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ABSTRACT: Electrochemical capacitors (ECs) have emerged as
reliable and fast-charging electrochemical energy storage devices
that offer high power densities. Their use is still limited,
nevertheless, by their relatively low energy density. Because high
specific surface area and electrical conductivity are widely seen as
key metrics for improving the energy density and overall
performance of ECs, materials that have excellent electrical
conductivities but are otherwise nonporous, such as coordination
polymers (CPs), are often overlooked. Here, we report a new
nonporous CP, Ni;(benzenehexathiolate) (Ni;BHT), which
exhibits high electrical conductivity of over 500 S/m. When used
as an electrode, Ni;BHT delivers excellent specific capacitances of
245 F/g and 426 F/cm’ in nonaqueous electrolytes. Structural and
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Intercalation-Pseudocapacitance in 2D Polymers

electrochemical studies relate the favorable performance to pseudocapacitive intercalation of Li* ions between the 2D layers of
Ni;BHT, a charge-storage mechanism that has thus far been documented only in inorganic materials such as TiO,, Nb,Os, and
MZXenes. This first demonstration of pseudocapacitive ion intercalation in nonporous CPs, a class of materials comprising thousands
of members with distinct structures and compositions, provides important motivation for exploring this vast family of materials for

nontraditional, high-energy pseudocapacitors.

Bl INTRODUCTION

Electrochemical double layer capacitors (EDLCs) store energy
through rapid and reversible electrolytic ion sorption on
charged electrode surfaces." The nonfaradaic nature of this
physisorptive process allows for high deliverable power
densities but also leads to relatively low energy density.”’
One strategy to enhance the energy density is to increase the
specific surface area (SSA), and thus the area available for ion
electrosorption, while maintaining high electrical conductivity.
This is difficult: the only materials that exhibit both high
conductivity and high surface area are various types of carbon,
including graphene and its derivatives, or more recently certain
coordination networks.”™® An alternative strategy to increase
the energy density has been the use of pseudocapacitive
electrode materials.”'’ These materials often exhibit low SSAs
but still deliver excellent charge storage capabilities through
faradaic redox processes that are not limited by solid-state ion
diffusion."' ™" Originally demonstrated as a surface-based
redox process in RuO, and MnO,,'*"* the pseudocapacitive
mechanism has been also described as intercalation-based in
transition metal oxides (TiO,, NbZOS)lé_18 and 2D layered
materials (Ti;C,, MoS,)."””** Despite their intrinsically
nonporous nature, these materials deliver high energy and
power densities through rapid pseudocapacitive intercalation of
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ions between the 2D layers or within the one-dimensional
channels of their bulk lattices.” Nevertheless, this promising
charge-storage mechanism has thus far been limited to a select
few inorganic materials and warrants further development of
new electrode materials that can build on recent progress.
One class of emerging materials that offer high electrical
conductivities and layered structures with great compositional
diversity and physicochemical properties are 2D CPs.”*>**
These materials accommodate 7-conjugated organic ligands
and transition metal ions in 2D nanosheets through extended
7-d conjugation and are good candidates for ECs.””~*’ Indeed,
porous CPs, commonly known as metal-organic frameworks
(MOFs),”® have already been explored as electrodes for
EDLCs.>%° Among these, 2D materials that have high
electrical conductivity and are porous have shown the greatest
promise, although their operating voltage remains below 1 V in
aqueous electrolytes.’ ~** Perhaps because of these recent
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Figure 1. Simulated structure of Ni;BHT shown normal to the (A) ¢ axis and (B) b axis. (C) X-ray diffraction patterns, (D) selected area diffraction
patterns, and (E) scanning electron microscopy image of Ni;BHT powders. (F) Variable-temperature electrical conductivity of pressed Ni;BHT

pellets obtained through the van der Pauw method.

advances with porous MOFs, related 2D CPs that are
nonporous have received little attention in the context of
energy storage, despite their excellent electrical properties.” "’
Herein, we report that the new, nonporous CP Ni;BHT (BHT
= benzenehexathiolate) is an excellent electrode material that
stores charge through an intercalation-based pseudocapacitive
mechanism. A high electrical conductivity of 500 S/m and a
layered structure allow efficient intercalation of Li* ions in a
nonaqueous LiPF/acetonitrile (MeCN) electrolyte to deliver
a high gravimetric capacitance of 245 F/g. These results
highlight the potential and benefits of designing and

investigating nonporous layered materials in ECs.

B RESULTS

Synthesis and Structural Characterization. Micro-
crystalline samples of Ni;BHT were obtained through reaction
of benzenehexathiol, CsS¢Hg, with NiCl,-6H,O in deaerated
methanol under anaerobic conditions for 24 h at room
temperature (details in Supporting Information). Upon
isolation from the mother liquor, Ni;BHT does not show
weight loss below 200 °C and its electrical conductivity is
maintained for at least 6 months in air (Figure S1). The
powder X-ray diffraction (PXRD) pattern of as-synthesized
Ni;BHT does not match that of the known phase Ni;BHT, >/
and instead resembles that of Cu;BHT (Figure 1C).2*°
Further analysis through selected area electron diffraction
(SAED) revealed unit cell parameters a = 14.16 A, b = 8.86 A,
c=345A,a=90° f=99.7° and y = 90° (Figure 1A,B,D and
Figure S2) that indeed are similar to those of Cu;BHT. Taken
together, the PXRD and SAED data suggest that Ni;BHT is a
new phase that bears close resemblance to Cu;BHT, with 2D
layers made up of square-planar Ni** ions bonded to four S
atoms in a square planar coordination and BHT ligands
surrounded by six Ni atoms. These form a dense nonporous
arrangement that contrasts with the structure of the known

Ni;BHT, that has a porous hexagonal honeycomb-type
structure (Figure $3).”” Elemental analysis found C and S
content of 19.5% and 44.6%, respectively, close to the expected
values for a chemical composition of Ni;C4Se for Ni;BHT, and
confirmed that the ligand does not suffer desulfurization during
the reaction. Attempts to determine the Ni content through
digestion methods have been hampered likely by the low
solubility of NiS.

The bulk physical properties of Ni;BHT were studied using
scanning electron microscopy (SEM), N, gas sorption analysis,
and van der Pauw electrical conductivity measurements.*®
SEM images reveal rod-like structures that are larger than 100
nm in length and a few tens of nanometers in diameter (Figure
1E). N, sorption analysis determined a low Brunauer—
Emmett—Teller (BET) SSA of ~25 m?/g (Figure S4), in
line with the expected nonporous nature of Ni;BHT. Variable-
temperature electrical conductivity of pressed Ni;BHT pellets
demonstrated an excellent conductivity of ~500 S/m at 298 K
and a steady decline with decreasing temperature, as has been
observed for several other bulk phases of 2D MOFs. Overall,
the 2D layered structure of Ni;BHT and its high electrical
conductivity and thermal stability encouraged us to evaluate its
performance in ECs. Electrochemical analyses were performed
using a 1 M lithium hexafluorophosphate (LiPF,)/MeCN
electrolyte, ensuring that the cation size is adequately small to
potentially intercalate between Ni;BHT layers.

Electrochemical Performance in ECs. Cyclic voltammo-
grams (CVs) of Ni;BHT powders pressed on Ni foam were
obtainedin a three-electrode cell using sufficiently large porous
carbon as a counter electrode and Ag wire as pseudoreference
(details in Supporting Information). CVs obtained in
increasingly large potential windows up to 1.7 V display
distorted rectangular curves with no clear Faradaic peaks
(Figure 2A). Stable, rectangular CVs are observed even when
the scan rate is decreased to as low as 0.5 mV/s (Figure SS),
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Figure 2. (A) Cyclic voltammetry (CV) curves of Ni;BHT in a three-electrode cell at a scan rate of S mV/s in increasing reductive potential
windows from 1.0 to 1.7 V. (B) CVs in a range of scan rates from 7 to 28 mV/s in the largest tested potential window of 1.7 V. (C) Current vs scan
rate analysis at select potentials of —1.2, —1.5, and —1.7 V vs open circuit potential (OCP). (D) Specific discharge capacitances obtained in a range
of scan rates with corresponding time scales highlighted. (E) Capacitance retention under repeated cycling at a scan rate of 30 mV/s over 8000
cycles. (F) Imaginary versus real components of impedance (Nyquist plot) obtained at frequencies between 10 mHz and 200 kHz for Ni;BHT
electrodes at OCP and various negative polarizations. Inset shows EIS responses at high frequencies, indicating a gradual increase in semicircle

diameters with increasing polarization bias.

but scanning beyond —1.7 V vs open circuit potential (OCP)
results in fast decay of current after multiple cycles (Figure S6).
Altogether, the CV responses indicate reversible charge storage
in Ni;BHT and also identify a stable working potential window
of 1.7 V. Because the observed CVs are nearly rectangular, lack
Faradaic features, and display nearly voltage-independent
current in a given potential window, it is possible to derive
true deliverable capacitances (in farads) instead of the overall
charge stored (in coulombs or mAh).>” Thus, Ni;BHT displays
high specific capacitances of 245 F/g and 426 F/cm’ at a scan
rate of 3 mV/s, which are unusually high for materials with
surface areas as low as that of Ni;BHT. Indeed, in view of its
low surface area, the large specific capacitance of Ni;BHT
cannot be attributed to an ideal double-layer charge storage.
An alternative mechanism is that of intercalation-based
pseudocapacitance. Although pseudocapacitive behavior typi-
cally involves visible Faradaic features in the CVs, there are
materials that operate through pseudocapacitance whose CVs
are featureless, such as nonporous oxides RuO, and
Nb205.14’17 We note, however, that intercalation-based

pseudocapacitance is rare: other than the oxides above, only
MXenes, TiO,, and MoS, are known to operate through this
mechanism.

One means to interrogate the mechanism giving rise to the
high capacitance of Ni;BHT is through electrochemical kinetic
studies that assess the nature of ion sorption on the electrode.
Dunn et al. have proposed a method to evaluate the capacitive
contribution in a material by treating the total current as a sum
of contributions from a diffusion-limited battery-type process
that scales with the square root of the scan rate, »'/% and a
surface-controlled capacitive (or pseudocapacitive) process
that scales linearly with the scan rate.” The currents from the
CVs in Ni;BHT were analyzed by plotting i(V)/v'/* vs v'/2 for
a range of scan rates at three different potentials of —1.2, —1.5,
and —1.7 V vs OCP (Figure 2B,C). The slopes from these
curves indicate that the majority of the current (~80%)
originates from surface-controlled pseudocapacitive ion
sorption whereas the rest (~20%) is from a diffusion-
controlled battery-type process. Specific capacitances calcu-
lated from these curves reach high values of 195, 124, and 85
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Figure 3. (A) CVs of Ni;BHT at a scan rate of S mV/s in 1 M LiPF,, NEt,PF,, NEt,BF,, and NBu,BF,/MeCN electrolytes that have different
electrolytic ion sizes. Electrolytes with large TAA cations display low and decreasing currents with stronger polarization. (B) Gravimetric
capacitances and (C) Nyquist impedance spectra of Ni;BHT in the tested electrolytes. (D) Comparison of Ni;BHT with other pseudocapacitive
materials reported in the literature. Materials with electrode mass loadings of >1.5 mg/cm* and potential windows of >1.5 V are compared
(Supporting Table 2). MS-MXene indicates Mxene synthesized using molten salts at 750 °C.

F/g at scan rates of 7, 14, and 28 mV/s, respectively (Figure
2D). Long-term cycling studies of Ni;BHT at a fast scan rate of
30 mV/s (discharge in 56 s) in different potential windows
indicate retention of over 80% after 8000 cycles (Figure 2E),
although cycling in the widest window of 1.7 V decreases
capacitance retention to 70% after 2000 cycles (Figure S7).

Electrochemical impedance spectra (EIS) were recorded at
OCP under various negative polarizations to analyze the ion
transport in Ni;BHT under dynamic conditions (Figure 2F).
The EIS curves display extended 45° Warburg regions in the
mid-frequency region and strong deviations from a vertical line
in the lower frequency region, consistent with a nonideal
capacitive behavior that is typically associated with limited ion
transport in an electrode material.*® In addition, a closer look
at the high-frequency region finds an increase in the semicircle
diameters with stronger polarizations (inset, Figure 2F),
indicating that a charge transfer mechanism, typical of a
pseudocapacitive electrode, is at play.”” Warburg diffusion
coeflicients, 6, measured as the slope of real Z vs o
indicate values in the range of 6—9 Q S™"/? cm?® at various
applied potentials (Figure S8). These values are on par with
the value of 1.2 Q S ~!/2 cm? reported for pseudocapacitive
materials such as amorphous TiO,.*”*’

Role of Electrolytic lon Sizes. With the evidence of
pseudocapacitive behavior from CVs and EIS in hand, we
sought to probe whether Ni;BHT displays the rare
intercalation-based pseudocapacitance mechanism proposed
thus far only for oxides and MXenes. To this end, we chose
electrolyte salts with cations and anions of various sizes:
tetraethylammonium hexafluorophosphate (NEt,PF), tetrae-
thylammonium tetrafluoroborate (NEt,BF,), and tetrabuty-
lammonium tetrafluoroborate (NBu,BF,). A comparison of

CVs obtained with these electrolytes demonstrates much lower
current with tetraalkylammonium (TAA) cations relative to Li*
(Figure 3A) and correspondingly lower capacitances of
approximately 30 F/g compared to 227 F/g with Li* (Figure
3B). It should be noted here that the ionic conductivities for all
the tested salts are similar (Supporting Table 1) and cannot be
the origin for the observed differences. Changing the anion and
comparing NEt,PF, to NEt,BF, leads to essentially identical
CVs (Figure 3A), suggesting that any differences in behavior
are caused by cations and that the ion sorption process is
accordingly mainly cation-driven. CVs in TAA electrolytes
further display nearly flat shapes with currents approaching
zero at the terminal potentials when scanned cathodically from
OCP. This behavior is reminiscent of size-based ion-sieving
observed in porous carbons and pillared graphene. With these,
ion sorption in macropores and onto the external surface of
particles leads to notable currents in the first few hundred mV
of polarization from OCP. The currents rapidly decrease to
nearly zero at hi§her polarization due to restricted access into
the micropores.”®*' =" Because Ni;BHT is a nonporous
material and lacks ultramicropores (<1 nm), the observed
ion-sieving behavior could be attributed to its ordered 2D
layered structure, wherein small Li* ions are able to intercalate
but larger TAA ions are not. The latter ions only display
minimal surface-based redox activity and ion sorption at
polarizations close to OCP. Indeed, because Li* ions are small
enough to intercalate, their response in the low frequency
region of the EIS deviates significantly from the ideal vertical
line and differs from that of the larger TAA ions, which are too
bulky to intercalate (Figure 3C).

Overall, the electrochemical studies confirm that ion
sorption in Ni;BHT is defined by cation size and that the
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intercalation of ions into 2D layers drives the total capacitance.
A comparison of Ni;BHT with other state-of-the-art
pseudocapacitive electrodes in terms of specific capacity
(mAh/g) at 1 C (Figure 3D and Supporting Table 2; 1 C =
discharge in 1 h) reveals that the capacity of Ni;BHT, 175
mAh/g, is surpassed only by MXenes, which exhibit 187 mAh/
g at 1.3 C. It should be noted that whereas Ni;BHT is obtained
via a room-temperature solution process, MXenes typically
require molten salt synthesis at high temperature.*> A steady
decline in discharge capacities is also noted for Ni;BHT at high
discharge rates of 10—30 C. This, together with the clear
deviation from the ideal vertical line at low EIS frequencies
expected for pseudocapacitive materials, points to impeded ion
transport at high discharge rates. As with other materials
operating through intercalation, optimizing crystallinity,
particle size, current collector contacts, and material processing
is likely to improve the power density of Ni;BHT.

Characterization of the Electrode Processes. The
structural and compositional evolution of Ni;BHT under
potential bias was investigated using various ex-situ X-ray and
solid-state nuclear magnetic resonance (SSNMR) spectroscopy
techniques. PXRD patterns of a Ni;BHT electrode (details in
Supporting Information) cycled and negatively polarized in 1
M LiPF¢/MeCN appear similar and suggest good retention of
crystallinity, highlighting the stability of Ni;BHT under
electrochemical conditions (Figure S9). Nevertheless, the
absence of changes in the interlayer packing distance (d
spacing) raises interesting aspects about intercalation in
Ni;BHT. Typically, intercalation in 2D materials can occur
through two main pathways: (a) solvated electrolytic ions
undergo partial or total desolvation in order to intercalate,
resulting in minimal changes to the d spacing; (b) intercalation
of the ions leads to significant exfoliation/layer separation
within the electrode material. Although one may expect the
latter to dominate in 2D materials due to weak van der Waals
interlayer interactions, a recent study of MXenes using various
Li-containing electrolytes found that the electrolytic Li" ions
are able to undergo partial-to-full desolvation during
intercalation. Depending on the nature of the solvent—
electrode interactions, the intercalation does not always lead
to changes in d spacing.'” As suggested by the PXRD data and
additional tests in various electrolytes (Supporting Note 1 and
Figure S10), we believe that a similar desolvation—
intercalation mechanism is at play in Ni;BHT.

Li SSNMR spectra of Ni;BHT samples prepared either as
soaked with electrolyte or as negatively polarized in ECs were
compared to identify different chemical environments of Li
during ion sorption under polarization. To provide a
comparison point, similar tests were performed with Ni;HITP,
(HITP = 2,3,6,7,10,11-hexaiminotriphenylene), a related 2D
porous CP (i.e., a MOF) that is known to adsorb ions in its
micropores”* and thereby provides a contrasting environment
to the proposed pseudocapacitive intercalation in Ni;BHT
(Supporting Note 2). ’Li NMR spectra for pristine Ni;BHT
and Ni;HITP, display strong isotropic peaks at approximately
—3 and —1 ppm, respectively. We assign these peaks to Li"
ions that are either associated with the outer surface of the
particles (Ni;BHT) or adsorbed in the Ni;HITP, micropores.
Upon polarization, Ni;BHT displays a clear shift in the peak
position to ~0 ppm, whereas that for Ni;HITP, is unchanged.
Furthermore, a closer examination of the spectrum for
polarized Ni;BHT reveals an asymmetric peak, which
manifests even more distinctly in its satellite peaks at

approximately —70 and —73 ppm (inset, Figure 4A). The
different chemical shifts in the polarized Ni;BHT sample

A Ni,BHT

Neg.
polarized

Pristine

10 5 0 5 -10 -15 20
S "Li (ppm)
B Ni,HITP,
Neg.
polarized

—65 70 75

Pristine

L 1 1 1 1 1 1

10 5 0 -5 -10 -15 -20
O Li (ppm)

Figure 4. Comparison of "Li NMR spectra of soaked and negatively
polarized (A) Ni;BHT and (B) Ni;HITP, in 1 M LiPFs/MeCN.
Insets show satellite peaks of Ni;BHT and Ni;HITP,, wherein
Ni;BHT displays two well resolved peaks under negative polarization
that indicate two unique chemical environments for "Li sorption.

indicates two distinct ionic “Li chemical environments with
distinct nuclear quadrupole coupling interactions, albeit with
similar isotropic chemical shifts due to lithium’s small
diamagnetic chemical shift range.46 Overall, the shift to higher
frequency and the emergence of a new ’Li chemical
environment in Ni;BHT are in line with earlier reports of
Li* intercalation into a carbon framework."” On the other
hand, because Ni;HITP, exhibits micropores and displays
double-layer ion adsorption, its "Li NMR spectrum displays a
single Gaussian-like resonance (Figure 4B) for Li* adsorbed in
its porous structure.

To further investigate the possibility of intercalation in
Ni;BHT, 'Li NMR spectra were acquired with cross-polar-
ization magic angle spinning (CPMAS). Figure S11 compares
spectra of the negatively polarized Ni;BHT sample obtained
with a Bloch decay with that obtained with CPMAS, both
obtained by coadding 1024 transients. Despite the theoretical
enhancement of 2.6 to the peak intensity expected for "H—"Li
cross-polarization, the spectrum acquired with a Bloch decay is
much more intense. The peaks for that spectrum (red curve in
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Figure S11) are also much broader, and the spinning sideband
manifold extends much further, indicating that the CPMAS
technique is selective for a particular Li-site. Considering that
"Li cross-polarization favors the excitation of lithium ions near
"H nuclei, this approach should restrict Li excitation to Li ions
that are intercalated within Ni*BHT (~0 ppm) of the material
while hindering the excitation of nonintercalated Li*
(approximately —3 ppm) ions that are isolated from a
proton-spin reservoir. To confirm these assignments, "Li{'H}
CPMAS was also performed on nonpolarized Ni;BHT and
Ni;HITP, samples. No observable CPMAS signal was
detectable for nonpolarized Ni;BHT even using long contact
times (5—8 ms), while nonpolarized Ni;HITP, behaved similar
to polarized Ni;HITP,, further supporting the assignments
above. Figure S12 illustrates two-dimensional "H—"Li hetero-
nuclear correlation (HETCOR) spectra for the polarized
Ni;BHT sample acquired with 100 and 500 s contact times;
these indicate a cross peak between the intercalated Li* sites
and a broad 'H resonance from the organic components and
sensitive to the contact time. (Figure S12b) A sharp 'H
resonance (1 ppm) is assigned to MeCN, but no correlation to
this resonance is observed within the HETCOR spectra
(Figure S13). Although we cannot rule out the presence of
trapped MeCN within the Ni;BHT sheets, the broad 'H
resonance is consistent with partial desolvation of intercalated
Li* ions.

X-ray absorption spectroscopy (XAS) indicated that the
pseudocapacitive behavior of Ni;BHT is not Ni-based. The X-
ray absorption near edge spectroscopy (XANES) at the Ni K
edge revealed edge and pre-edge energies of 8.346 and 8.334
keV, respectively, for both pristine and polarized Ni;BHT,
indicating that the 2+ oxidation state of Ni persists during EC
operation (Figure S14). Furthermore, analysis of the local
coordination around Ni from the X-ray absorption fine
structure (EXAFS) revealed essentially identical Ni coordina-
tion numbers of 4(+0.4) and 3.7(+0.4) before and after
polarization (Figures S15 and S16 and Supporting Table 3).
Likewise, the Ni—S bond length in Ni;BHT remains largely
unchanged, although a slight decrease from 2.16 (+0.02) to
2.13 (£0.02) A upon polarization suggests increased electron
density on the S atoms. These observations suggest that redox
processes are not metal based and instead center on the ligand.
Indeed, high resolution X-ray photoelectron spectroscopy
(XPS) shows that the C 1s and Ni 2p peaks are unaffected by
polarization, and the only observable changes are with the S 2p
peak (Figure S17). Specifically, deconvolution of the S signal
into various chemical components with doublet structures of
2py/, and 2p;, reveals a loss of the S—H component and an
appearance of the S—Li component upon polarization,
indicating reduction and subsequent intercalation of Li* ions
in close proximity to the electronegative S sites (Figure S18).
Such a ligand-centered process has been noted in several
studies of Ni-bis(dithiolene) complexes and is explained by the
low energy of Ni d-orbitals compared to ligand-centered
orbitals,"® having also been invoked recently in a study
employing Cu;BHT for Li-ion batteries.”” Notably, the
observed redox process differentiates Ni;BHT from other
transition-metal-based pseudocapacitive materials wherein
multiple oxidation states of the metal ions (Ru, Nb or Mo)
are accessed during intercalation and are readily characterized
by XAS studies.” Unfortunately, the extended conjugation
structure over CPs makes it difficult to assign the exact changes
in oxidation states of the ligands with any degree of certainty.

Nevertheless, the high specific capacitances and the large
reductive potential window through intercalation-pseudocapa-
citance identify Ni;BHT as a promising negative electrode
toward fabricating high-voltage asymmetric ECs.

The efficacy of Ni;BHT as a component in ECs was probed
by constructing an asymmetric EC wherein Ni;BHT served as
the negative electrode and activated carbon as the positive
electrode (details in Supporting Information). CV and
charge—discharge curves displayed respectively rectangular
and triangular curves, while delivering high full-cell capaci-
tances around 38 F/g in a 2.5 V voltage window (Figure SA
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Figure S. (A) CV curves of an asymmetric EC with Ni;BHT and
porous carbon as the negative and positive electrodes, respectively.
(B) Individual electrode potentials and full-cell potentials during cell
operation from 0 to 2.5 V.

and Figure S19). Potential measurements of both the
electrodes using an auxiliary Ag reference indicated that the
cell operated within the stable voltage range of Ni;BHT while
potentially allowing for even higher voltages (Figure SB). Tests
in a larger voltage window of 3 V displayed slightly distorted
CVs at the terminal voltages, indicating the need for further
optimization of charge balance between Ni;BHT and carbon
electrodes (Figure S20).

B CONCLUSIONS

The foregoing results show that nonporous CPs are excellent
candidate materials for ECs despite their lack of porosity. As a
first example in its class of nonporous CPs, Ni;BHT delivers a
high specific capacitance of 245 F/g in a large reductive
potential window of 1.7 V. Extensive electrochemical analyses
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revealed that a pseudocapacitive intercalation mechanism is
responsible for the performance of Ni;BHT. This is the first
demonstration of a nonporous CP as an intercalative electrode
material in ECs beyond inorganic materials. This work opens
up 2D CPs as a new class of diverse and abundant materials
that offer great chemical and structural tunability toward
application in commercial ECs, complementing the utility of
inorganic materials in this space.
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