conventional 2D
Ti,C,T,, the obtained 3D Ti,C, T, showed an apparent enhance-
ment in the K*-storage capability, which was assigned to the
unique aggregation-resistant structure and enlarged interlayer
distance. Clearly, developing efficient approaches to promote K*-
intercalation kinetics of MXenes would be highly desirable, as it
opens up opportunities to obtain fast-charging anodes that can
be coupled with anion-intercalation graphite to assemble high-
performance dual-ion energy storage devices.

Herein, we present the grafting of multifunctional azobenzene
sulfonic acid on V,C MXene (denoted ASA-V,C) as an effective
strategy to yield high-kinetics K*-intercalation anodes, which fur-
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ther enables the assembly of dual-ion energy storage devices char-
acterized by both high energy and power densities. The graft-
ing of azobenzene sulfonic acid is achieved through the amine
diazotization and subsequent diazonium removal reaction of 4-
aminoazobenzene-4'-sulfonic acid sodium salt, resulting in the
apparent expansion of the interlayer distance from 0.86 nm for
pristine V,C to 1.25 nm for ASA-V,C. We demonstrate the sig-
nificantly enhanced specific capacity (173.9 mAh g™ vs 121.5
mAh g at 0.05 A g™!) and rate capability (43.1% vs 12.0% at
20 A g1) of the ASA-V,C electrode in comparison with the V,C
electrode. This enhancement can be attributed to the presence of
azobenzene units that offer extra K*-storage centers, along with
sulfonate anions serving as rapid K*-hopping sites. Moreover, the
grafted “soft” molecules not only expand the interlayer distance of
V,C but also act as an internal strain buffer during repeated K*
intercalation/de-intercalation, which effectively alleviates struc-
tural distortion and improves the long-term cycling stability of
the ASA-V,C electrode (80.3% vs 45.2% after 900 cycles at 0.05
A g™1). Furthermore, we demonstrate a dual-ion energy storage
device with an operation voltage window of 2.5 — 4.5 V by cou-
pling our ASA-V,C anode with an anion-intercalation graphite
cathode. By capitalizing on the high-kinetics ion intercalation/de-
intercalation processes at both the anode and cathode, the assem-
bled device delivers a maximum energy density of 175 Wh kg™
and a power density comparable to supercapacitors (6.5 kW kg™
at 65 Wh kg™, significantly surpassing recently reported Li*-,
Nat-, and K*-based dual-ion devices.

2. Results and Discussion

2.1. Synthesis and Characterization of ASA-V,C

V,C was chosen for our investigation due to its superior chem-
ical stability compared to other M,X-type MXenes (e.g., Ti,C
and Nb,C) and classic Ti;C, MXenes, as suggested by the
recent theoretical prediction.*®] Our electrochemical measure-
ments also revealed the higher K*-storage capacities of V,C than
those of Ti,C, Nb,C, and Ti,;C, (Figure S1, Supporting Informa-
tion). The covalent grafting of multifunctional azobenzene sul-
fonic acid onto V,C was achieved using 4-aminoazobenzene-4'-
sulfonic acid sodium salt as the starting molecule (Figure 1a),
involving amine diazotization and subsequent diazonium re-
moval reactions (Figure 1b). Specifically, the amino group of
4-aminoazobenzene-4'-sulfonic acid sodium salt was first con-
verted to a diazonium salt (-N,*Cl") by reacting with NaNO, and
HCl in an iced bath.l*”! At the same time, sulfonic acid sodium
salt underwent conversion into sulfonic acid in the strong acidic
environment. The V,C dispersion was next added to the yielded
diazonium salt solution in an iced bath. Along with the temper-
ature reached room temperature, the diazonium group dissoci-
ated from the molecule, generating radical compounds that sub-
sequently bonded with electronegative surface terminals of V,C
MXene (such as -O and -F groups). The grafted organic molecule
was expected to confer multiple benefits to the K*-storage perfor-
mance of V, C. 1) The azobenzene unit exhibits a favorable redox-
active nature, enabling the extra K*-storage site (Figure 1c). 2)
The sulfonate anion would act as the desirable K*-hopping site,
accelerating interlayer K* diffusion (Figure 1d). 3) The soft or-
ganic molecules between V,C layers could efficiently widen the
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Figure 1. Schematic illustration showing a) 4-aminoazobenzene-4’-sulfonic acid sodium salt (white sphere: H; grey sphere: C; blue sphere: N; orange
sphere: S; red sphere: O; purple sphere: Na), b) molecule grafting reaction (black sphere: C; green sphere: V; pink sphere: the terminals of V,C MXene), c)
the azobenzene unit as the extra K*-storage site, and d) the sulfonate anion as the K*-hopping site. e) Scanning electron microscopy image of ASA-V,C
nanoflakes. HR-TEM images of f) the ASA-V,C film and g) the pristine V,C film.

interlayer gap and buffer the internal stress arising from repeated
K* intercalation/de-intercalation.

In contrast to the planar nanoflakes of pristine V,C (Figure
S2, Supporting Information), the obtained ASA-V,C nanoflakes
display a noticeably curved morphology (Figure le). This cur-
vature is expected to mitigate the common re-stacking issue of
2D materials and enable efficient ion transport channels among
the nanoflakes. ASA-V,C nanoflakes were subsequently vacuum-
filtered to form a free-standing film with a thickness of 36 um
(Figure S3, Supporting Information). High-resolution transmis-
sion electron microscopy (HR-TEM) was used to evaluate the
cross-sectional structure of the ASA-V,C film (Figure 1f), reveal-
ing an interlayer distance of 1.25 nm. This value represents a sig-
nificant expansion compared to 0.86 nm for the pristine V,C film
(Figure 1g).

For comparison, we also grafted biphenyl onto V,C (denoted
BP-V,C) with benzidine as the starting molecule, employing
similar amine diazotization and diazonium removal reactions
(Figure S4, Supporting Information). Unlike the grafted azoben-
zene sulfonic acid, biphenyl is not equipped with redox-active
unit and favorable cation-hopping site. The thermogravimetric
analysis detected the stable grafting of organic molecules until a
high temperature of 259 °C (Figure 2a). It is estimated that the or-
ganic molecule accounts for 8.3% and 9.1% of the total weight of
BP-V,C and ASA-V,C, respectively. Fourier transform infrared
(FTIR) spectra further confirmed the successful grafting of or-
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ganic molecules (Figure 2b). Characteristic peaks of phenyl units,
including aromatic C = C stretching (1474 cm™!) and aromatic
C-H in-plane bending (1010 and 1086 cm™),38] were clearly ob-
served for both BP-V,C and ASA-V,C. The peak of ASA-V,C at
1119 cm™! verifies the presence of sulfonic acid group (-SO;H
stretching),[*®) while its N = N stretching(1474 cm™') overlaps
with aromatic C = C stretching.

X-ray photoelectron spectroscopy (XPS) was further conducted
on the three samples to evaluate the oxidation of V,C. In the
V 2p XPS spectrum of pristine V,C (Figure 2c), four deconvo-
luted peaks can be detected, corresponding to V 2p,;, peaks of
V* (523.8 eV) and V**/V-C (520.9 eV), as well as V 2p; , peaks
of V# (516.3 eV) and V?*/V-C (513.4 eV).’) The presence of
high-valence V** indicates surface oxidation of V,C. In compar-
ison with V,C, ASA-V,C shows a much weaker V 2p XPS sig-
nal (Figure 2d), while the signal is even marginal for BP-V,C
(Figure 2e). This observation suggests dense and homogeneous
coverage of functional molecules on the V,C surface. Follow-
ing 20 keV Ar* cluster sputtering for 5 min, the V 2p signal in-
tensity of BP-V,C and ASA-V,C become substantially enhanced.
Both BP-V,C and ASA-V,C show dominant V?*/V-C peaks, and
their high-valence V** peaks are considerably suppressed. This
result reflects the effective role of the grafted molecules in in-
hibiting surface oxidation of V,C. During the functionalization
process, the diazonium salt tends to take the lone pair electron
from surface -O/-OH terminals of MXene, leading to the grafting
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Figure 2. a) Thermogravimetric analysis and b) FTIR spectra of V,C, BP-V,C, and ASA-V,C. V 2p XPS spectra of ¢) V,C, d) BP-V,C, and e) ASA-V,C. f)

XRD patterns of V,C, BP-V,C, and ASA-V,C.

of molecules via the formation of metal-O-C bonds. This process
is evidenced by the O1s XPS result of ASA-V,C (Figure S5, Sup-
porting Information), which reveals the presence of the V-O-C
peak at 529.3 eV.[4041]

Furthermore, Figure 2f compares the X-ray diffraction (XRD)
patterns of pristine V,C, BP-V, C, and ASA-V,C. The characteris-
tic (002) peak undergoes a clear negative shift from V,C (10.3°) to
BP-V,C (7.9°) and ASA-V,C (7.1°), indicating the gradual expan-
sion of the interlayer distance. Based on Bragg’s Law, d-spacings
were determined to be 0.86, 1.12, and 1.25 nm for V,C, BP-V,C,
and ASA-V,C, respectively. These results are in good agreement
with the measured interlayer distance in HR-TEM images.

2.2. Performance of ASA-V,C as the K*-Storage Anode

The K*-storage performance of free-standing V,C, BP-V,C, and
ASA-V,C films was evaluated in two-electrode Swagelok cells
with an electrolyte of 5 M potassium bis(fluorosulfonyl)imide
(KFSI) dissolved in a mixture of dimethyl carbonate and ethy-
lene carbonate (1:1 vol.%). Figure 3a compares the cyclic voltam-
metry (CV) curves of the three electrodes at 0.5 mV s~!. Appar-
ently, ASA-V,C presents the largest CV area among the three
electrodes, indicating its superior K*-storage capacity. Its charge
storage capability is shown dominantly below 1.5 V versus K* /K.
The CV curve shows a quasi-rectangular shape below 1.5 V ver-
sus K*/K, reflecting the pseudocapacitive K*-intercalation char-
acteristics of ASA-V,C. The extra K*-storage centers contributed
by the grafted azo-compound are evidenced by the presence of
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pronounced redox peaks at 0.6 — 1.5 V versus K*/K,[*?] which
are consistent with the CV curve of the starting molecule, 4-
aminoazobenzene-4'-sulfonic acid sodium salt (Figure S6, Sup-
porting Information). In addition, a pair of broad redox peaks can
be observed for ASA-V,Cat2.0-2.5 V versus K*/K, and they can
be assigned to the presence of vanadium oxides clusters due to
the inevitable oxidation of V,C during material preparation./**]
To assess the rate capability of the three electrodes, galvano-
static charge/discharge (GCD) curves were collected at various
current densities ranging from 0.05 to 20 A g~! (Figure 3b; Figure
S7, Supporting Information). As depicted in Figure 3c, the ASA-
V,C electrode exhibits a remarkable specific capacity of 173.9
mAh g~ at 0.05 A g~!, greatly surpassing the specific capacities
of the V,C electrode (121.5 mAh g=!) and the BP-V,C electrode
(136.9 mAh g™). Of significant note, at a significantly increased
current density of 20 A g~! (referring to a short charge/discharge
time of ~13.5 s), the ASA-V,C electrode maintains a decent
specific capacity of 74.9 mAh g7!, equivalent to 43.1% of its
maximum specific capacity. In contrast, the V,C electrode and
the BP-V,C electrode at 20 A g~! only exhibit capacity retention
of 12.0% and 17.4%, respectively. Specific capacities as a func-
tion of charge/discharge time were further plotted for the ASA-
V,C electrode (Figure 3d), highlighting the state-of-the-art per-
formance in comparison with recently reported K*-storage MX-
ene anodes, such as V,C,33 Ti,CN,?% alkalized Ti,C,,[** and
Ti,C, nanoribbons.[*l We further collected CV curves of V,C,
BP-V,C, and ASA-V,C at varying scan rates. Using Equation (1)
with i as the current and v as the scan rate, the CV curves
are separated into the capacitive-controlled section (k,v) and the
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Figure 3. a) CV curves at 0.5 mV s~" and b) rate performance of the V,C, BP-V,C, and ASA-V,C electrodes. c) GCD profiles of the ASA-V,C electrode at
various current densities. d) Specific capacity as a function of charge time for the ASA-V, C electrode in comparison with recently reported K*-intercalation
MXene electrodes. ) Ry and R, of the V,C, BP-V,C, and ASA-V,C electrodes derived from the EIS measurements. f) K* diffusion coefficients of the
V,C, BP-V,C, and ASA-V,C electrodes calculated from the GITT measurements.

diffusion-controlled section (k,v"/?). As shown in Figure S8 (Sup-
porting Information), ASA-V,C presents the largest capacitive
contribution among the three electrodes across all scan rates.
This analysis highlights the obviously enhanced K* intercalation
kinetics.

i =kv+ky/? (1)

Electrochemical impedance spectroscopy (EIS) was performed
on the three electrodes at various potentials to gain insights into
the performance improvement induced by the grafted molecules
(Figure S9, Supporting Information). The values of Ohmic re-
sistance (R,) and charge transfer resistance (R,) for the three
electrodes (Figure 3d) were derived by fitting the EIS data with
an equivalent circuit shown in Figure S9 (Supporting Informa-
tion). Across all potentials, R, follows the trend of V,C > BP-
V,C > ASA-V,C, suggesting that the grafted molecule effectively
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enhance the charge transport capability of V,C. Moreover, the
significantly improved charge transfer of ASA-V,C was evident
from its pronouncedly lower R, (38.0 Q at 0.05 V vs K*/K) in
comparison with V,C (110.8 Q at 0.05 V vs K*/K) and BP-V,C
(99.6 Q at 0.05 V vs K*/K). In addition, K* diffusion coefficient
(D) within the three electrode was quantified using the galvanos-
tatic intermittent titration technique (GITT, Figure S10, Support-
ing Information). As expected, ASA-V,C demonstrates the fastest
K* diffusion with D values of 1.2 x 107 — 1.6 x 1078 cm? s7!,
significantly outclassing V,C (1.6 X 107! — 1.4 x 10~ cm? s7!)
and BP-V,C (2.0 x 107! —= 2.0 x 10™° cm? s71). All these results
underscore the significant role of sulfonate anions equipped on
the grafted molecules in accelerating K* diffusion between V,C
layers.

In addition to the boosted K*-storage kinetics, the grafted
molecule also significantly enhanced the cycling stability of V,C
(Figure 4a). During the long-term cycle test at a low current
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Figure 4. a) Cycling performance of the V,C, and ASA-V,C electrodes at 0.05 A g~'. Synchrotron operando XRD spectra of the b) V,C and c) ASA-V,C

electrodes during one charge/discharge cycle.

density of 0.05 A g1, the specific capacity of the V,C electrode
experienced a noticeable decay, reducing to only 45.2% of its ini-
tial specific capacity after 900 charge/discharge cycles. Contrast-
ingly, the ASA-V,C electrode managed to sustain a high spe-
cific capacity of 144.5 mAh g=! after 900 cycles, corresponding
to the capacity retention of 80.3%. Operando synchrotron XRD
provides significant structural information during the dynamic
K* intercalation and de-intercalation (Figure 4b). Notably, the
operando synchrotron XRD results were collected after 5-cycles
activation of the electrodes. Compared with the original V,C elec-
trode (0.86 nm), the activated V,C electrode exhibits a much ex-
panded (002) d-spacing of 1.09 nm. Meanwhile, K* intercalation
is accompanied by the appearance of an obvious side peak with d-
spacing of 1.15 nm, indicating the structural distortion associated
with K* intercalation. By contrast, the activated ASA-V,C elec-
trode (1.28 nm) presents only a slight interlayer expansion com-
pared with the original ASA-V, C electrode (1.25 nm) (Figure 4c).
Moreover, the ASA-V, C electrode demonstrated a zero-strain fea-
ture during the K* intercalation and de-intercalation, with negli-
gible change in the (002) d-spacing. Thereby, we can conclude
that the grafted organic molecules effectively buffer the inter-
nal stress induced by K* intercalation, efficiently mitigating the
structural distortion of V,C during repeated charge/discharge
cycles.

2.3. Dual-lon Energy Storage Devices
The high-kinetics K*-storage capability and long-term cycling sta-

bility of the ASA-V,C anode motivated us to explore the assembly
of dual-ion energy storage devices (denoted ASA-V,C//Graphite)

Adv. Energy Mater. 2024, 14, 2302961 2302961 (6 Of9)

by pairing it with the anion-intercalation graphite cathode. Prior
to device assembly, electrochemical performance of the graphite
cathode was evaluated using a two-electrode Swagelok cell with
the 5 M KFSI electrolyte. The FSI™ -intercalation into graphite dis-
played a high potential window of 3.5 — 5 V versus K*/K with an
average discharge potential of 4.4 V versus K*/K (Figure S11a,
Supporting Information). The graphite cathode exhibited a de-
cent specific capacity of 100 mAh g=! at 0.05 A g™ and main-
tained a specific capacity of 75 mAh g=! even at a large current
density of 20 A g~!. Moreover, the graphite cathode showed the
capacity retention of 89.1% after 200 cycles at a current density
of 0.2 A g7! (Figure S11b, Supporting Information). In light of
the high ion-intercalation kinetics of both the ASA-V,C anode
and the graphite cathode, we anticipated that the assembled dual-
ion devices could deliver simultaneously high energy density and
power density.

Considering the specific capacity of the ASA-V,C anode and
the graphite cathode at a low rate, we assembled the dual-ion
device with a cathode/anode mass ratio of 1.7. Figure 5a il-
lustrates the dual-ion intercalation mechanism of the assem-
bled ASA-V,C//Graphite device, involving K* intercalation/de-
intercalation of the ASA-V,C anode and FSI~ intercalation/de-
intercalation of the graphite cathode. The CV curve of the ASA-
V,C//Graphite device within 2.5 — 4.5 V at 0.5 mV s~! displays
several pairs of redox peaks (Figure 5b), which corresponds to
multi-step K*/FSI~ intercalation and de-intercalation processes.
To evaluate the rate performance of the device, the GCD mea-
surements were further conducted (Figure 5c). All GCD curves at
current densities ranging from 0.1to 2 A g™' (based on the active
materials of both electrodes) show apparent charge/discharge
plateaus. Such a dual-ion device is estimated to have a theoretical
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1, c) GCD profiles at

various current densities, and d) rate performance of the ASA-V,C//Graphite device. e) Ragone plots of the ASA-V,C//Graphite device in comparison
with reported dual-ion energy storage devices. f) Cycling performance of the ASA-V,C//Graphite device at 0.2 A g~!

capacity of 64 mAh g~! (based on the active materials of both elec-
trodes). Notably, the assembled ASA-V,C//Graphite device deliv-
ered a reversible specific capacity of 51 mAh g! at 0.1 A g7,
which accounts for 79.6% of its theoretical energy storage capa-
bility (Figure 5d). When charged/discharged rapidly at 2 A g~!
(37.8 s), the device still achieved a decent specific capacity of 21
mAh g~! with the capacity retention of 41.2%. By comparing the
device performance with the half-cell measurements, it becomes
evident that the rate capability of the device is predominantly lim-
ited by the anion-intercalation kinetics of the graphite cathode.
The energy density and power density of the device were fur-
ther calculated based on the GCD measurements. Figure Se
presents the Ragone plots of the ASA-V,C//Graphite device
in comparison with recently reported dual-ion energy stor-
age devices. Importantly, our device achieved a maximum en-
ergy density of 175 Whkg™!, which is considerably higher
than those Li*-based dual-ion devices like SnS,//Graphite (111
Whkg!),[*] WS, //Graphite (117 Whkg™!),[!!] MnO//Graphite
(137 Whkg™1),[*) and @-M0O,//Graphite (133 Whkg™),"?] Na*-
based dual-ion devices, such as TiSe, //Graphite (146 Whkg=1)13]
and MoS, //Graphite (96 Whkg),*’] as well as K*-based dual-
ion Graphite//Graphite device (155 Whkg™!).'] Besides, our

Adv. Energy Mater. 2024, 14, 2302961 2302961 (7 0f9)

device reached a supercapacitor-comparable power density of
6.5 kW kg~! at an energy density of 65 Whkg™'.

Lastly, we evaluated the cycling stability of the ASA-
V,C//Graphite device at a current density of 0.2 A g~ (Figure 5f).
After 500 charge/discharge cycles, the device could maintain
86.9% of its original capacity, which showcases its feasibility for
long-term operation. All these results support that ASA-V,C with
fast K*-intercalation kinetics can work as a superior anode to con-
struct dual-ion energy storage devices that effectively mitigate the
inherent energy-power tradeoff of conventional electrochemical
energy storage devices.

3. Conclusion

To summarize, our study has demonstrated the covalent graft-
ing of azobenzene sulfonic acid as an effective approach to
remarkably boost the K*-storage kinetics of V,C MXene. The
grafted molecule was uncovered to serve multiple functions, in-
cluding providing the extra K*-storage sites with the equipped
azobenzene units, accelerating interlayer K* diffusion with sul-
fonate anion as the desirable K*-hopping site, and buffering in-
ternal stress induced by K* intercalation/de-intercalation. These
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desirable functions collectively resulted in the obtained ASA-V,C
electrode exhibiting significantly boosted K*-storage capability
compared with the pristine V,C electrode, with considerably en-
hanced specific capacity (173.9 mAh g~! vs 121.5 mAh g~' at 0.05
A g™, rate capability (43.1% vs 12.0% at 20 A g™!), and cycling
stability (80.3% vs 45.2% after 900 cycles at 0.05 A g~!). More-
over, the ASA-V, C electrode enabled us to demonstrate a dual-ion
energy storage device by coupling it with the FSI~-intercalation
graphite cathode, showing a maximum energy density of 175 Wh
kg™! and supercapacitor-comparable power density of 6.5 kW
kg™'. These encouraging results are expected to inspire the fu-
ture efforts devoted to tailoring 2D-confined ion storage behav-
iors, opening new avenues for the development of advanced elec-
trode materials for high-performance energy storage devices.
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