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SUMMARY

In traditional dual-ion systems, the cathode usually is employed as anion-storage
materials. Herein, we propose a new dual-ion hybrid supercapacitor with reverse
anion/cation-storage mechanism, consisting of a mesoporous (MPs) VN anode as
a pivotal anion-storage material and K,_,MngO,, nanosheet arrays grown on car-
bon cloth (NSs/CC) as (K-storage) cathode. During charge/discharge, the anode
and cathode reversibly store/release OH ™ ions and K* ions, respectively. Herein,
the MPs VN as anion-storage electrode can operate in an alkaline condition and
deliver a high capacitance of 251 mF cm 2 with desired low-voltage plateau.
More importantly, benefiting from unique reverse dual-ion mechanism, the
(MPs VN-K5_,MngO4, NSs/CC) hybrid device displays excellent rate performance
and satisfying area capacitance along with good durability of 92.2% after 10,000
cycles at a scan rate of 100 mV s . It offers new ideas to expand the range of
anion-storage materials in dual-ion hybrid supercapacitors.

INTRODUCTION

Supercapacitors based on cation or anion reversible reactions have been thoroughly studied over past
several decades (Dunn et al., 2011; Saikia et al., 2020; Wang et al., 2012). However, it paid less attention
to the simultaneous utilization of the cation and anion in previous studies (Muzaffar et al., 2019, Meng
and Tang, 2018). And in fact, aqueous dual-ion battery (ADIB) has attracted intense increase because of
their low cost, high safety, and durability Larcher and Tarascon (2015); Shao et al. (2018). Thus far, Zhang
et al. described an ADIB employing n-type polyimide and p-type radical polymer reaction with anion
and cations, respectively (Zhang et al., 2019). Yu et al. propose a Cu3(PO4), as an anion container for
ADIB (Yu et al., 2021). And, Kim et al. introduced an aqueous dual-ion system based on Mg-Cl superhalides
as charge carriers in graphite cathode (Kim et al., 2020).

Until recently, Deng et al. reported a new type of dual-ion asymmetric supercapacitor based on Nb,Os
anode and Ni(OH), cathode reaction with Li* and OH™, respectively, and Li et al. introduced an aqueous
dual-ion hybrid supercapacitor based on NiCo,0, cathode in LIOH electrolyte (Deng et al., 2019; Li et al.,
207163, 2016b). Similarly, we developed a dual-ion system by employing cation-rich Mn-Cu oxides hetero-
structures cathode as anion host with lower working potentials (Jiang et al., 2021).

Nevertheless, as for above mentioned dual-ions supercapacitor or battery based on dual-ions working
mechanism, wherein the cathode materials usually as the anion-storing host rather than anode (Figure 1).
In order to extend the range of anion-storing materials, recent effort was made to develop new anode ma-
terials as anion hosting, where polymers, Zns[Fe(CN)gl,, metal-organic frameworks, etc. have been demon-
strated to be capable of hosting anions at lower potentials in high-concentrated aqueous/nonaqueous
electrolytes (Wu et al., 2019a, 2019b; Zhang et al., 2018a, 2018b; Dou et al., 2021). Nonetheless, it remains
challenging to design new anode materials as anion hosting in dilute agqueous electrolytes. Vanadium
nitride (VN) is a promising anion-storage material due to its wide operation potential (0 V to —1.2 V) and
high specific capacitance (Liu et al., 2020).

Herein, we designed a high-performance VN anode as anion storage host in dilute alkali electrolytes.
Benefitting from the merits of integrated electrodes and continuous multidimensional porous structure,
it ensures effective ion access to the electrochemically active materials without limiting charge transport.
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Figure 1. Schematic illustrations of the charge/discharge processes
(A) Conventional dual-ion device.
(B) Reverse dual-ion device.

Such a MPs VN anode exhibited exciting charge-transfer resistance (0.05 Q), and high specific capacitance
of 251 mF cm™2 at high scan rate. To further demonstrate the excellent performance, we further develop a
reverse dual-ion hybrid supercapacitor (RDHSC) that employs MPs VN as the anode and K, ,MngO14 NSs/
CC as the cathode. The RDHSC exhibits a satisfactory high areal capacitance (291.7 mF cm™?) and high en-
ergy density (156.3 uWh cm~?). Meanwhile, the RDHSC achieves an excellent high-rate performance and
cycling stability (92.2% after 10,000 cycles at 100 mV s~'). Our RDHSC may open up a new route for the
design of high-performance supercapacitors.

RESULTS
Structure characterizations and electrochemical properties of MPs VN electrodes

The MPs VN were designed as anion-storage materials to enhance electrode charge storage ability, and
prepared by a sample annealing thermal-assisted anodizing method combined. Owning to vanadium ox-
ide film tends to dissolve as vanadyl ions in the aqueous solution during anodizing process (Yang et al.,
2011). To induce the porous structure, the Na,B,0O7 as extra oxygen source is introduced in the solution
(Lewis and Perkins, 1979). The nanoporous (NPs) V,Os electrodes were prepared by anodizing process.
Representative scanning electron microscopy (SEM) images (Figure S1) show that Nay;B4O; or H,O is
used as an oxygen source for vanadium oxide layer, from which it can be seen that used H,O as an oxygen
source leads to the corrosion and dissolution of vanadium oxide NPs layer (Figure S1B). While, used
Na,B4O; as an oxygen source to grow uniform distribution NPs vanadium oxide films (Figures STA and
S5) that consists of NPs with diameter sizes distribution from ~60 to ~100 nm, which is consistent with
pore size distribution (PSD) plots. Compared with the primary-vanadium foil, the X-ray diffraction (XRD)
patterns for vanadium foil after annealing were shown in Figure 3A. The characteristic peak of pre-treated
sample at 20 = 42° can be corresponded to the orthorhombic phase V,0s5 (JCPDS No. 41-1426), suggesting
that the metal V transformed to the V,0Os during anodizing process. Then, the numerous mesoporous
formed by following annealing in an NH; environment because oxygen atom replaced nitrogen atom
(Chen et al., 2020), as confirmed by HR-TEM and corresponding elemental mapping of the MPs VN sample
shown in Figures 2D and 2E. Compared with NPs V,Os electrode, the VN electrode was induced to produce
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Figure 2. Microstructural characterizations of MPs VN samples

(A) Top-view SEM images of NPs V,Os samples.

(B) Top-view low/high (inset)-magnification SEM images of MPs VN samples.

(C) TEM images of MPs VN samples.

(D) HR-TEM images of MPs VN samples.

(E) HR-TEM images and corresponding elemental mapping images of the MPs VN samples.

numerous mesoporous with size distribution from ~2 to ~10 nm (Figures 2B and S5). It is noteworthy that
the MPs VN electrode could further increase the active material-electrolyte contact area and enhance ion
diffusion/electron transport, which is very critical to improving electrochemical performance (Wang et al.,
2015; Yao et al., 2020).

The phase composition and structure of MPs VN sample was determined by X-ray diffraction (XRD) pattern,
high-resolution transmission electronic microscope (HR-TEM), and the corresponding element mapping
images. The diffraction peaks of VN sample at 37.6°, 43.7°, 63.8°, and 80.3° correspond to VN (JCPDS
No. 35-0768) phase (Figure 3A). Additionally, the HR-TEM image shows clear lattice fringe with interspacing
of 0.238 nm, which is consistent with the (111) crystal planes of VN (Figure 2D). The element mapping of the
VN sample (Figure 2E) shows that V, N, and O elements are homogeneously distributed, which further con-
firms the composition of sample.

To further determine the surface state information of the MPs VN, the X-ray photoelectron spectroscopy
(XPS) spectra were performed. The full XPS spectra of MPs VN indicate that it contains of C, N, O, and V
elements (Figure 3B), which is in accordance with elemental mapping (Figure 2E). The V 2p XPS spectrum
shows a distinct characteristic peak at the binding energy of 513.75, 514.95, and 516.95 eV, and correspond-
ing to V-N, V-N-O, and V-O bond, indicating the existence of V3, V4 and V" valence states (Figure 3C)
(Maetal., 2020; Ding et al., 2019). In addition, this result suggesting the presence of a partial oxidation layer
on the surface of VN was caused by air (Zhang et al., 2018a, 2018b). For the N 1s spectrum, one sharp peak
at 397.2 eV, corresponding to N-V bonding, and other peaks at 399.1 eV attributed to V-N-O asymmetric
stretching mode (Figure 3D) (Zhao et al., 2016). These results support that surfaced V,Os are converted into
VN through nitridation treatment, and forming mesoporous structure.

To investigate the electrochemical behavior on the MPs VN electrode, the cyclic voltammetry (CV) curves,
galvanostatic charge-discharge (GCD) profiles and electrochemical impedance spectroscopy (EIS) were
examined in T M KOH electrolyte. The CV curves of MPs VN electrode from —1.3 V to 0 V (vs. Ag/AgCl)
at 50 mV s™" were shown in Figure 4A. It is worth noting that the CV curve exhibits two pairs of symmetric
redox peaks, the anodic peaks are at —0.64 V and —0.97 V and relevant cathodic peaks at —0.76 V and
—1.1V, indicating the reversible redox occurs on MPs VN electrode surface. Specifically, the reaction
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Figure 3. Chemical analysis and electrical properties of MPs VN samples

(A) XRD patterns of vanadium foil (A curve), NPs V,Os (B curve) and MPs VN samples (C curve).
(B) XPS survey spectrum of the MPs VN samples.

(C) High-resolution XPS spectra of V 2p for VN samples.

(D) High-resolution XPS spectra of N 1s for VN samples.

mechanism of the VN arises from a combination of an electrical double-layer formation and the faradic
redox reactions that occur on the surface of these partially oxidized nitrides (Choi et al., 2006). Owing to
the presence of OH™ ions, it could lead to the occurrence of an equilibrium reaction at high pH, such as
the one shown below on the surface of the nitride (or oxynitride) electrode:

2V¥*N,O, + 20H +e  ©V**N,O, || OH™ +V?*N,O,OH

where VN,O,||OH™ represents electrical double layer formed by the hydroxyl ions adsorbed on the
oxynitride surface induced by ion-dipole attraction which leads to a substantial increase in the specific
capacitance (according to most widely accepted theory). Notably, some recent studies on the reaction
mechanism of vanadium nitride have shown other possibilities (Liu et al., 2021; Yang et al., 2022).

Sweep voltammetry also provides greater insight into the difference in charge storage kinetics of the MPs
VN electrodes. According to previous report, the cathodic/anodic peak current (i) and the scan rate (v) can
follow the relationship:

log(i) = alog(v) +log(b)

where a and b are adjustable parameters. When a-value approaches 0.5, the electro-chemical system is
mainly controlled by ionic diffusion, but when the a-value is close to 1, the pseudocapacitive effect dom-
inates (Jiang and Liu, 2019; Wu et al., 2019a, 2019b). Figure 4B displays the plots of log(i) vs. log(v) at the two
cathodic/anodic peak pair, where the a-value for the anodic (I, Il) and cathodic (lll, IV) reactions are deter-
mined to be 0.882, 0.962, 0.815, and 0.943, respectively, indicating the electrochemical system is mainly
controlled by the pseudocapacitive. The pseudocapacitive contributions at various scan rates could be
calculated from the equation:

I(V) = k1V+ |(2V1/2
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Figure 4. Electrochemical characterizations of MPs VN electrodes with a three-electrode system

(A) CV curve of MPs VN electrodes at 50 mV s™' in 1 M KOH electrolyte.

(B) Plots of log (1) vs. log(v) at cathodic/anodic peaks (peak current: i; scan rate: v).

(C) Percentages of pseudocapacitive contributions to charge storage in MPs VN electrodes at scan rates from 10 to 100 mV s~
(D) Areal capacitance of the MPs VN electrodes as a function of various scan rates (10-100 mV s,

(E) GCD profiles of MPs VN electrodes at various current densities from 10 to 25 mA cm 2.

(

)
F) EIS spectras of MPs VN electrodes (Inset show equivalent circuit for EIS data fitting).

where kqv and kov'""? represent the contribution of pseudocapacitive effect and ionic diffusion, res-
pectively (Wang et al., 20163, 2016b). As shown in Figures 4C and S2B, the pseudocapacitive contributions
73.9%, 78.1%, 81.2%, 84.6%, 86.7%, and 89.7% of the total capacity at 10 mVs™', 20 mV s™", 30 mV s,
50 mVs~!, 70 mV s~ and 100 mV s, respectively.

As demonstrated in Figure S2A, the CV curves of the MPs VN electrode are at various scan rates. Two pairs
of redox peaks are located at ~ -0.65/~-0.75 V and ~-0.95/~-1.1V in CV curves. With the increasing scan
rate, the curves maintain similar shape and increase the current density of characteristic peaks; at the
same time, the reduction and oxidation peaks only slightly shift toward higher and lower potentials, respec-
tively. Benefitting from mesoporous and high conductivity, the MPs VN electrode could achieve satisfac-
tory charge storage ability (Djire et al., 2019). At 10 mV s~', the MPs VN electrode displays an area capac-
itance of ~251 mF cm ™2 (Figure 4D). Even when the scan rate is increased to 100 mV s, the MPs VN
electrode still retains a capacitance of ~205.4 mF cm™2 (~81.9%), indicating its excellent capacitive
behavior and high-rate charging capability. Additionally, the GCD profiles (Figure 4E) exhibit a near-per-
fect isosceles triangle without obvious IR-drop behavior at various current densities. The results of MPs
VN electrode suggest its high electrical conductivity and excellent electrochemical reversibility. In addi-
tion, the EIS was further utilized to support the above analysis (Figure 4F). In general, the impedance spec-
trum including intercept at the real axis in high frequency, semicircles at high to medium-frequency ranges,
and one oblique line in the low frequency region are related to the internal resistance of the electrodes and
the Ohmic resistance of electrolyte, charge-transfer resistance, and ion transfer resistance, respectively. It
was found that the internal resistance (R, 0.7Q) and charge-transfer resistance (R, 0.05 Q) is much very
small, which is consistent with IR-drop results in GCD profiles. These results imply that MPs VN electrode
possess fast charge transfer and ion diffusion kinetics in case of high rates. Such outstanding electrochem-
ical properties are attributed to vanadium nitride with good electrical conductivity and mesoporous
structure.

iScience 25, 104141, April 15, 2022 5
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Figure 5. Microstructural and electrochemical characterizations of K,.,MngO,4 NSs/CC electrodes with a three-electrode system
A) Typical low-magnification SEM images of K, ,MngO14 NSs/CC electrode.

B) Typical high-magnification SEM images of K, ,MngO1, NSs/CC electrode.

C) SEM images of the K, ,MngO4, NSs/CC electrode and corresponding elements mapping images of K, Mn, and O.

D) XRD patterns of K, ,MngO1, NSs/CC electrode.

E) CV curves of K;,MngO1, NSs/CC electrode measured at different scan rates from 5 to 50 mV s
F) Areal capacitance of K, ,MngO1, NSs/CC electrode at various scan rates.
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Structure characterizations and electrochemical properties of K, ,MngO4s NSs/CC
electrodes

To further evaluate its applications, a dual-ion hybrid supercapacitor was fabricated employing MPs VN
electrode as anode and K, ,MngO1, NSs/CC electrode as cathode. For this reason, the K, ,MngOq4 NSs
were directly grown on the surface of carbon cloth as cathode via a simple hydrothermal method. As
shown in Figure 5B, the K;,MngOq4 NSs/CC exhibited a highly open and porous structure assembled
from perpendicular interlaced nanosheets. Meanwhile, the low-magnification SEM image of the Kj.
«MngO14 NSs/CC electrode is shown in Figures 5A and S6, which clearly see the electrode containing
~500 nm thick Ky ,MngO14 layer. Representative SEM images of K;.,MngO1s/nanofiber and correspond-
ing element mappings for K, Mn, and O are shown in Figure 5C. The distribution of K, Mn, and O ele-
ments is consistent with the SEM image of K, ,MngO14 NSs/CC electrode, which indicates that K and Mn
are distributed uniformly in the fibers. The crystal structure of K, ,MngOq4 NSs/CC electrode further
confirmed by XRD was shown in Figure 5D. Well-defined diffraction peaks at 20 valves of 12.7°, 36.7°,
37.7°, and 65°, correspond to (1 1 0), (4 00), (2 1 1), and (0 2 0) diffraction planes of K;,,MngO14
(JCPDS No. 44-1386).

The electrochemical properties of the K;.,MngOq4 NSs/CC electrodes were evaluated by the CV curves,
GCD profiles, and EIS spectra; these curves are carried out at a potential sweep window ranging from
0to 0.5 V. The reaction equation in the electrochemical charge and discharge process can be expressed
by the following equations:

MnO; + H3O" +xK* + (x + 1)e” & K,MnOOH + OH~

The charge storage mechanism of cathode material involves a redox reaction through both potassium
ion exchange and proton exchange (Wang et al., 2016a, 2016b). Detail electrochemical behavior of
the Ko.,MngO14 NSs/CC electrode was analyzed by typical CV curves at different scan rates, as shown
in Figure 5E. The K;,MngOs NSs/CC electrode displays an area capacitance of as high as 824 mF
cm~? at a scan rate of 5 mV s~ (Figure 5F). Such a high pseudocapacitive charge storage capacity for
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K;..MngO14 NSs/CC electrode is achieved through pre-inserted K" ions (Jabeen et al., 2016; Karikalan
et al.,, 2017). The typical redox peak of CV curve can be attributed to the intercalation/de-intercalation
of hydrated K* from the electrolyte into the MnO, (Zhang et al., 2020; Liu et al., 2019). Even when
increasing scan rate to 50 mV s™', it still retains a capacitance of 480 mF cm™2, implying its excellent
rate capability. Figure S3A shows the GCD profiles of the K;.,MngO1, NSs/CC electrode at various cur-
rent densities, where the voltage plateaus are observed between ~0.5 and ~0.45 V is consistent with CV
results. The GCD profiles showing triangular shapes without obvious IR-drop behavior was observed. In
addition, the EIS measurements were conducted for further examining the performance of K,,,MngO,
NSs/CC electrodes. The Nyquist plots of the K,,,MngOq4 NSs/CC electrodes are shown in Figure S3B.
The internal resistance (1.2Q) and charge transfer resistance (2.6Q) are very small, which is consistent
with [R-drop result.

Electrochemical behavior of RDHSC devices

To further demonstrate its practical applications, the reverse dual-ion supercapacitor fabricated by using
MPs VN anode (within the potential range of —1.3 to 0 V) and K;,MngO14 NSs/CC cathode (within the
potential range of 0-0.5 V). Therefore, the comparative CV curves of K;,MngO4, NSs/CC cathode and
MPs VN anode were shown in Figure 6A (at 50 mV s7"). It should be noted that the mass ratio of
MPs VN anode to K;,MngO14 NSs/CC cathode was accomplished by controlling the deposition mass
of K;.,MngO14 (based on charge balance between the cathode and anode). Figure 6B shows the repre-
sentative CV curves of the RDHSC at scan rates ranging from 5 to 100 mV s~" within a voltage window of
0-1.8 V. Obviously, the redox peaks can be clearly observed in all CV curves, indicating the typical bat-
tery-type electrochemical behavior of RDHSC. Meanwhile, the elemental analysis results of the original
and charge-discharge-activated K, ,MngO14 cathodes were characterized by inductively coupled plasma
(ICP). The ICP results show that the K/Mn ratio at the end of discharging increased from 8.8 to 20.6,
which imply the insertion of K ions during discharging, and further demonstrate work mechanism of
the DHSC devices (Table S1).With the increasing of scan rate, it can be seen that the redox current in-
creases accordingly and the shape of the CV curves is not obviously changed, suggesting ideal charge
storage behavior and desirable rapid charge/discharge property of our device (Mohanty et al., 2021). As
shown in Figure éD, it achieved a high capacitance of 291.7 mF cm 2 at 5 mV s, which enlists RDHSC
beyond the most reported thin film devices. Even when increasing the scan rate to 100 mV s, it still
retains the capacity of 164 mF cm 2, which is about 1.5-10 times higher than that of the thin film hybrid
devices (Figure S4B). These detailed information includes: e-WO3//MnO; (14.3 mF em™2 at 20 mV s7),
GCF11//GMF9 (33.6 mF cm™2 at 10 mV s™"), MoSe,@CN//MoSe,@CN (70.2 mF cm™ at 5 mV s7),
CNT@MnO,//CNT@PPy (60.5 mF ecm 2 at 10 mV s, Fe,O3//NiO@Mn0O, (48.1 mF cmZat1 mVs ',
28 mF cm™2 at 100 mV s™"), CNT//CNT@ZnO-NWs@MnO, (30.1 mF cm™ at 5 mV s~', 18.3 mF cm™2
at 50 mV s7"), and CNT@CNF//CNF (87 mF cm™2 at 2 mV s~ ") (Zhu et al., 2015; Zheng et al., 2014;
Ojha and Deepa, 2019; Yu et al., 2017; Liu et al., 2018; Li et al., 2016a, 2016b; Le et al., 2013). These
above results prove its excellent rate performance and charge storage ability. It agrees well with the
GCD profiles, where the shape resembling an isosceles triangle without an obviously IR-drop at various
current densities ranging from 5 to 15 mA cm™2, as shown in Figure 6C. To further evaluate its electro-
chemical behavior, the EIS spectrum was performed in a frequency range of 1072 to 10° Hz, as shown in
Figure 6E. The EIS data were fit by an equivalent circuit model of the RDHSC as shown in the inset of
Figure S4A. Here, the internal resistance of our RDHSC was as low as 0.97 Q and charge transfer resis-
tance was 2.1 Q, and the inclination of nearly 90° in Nyquist plot indicated idea capacitive behavior.
Meanwhile, the cycling stability of RDHSC was further investigated by CV curves at scan rate of
100 mV s™" in Figure 6G. Our RDHSC devices exhibit an excellent reversibility and high capacity reten-
tion of 92.2% after 10,000 cycles.

The energy density and power density are critical factors for its practical application. In the Ragone plots,
Figure 6F compares the areal performance of our RDHSC to those of previously reported hybrid supercapaci-
tors. The RDHSC devices exhibit a maximum energy density of 156.3 uWh cm ™2 (based on two electrodes) at the
power density of 0.94 mW cm™2. Even at a high power density of 14.76 mW cm™2, the energy density can still
retain 73.8 uyWh cm 2. These values are substantially much higher than those recently reported hybrid superca-
pacitors, including P-TION//VN (32.4 uWh cm™? at 0.9 mW cm ), CWS/Ni//grapheme (102 pWh cm~? at
0.675 mW cm™2, 7.5 pWh cm™2 at 27 mW cm™2), MnO,/PEDTO//VN/C NWAs/CNT (96 pWh cm™2 at
0.27 mW em™2, 52 yWh em™2at 2.7 mW ecm~2), RuO,//VN (20 pWh em ™2 at 3mW cm ™), LiCoO,//Fe,03/FeOOH
(56.25 yWh cm™2 at 1.1 mW cm™2), PNC/PEDTO//CMK (11 pWh cm™2 at 0.33 mW cm ™2, 6.1 pWh cm ™2 at
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Figure 6. Electrochemical behavior of RDHSC devices
(A) CV curves of MPs VN electrode and K;.,MngO1, NSs/CC electrode at 50 mV s, respectively.
(B) CV curves of RDHSC at various scan rates.

(C) GCD profiles of RDHSC at different current densities from 5 to 15 mA cm ™2,
(D) Areal capacitance of the RDHSC as a function of various scan rates.

(E) EIS spectra of RDHSC.

(F) Ragone plot comparing stack energy and power densities of RDHSC with other thin film devices.

(G) Cycling performance and coulombic efficiency of the RDHSC devices at a scan rate of 100 mV s™', inset are CV curves of first and 10000th.
(H) Photographs of the three RDHSC devices in series powering an LED array containing 50 bulbs.

7.8 mW cm™2), VN/CNTF//NiCo,04/Ni(OH),/CNTF (103.8 pWh cm ™2 at 0.8 mW cm™2), CuO//AC (82 pWh cm ™2
at 1.48 mWem ™2, 61 uWh em2at 10.1 mW em™2), Ni(OH),//OMC (10 pWh cm ™2 at 7.3 mW cm %), MoSe,/CN//
CN (12.3 pWh cm™2 at 0.25 mW cm™2), NPG/MnO,//CNT (5.4 yWh cm™2 at 0.284 mW cm™2, 2.7 pyWh cm ™2
at 2.53 mW cm™?), and VO,/rGO//G-VYNQDs/rGO (73.9 pyWh cm™2 at 0.5 mW cm™2, 43.1 pWh cm™2 at
3.77 mW cm™?) (Yang et al., 2016, 2020; Pazhamalai et al., 2019; Zhang et al., 2017; Asbani et al., 2021; Lu
et al., 2020; Wang et al., 2019; Cha et al., 2017; Dong et al., 2014; Ojha and Deepa, 2019; Xu et al., 2015,
Shen et al., 2018). To further demonstrate its application, 50 LEDs in parallel also work well powered by these
three devices (device area is 2 cm?) in-series (Figure 6H). These outstanding comprehensive performances
fully support our hypothesis that unique charging mechanism of MPs VN as anion storage electrode to realize
high-performance energy storage, which makes them potentially competitive against typical hybrid
supercapacitor.
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DISCUSSION

In summary, we have proposed an RDHSC based on MPs VN anode as anion storage material.
Compared with traditional dual-ion systems, the direction of ions movement in RDHSC is reversed,
that is, OH™ and K" are extracted from anode and cathode during charging process, respectively. The
RDHSC with a maximum operating voltage of 1.8 V, the charge transfer resistance is as low as 0.97 Q
and interfacial resistance is only 2.6 Q. Therefore, the RDHSC exhibits a remarkable high specific capac-
itance of 291.7 mF cm™2, its maximum energy density reaches 156.3 uWh cm™2 at a power density of
0.94 mW cm~2, and energy density of 73.8 yWh cm ™2 is maintained even at a high power density of
14.76 mW cm~2. Moreover, the RDHSC exhibits an excellent reversibility and high capacity retention
of 90% after 10,000 cycles.

Limitations of the study

This mesoporous vanadium nitride only exhibits excellent anion storage properties in alkaline medium,
which limits its further wide application in devices. Therefore, in future work, we will design and prepare
the anion-storage materials with wider medium adaptability while maintaining the easy processability, me-
chanical stability, and ideal electrochemical performance.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

acetic acid sigma Aldrich CAS:64-19-7
hydrofluoric acid sigma Aldrich CAS:7664-39-3
potassium permanganate sigma Aldrich CAS:7722-64-7
hydrochloric acid sigma Aldrich CAS:7647-01-0
potassium hydroxide sigma Aldrich CAS:1310-58-3
sodium tetraborate sigma Aldrich CAS:1330-43-4
titanium foil sigma Aldrich CAS:7440-32-6
vanadium foil sigma Aldrich CAS:7440-62-2
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Bo-Tian Liu (btliu2018@glut.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ Data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Materials

Acetic acid (CH3COOH), vanadium foil, sodium tetraborate (Na;B40O5), hydrofluoric acid (HF), metallic tita-
nium foil, potassium permanganate (KMnQy), hydrochloric acid (HCI), potassium hydroxide (KOH) were
purchased from sigma Aldrich. The carbon cloth (W0S 1002 with thickness 360 um) was purchased from Ce-
Tech Co. Ltd. All regents were used as received without further purification, and all aqueous solutions were
prepared with MilliQ water.

Synthesis of MPs VN electrode

The NPs V,0s electrodes were in situ grown by anodizing (0.1mm thick) vanadium foil (99.9%) in a two-elec-
trode configuration with vanadium foil (1 X 3 cm) and Ptfoil (2 X 3 cm) as anode and cathode, respectively.
Anodizing was carried out at 5°C in 50 mL solution of CH3COOH (>99.5%) with 0.001 mol NayB,07 (=>99%)
and 0.6 mL HF (>40%). And, 0.001 mol metallic titanium was dissolved in the solution to introduce [TiF]*
ions in the electrolyte before anodizing process. The samples were anodized at a constant voltage of 100V
for 20 min, and then were transfer annealing at 200°C for 3 h in Ar. Subsequently, the MPs VN electrodes
were prepared by calcining the obtained NPs V,0s samples in a furnace under an NH;3 atmosphere at
550°C for 12 h.

Synthesis of K, ,MngO44 NSs/CC electrode

K2.xMngO14 NSs/CC electrodes were prepared by a simple hydrothermal method. Typically, 0.003 mol
KMnO, and TmL HCI (37%) were dissolved in 50mL deionized water and stirred for 20 min. Afterward,
the obtained solution and carbon cloth (2 X 2 cm) were transferred to a 100 mL Teflon-lined autoclave,
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and then sealed and heated for 2 h at 160°C. After naturally cooling the autoclave to room temperature, the
carbon cloth was washed thoroughly three times with deionized water, and then was annealed at 200°C for
3hinair.

Materials characterization

The crystallographic information and phase purity of the samples were investigated by X-ray diffraction
(XRD, Rigaku D/MAX-2500) equipped with Cu-Ka radiation (A = 0.15406 nm). The surface species and
chemical states of the samples were measured by X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific Escalab 250Xi) using an Al Ka. X-ray source at 15 kV and 10 mA. The morphologies of the samples
were characterized using scanning electron microscopy (SEM, Zeiss, 5.0-20.0 kV) with an EDX detector, fiel-
demission transmission electorn microscope (FE-TEM, JEOL JEM-2800, 200 keV) with an EDX detector.

Electrochemical measurements and calculations

Electrochemical measurements were performed on an electrochemical workstation (lviumstat electro-
chemical analyser, lvium Technology) at room temperature. All as-prepared electrodes (1 x 1 cm) were
directly used as the working electrode without extra current collector. The electrochemical properties of
electrodes were studied in a three-electrode system, with a Pt foil as counter electrode and Ag/AgCl as
reference electrode, in 1 M KOH aqueous electrolyte. To measure the electrochemical performance of
RDHSC devices, it was assembled by K, ,MngO14 NSs/CC cathode and MPs VN anode, and then performed
on two-electrode configuration in 1 M KOH aqueous electrolyte. The electrochemical measurements
including cyclic voltammetry curves, the galvanostatic charging-discharging profiles, and the electrochem-
ical impedance spectroscopy were performed using an iviumstat electrochemical analyser.

The areal specific capacitance (Cg), areal energy density (Es) and power density (Ps) from the charge/
discharge curves can be calculated in terms of (Equations 1, 2, and 3):

At Jiv)dv

Cs = S.AV S =Gy AY (Equation 1)
2
Bs = = 2AV (Equation 2)
E .
Ps = A% (Equation 3)

Where, | is the discharge current; At is the discharge time; AV is the potential window; S is the electrodes
area; vis the scan rate.
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