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Abstract: Intercalation is a promising ion sorption mechanism for
enhancing the energy density of electrochemical capacitors (ECs)
because it offers enhanced access to electrochemical surface area. It
requires rapid transport of ions in and out of a host material and it
must occur without phase transformation. Materials that fulfil these
requirements are rare; those that do, intercalate almost exclusively
cations. Herein, we show that Nis(benzenehexathiol) (NisBHT), a non-
porous two-dimensional (2D) layered coordination polymer (CP),
intercalates both cations and anions with a variety of charges.
Whereas cation intercalation is pseudocapacitive, anions intercalate
in a purely capacitive fashion. The excellent EC performance of
NisBHT provides a general basis for investigating similar dual-ion
intercalation mechanisms in the large family of non-porous 2D CPs.

Introduction

Electrochemical capacitors (ECs) store energy through
reversible ion sorption at the electrode-electrolyte interface. They
have emerged as reliable, high-power, and low-energy storage
devices that complement rechargeable batteries.!"? Typically, ion
sorption at the interface is studied as a surface-based process,
wherein the total energy stored in an EC is determined by the
available electrode surface area, also known as the
electrochemical surface area. A major strategy toward enhancing
energy densities of ECs has been to increase the specific surface
area (SSA), in the hope that it would correlate with greater
availability of surface sites for ion sorption.>*! However, the SSA
is not equivalent with the electrochemical surface area, and
increasing bulk porosity does not necessarily give rise to
increased capacitance.’! A more directed strategy to increase
charge storage is the use of intercalation, an ion sorption pathway
that involves reversible insertion of ionic species into the bulk of a
layered electrode material. Although widely used in battery
chemistries, intercalation has generally been considered too slow
for usage in high-power devices such as ECs.5-® Nevertheless,
research over the past decade has identified select-few inorganic
materials, such as Nb,Os, MoS,, LaMnO3 and TizsC, (MXenes),
that exhibit a non-traditional intercalation behavior with capacitor-
like electrochemical signatures, such as fast charge delivery over
a time scale of minutes.°-' Importantly, these materials exhibit

Zunw0o

T 3.45A
T >-G-4TP®-ET>-3-0E-0- B> OTBDB-O-O
c
O-G-TRELIIC-I-O-LDOBDP-0-0
Ni,(benzenehexathiol)

Figure 1. Simulated structure of NisBHT viewed along the (a) c-direction and
parallel to the ab plane.

multi-fold increments in energy densities over conventional
electric double-layer capacitors (EDLCs), whilst maintaining
comparable power densities.

The precise origin of enhanced energy density is still debated,
with some proposing that faradaic sites within the bulk contribute
to charge storage,’®'%2% and that electrolyte charges rapidly reach
these sites via two-dimensional (2D) tunnels/channels.?'-23 This
behavior is distinguished from its conventional battery counterpart
and is termed intercalation-pseudocapacitance.*®! Other reports
backed by modelling approaches dispute the concept of
pseudocapacitance and instead explain the capacitive features in
non-porous electrodes by treating the materials as electronic
conductors that undergo ion sorption at the large surface area
made available as a result of intercalation.?+25
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Figure 2. Cyclic voltammograms (CVs) of NisBHT in several 0.5 M aqueous electrolytes under (a) negative and (c) positive polarization
vs. open circuit potentials (OCP) at a scan rate of 10 mV s™'. Gravimetric and volumetric power capabilities of Ni;BHT under (b) negative
and (d) positive polarization calculated from CVs recorded at scan rates ranging from 0.5 to 30 mV s-'. The scan rates chosen here
correspond to variable discharge times ranging from 20 min and 20 s.

This ongoing discussion notwithstanding, both descriptions
make it clear that intercalation electrodes for EC must have good
electronic conduction, swift ion-transport pathways, and weak (if
any) energy interactions with the electrolyte components. The
emerging class of 2D coordination polymers (CPs) meet these
difficult criteria, and additionally offer tremendous compositional
diversity by accommodating abundant metal ions and organic
linkers in T1-d conjugated 2D layers.?%-%% The distinction between
non-porous CPs and porous CPs, also known as MOFs, is
important here: the latter have seen greater interest in the context
of ECs because they naturally exhibit higher SSA,34-38 while non-
porous CPs have largely been overlooked in this sense. Here, we
show that Niz(benzenehexathiol) (NisBHT), a non-porous two-2D
CP that was recently shown to intercalate Li*,®% reversibly
intercalates not just cations, but also anions, thereby qualifying as
a rare dual-ion intercalation electrode material. Detailed
electrochemical studies reveal a unique intercalation behavior in
NisBHT that involves charge-transfer events, often referred to as
pseudocapacitive, under cathodic potentials, and purely
capacitive behavior under anodic bias.

Results and Discussion

We previously reported the synthesis of NisBHT, wherein Ni*
ions and BHT linkers are arranged in a densely-packed 2D
structure with an inter-layer spacing of 3.45 A (Figure 1) and SSA
of 25 m? g% The sulfur atoms on the BHT moieties each
coordinate with two Ni?* ions in square-planar fashion to yield an
extended m-d conjugated framework with high electrical
conductivity of 5 S cm-', sufficient for a potential use in ECs.
Having highlighted the intriguing ability of Ni3(BHT) to intercalate
Li ions, we sought to explore its interaction with other mono and
multi-atomic ions spanning both reductive and oxidative
polarizations. Aqueous solutions of several inorganic and organic
chlorides, sulfates, and nitrates were used as the electrolytes for
this study. Tests were performed in a three-electrode cell
configuration and the applied potentials are reported with respect
to the open circuit potentials (OCP). This representation with OCP
denotes the applied bias as either positive or negative with
respective to the steady-state potential, allowing for a direct
comparison of cation (or anion) sorption in different electrolytes.
Nevertheless, potentials are also given with respect to Ag/AgCI
for comparison purposes.
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Figure 3. CVs of NisBHT obtained in (a) 0.5 M NaNOj3 under positive polarization of 0 to 0.4 V vs. OCP and in (d) 0.5 M K2SOs4 under negative polarization of 0 to
-0.6 V vs. OCP at scan rates ranging from 5 to 30 mV s™'. (b) Peak current vs. scan rate analysis preformed at polarizations of 0.2 V and -0.2 V vs. OCP in NaNOs
and K2S0s4 electrolytes, respectively. Data were fit and the slope of the curve is calculated to extrapolate b value using Equation 1. Nyquist plots of NizBHT in (c)
NaNOs and (f) K2SOs electrolytes at various positive and negative potentials, respectively. (d) Cycling performance of NisBHT in both the electrolytes over 8000

cycles at a scan rate of 30 mV s,

Dual-ion intercalation: A steady-state cyclic voltammogram
(CV) of a Ni3sBHT electrode prepared on Ni foam in 0.5 M K,SO4
displays a quasi-rectangular shape under negative polarization
(Figure 2a), indicating capacitive sorption of K* ions throughout a
stable potential window of 0 to -0.6 V vs. OCP (Figure S1). Similar
CVs are observed in other alkali metal electrolytes with sulfate,
nitrate, or chloride anions (Figure 2a, S2 & S3). The similar CVs
exhibited by the different alkali salts suggest essentially no anion
role in the overall ion sorption under negative polarization.
Interestingly, CVs obtained using Mg?* deliver currents less than
half of those seen with alkali metals. Moreover, increasing the
electrolyte concentration to 1 M MgSO, did not increase the
observed currents (Figure S4). The distinct response between
monovalent alkali and divalent alkaline earth metal ions confirms
that the cation-dominant ion sorption process under negative
polarization is size-dependent. Indeed, CVs in electrolytes
containing larger cations such as ammonium (Figure S5) and
tetraethylammonium (TEA) display progressively decreasing
currents and confirm the size-dependent ion sorption behavior in
NisBHT. This observation, combined with the lack of porosity in
NisBHT, provides a strong case for an intercalation-based charge-
storage mechanism. Additionally, an elemental map (Figure S6)
of the negatively polarized NisBHT electrodes using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive spectroscopy (EDS)
confirms the presence of alkali cations throughout the bulk of the
electrode material, providing support for ion intercalation into
NisBHT.

Specific capacitances calculated from CVs at a low scan rate of
0.5 mV s (Figure 2b) evidence high gravimetric and volumetric
values of ~400 F g' and ~700 F cm? for the alkali metal
electrolytes. These values are on par with the state-of-the-art
values for any MOF,® highlighting again that permanent porosity
is not required for high performance in ECs. With increasing scan
rates, a gradual decrease and a spread of capacitance values is
noted between the alkali electrolytes, suggesting possible
influence from factors such as varied ion sizes, solvation energies
and ionic conductivities of the alkali salts (Figure 2b). Among the
tested electrolytes, K,SO4 delivers the best power capability with
high discharge capacitances of 260 and 177 F g at scan rates of
10 and 30 mV s, corresponding to rapid discharge times of 60
and 20 s, respectively. The observed capacitance and charge
capacity values are in agreement with our earlier results on the
intercalation of Li* ions into NisBHT in an organic electrolyte
(Figure S7). Electrolytes containing divalent or larger cations in
MgCl,, (NH4).SO4, and TEACI deliver lower capacitances of 250,
310, and 75 F g, respectively, at a scan rate of 0.5 mV s-'. This
dependence of capacitance on the nature of the ion can be
attributed to variations in effective ion sizes, which are in turn
strongly dependent on the ionic radii and hydration enthalpies. For
instance, Mg?* has a small ionic radius of 0.65 A but has a strong
hydration enthalpy of 1921 kdJ/mol, leading to a large effective ion
size and gives lower capacitance than alkali ions. With these
results, NisBHT adds to a select group of electrode materials (e.g.
MXenes, MoS,) that intercalate multiple cations and store charge
in ECs.l'417
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Anion sorption in NizBHT was investigated by analyzing CVs at
positive potential bias between 0 to 0.4 V. Tests in various nitrite
and nitrate-based electrolytes display rectangular CVs (Figure 2c)
and indicate continued ion sorption throughout an applied
potential window of 0.4 V vs. OCP (Figure S8). However, CVs
obtained using a variety of anions such as tetrafluoroborate,
perchlorate and chloride (Figure S9 & S10) display unstable
currents with highly resistive behavior. These data, similar to the
behavior seen with cations under negative potentials, indicate an
anion-specific ion sorption response under a positive bias.
Moreover, a closer look at the anions suggests that the planar
shape of nitrate and nitrite makes them uniquely suited to
intercalate into the 2D layers of NisBHT, while other larger anions
are not allowed. Indeed, an elemental map of positively polarized
NisBHT in NaNOs electrolyte obtained using HAADF-STEM-EDS
identifies N throughout the bulk of the electrode (Figure S11).
Moreover, further tests in electrolytes containing planar carbonate
and bicarbonate anions display rectangular CVs that are similar
to nitrates/nitrites and support the hypothesis of a size or shape-
based anion intercalation into NizBHT (Figure S12).
Notwithstanding, further modelling is necessary to understand
anion intercalation and the role of solvent in these processes.

Specific capacitances calculated from CVs (Figure 2d) at a low
scan rate of 0.5 mV s reveal gravimetric and volumetric values
of ~220 F g and ~400 F cm?, in nitrate and nitrite electrolytes,
respectively. NaNOg3 delivered the best power capability with
discharge capacitances of 150 and 117 F g at scan rates of 7
and 15 mV s, corresponding to rapid discharge times of 58 and
26 s, respectively. Notably, these capacitance values are only
approximately half of those seen under negative potentials, and
even lower than the value observed for the similarly-sized
ammonium cation, altogether suggesting a difference in charge
storage mechanisms between negative and positive bias. Overall,
the unique ability of NisBHT to intercalate both cations and anions
is, to our knowledge, the first such example in ECs.['"]

Charge storage mechanism: With the evidence of
intercalation-based ion sorption in NizBHT in hand, we probed the
kinetics and nature of charge storage under different polarizations
using voltammetry and impedance-based methods. A nitrate
electrolyte, 0.5 M NaNOs, and a potassium electrolyte, 0.5 M
K2SOy4, were chosen as the best performing electrolytes for tests
under positive and negative polarizations, respectively. CVs
obtained at various scan rates display quasi rectangular shapes
in both of these (Figure 3a, d). Analyzing these using the power-
law relation:

i(v) = av® (Equation 1)

where i is the measured current at a given potential, V, v is the
scan rate, and a and b are adjustable parameters (b = 0.5
corresponds to a diffusion-limited battery-type ion sorption
mechanism, whereas b = 1 indicates a surface-controlled
capacitive or pseudocapacitive process)“*#! gives a b value of ~
0.9 for NisBHT under both polarizations (Figure 3b).

When b falls between 0.5 and 1, the total current is
mathematically treated as a summation of diffusion-limited
(k,v'/2) and capacitive (k,v) components according to Eq. 2:*2

i(v) = k;v/2 + k,v (Equation 2)
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However, recent work on modelling CVs find that Equation 2 is an
oversimplification of experimental currents and is particularly
erroneous at high scan rates.#3% One approach to address this
issue is using multiple step chronoamperometry (MUSCA) to
reconstruct CVs, minimize ohmic losses, and allow application of
Equation 2.9 Elaborate reconstruction of NisBHT CVs using
MUSCA finds k, values of 0.93 and 0.88 under negative and
positive potentials, respectively, indicating that both K* and NO5-
ions intercalate predominantly in a capacitive fashion (Figures
S13 & S14). Furthermore, cycling at a high scan rate of 30 mV s
(Figure 3e) demonstrates 80 and 98% capacitance retention after
8000 cycles in K;SO4 and NaNOs, respectively, highlighting the
potential for long-term stability of NisBHT towards rapid
intercalation.

(@) - NiLBHT in NaNO,

(D)ea1 paziewioN

(D)1ea1 pazijewioN

Figure 4. 3D plot representation of the normalized real (C) vs. frequency vs.
potential for NisBHT in (a) 0.5 M NaNOs and (b) 0.5 M K2SO4 under positive and
negative polarizations, respectively.

With the confirmation of rapid and stable intercalation in
NisBHT, we studied the nature of charge storage through
impedance (Z) analysis at various applied potentials. A typical
Nyquist representation of impedance responses from an EC
consists of 3 frequency-dependent features; a semicircle, a 45°
line Warburg region and a 90° capacitive branch at high, medium,
and low frequencies, respectively. The semicircle appears as a
result of contact resistance (Rc) at the current-collector/electrode
interface with possible additional contributions from charge-
transfer resistances (Rcr) within the electrode. Although Rc is

This article is protected by copyright. All rights reserved.
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potential-independent, charge-transfer events and the associated
Rcr vary with the applied potential. Similarly, the low-frequency
imaginary im(Z) values, which directly correlate with the
deliverable capacitance of an EC, are potential-independent in an
EDLC but vary with applied potential when charge-transfer events
are involved. Thus, the potential responses of Rcr and im(Z)
provide an excellent means to identify charge-transfer events in a
given electrode.l"® Nyquist plots of NisBHT under variable positive
potential (Figure 3c) display similar features with comparable
high-frequency intercepts (~ 0.5 Q cm?), semicircle arcs (~2 Q
cm?), and vertical capacitive branches in the low-frequency region.
In comparison, spectra under increasingly negative potentials
(Figure 3f) also show comparable high-frequency intercepts but
display a gradual increase in the semicircle diameter (2-3 Q cm?)
and a precipitous drop in im(Z) at low-frequencies. Interestingly,
a calculation of diffusion resistances (o) for cation intercalation in
electrolytes containing different alkali ions found close values of
2.04, 1.94 and 1.45 Q.s"2.cm?in Li;SOs, Na,SO4 and K2SOs4
electrolytes, respectively (Figure S15). These low ¢ values in
different electrolytes indicate rapid alkali ion transport in NizBHT.

The observed impedance behaviors can be better
represented using 3D Bode-style projections comprising
calculated real(C) vs. frequency vs. potential plots.[*481 Thus, the
3D Bode plot of NisBHT in NaNO; under positive potentials
(Figure 4a) displays smooth curves with similar real(C) values
across the applied potentials and frequencies. However, the data
with K2SO,4 under negative potentials (Figure 4a) show a more
rugged pattern with potential-dependent variations in real(C).
Expectedly, the traces corresponding to maximum real(C) values
at the lowest frequency of 0.01 Hz mirror the CV responses seen
in Figure 2a & 2c.

Overall, multiple key features of impedance remain invariant to
applied positive potentials, thus identifying NOs- intercalation into
NisBHT as a purely capacitive process. To our knowledge, this
qualifies as the first instance of a purely capacitive anion
intercalation in ECs. On the other hand, the evolution of
impedance features under negative potentials classifies cation
intercalation in NisBHT as a charge-transfer induced behavior,
described in some circles as intercalation pseudocapacitance
(see above). It is worth reemphasizing here that the cation
intercalation capacitance values in NisBHT (Figure 2b) are twice
as large as the values observed for anion intercalation (Figure 3b),
in agreement with the different charge storage mechanisms
proposed above. Overall, these data identify NisBHT as a unique
2D material that intercalates ions both in capacitive and
pseudocapacitive charge storage processes.

Spectroscopic analysis. Insight into the compositional and
structural evolution of NisBHT under potential bias came from
various X-ray techniques. For practical purposes, studies were
done using NaNOs; as a single electrolyte under both negative and
positive polarization because both Na* and NOs" ions intercalate
efficiently within NisBHT. A comparison of ex-situ X-ray
photoelectron spectra (XPS) of pristine and polarized samples
finds that the C 1s and Ni 2p peaks are unaffected by both positive
and negative polarizations (Figure S16), and that the only
observable changes occur with the S 2p peak (Figure 5).
Specifically, a new peak appears at 161.2 eV in the negatively
polarized sample. This peak diminishes and disappears upon
reverting the sample to 0 V and beyond towards +0.4 V. This
reversible behavior points to changes in composition under
negative polarization. Deconvolution of the S 2p signal (Figure
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S17) identifies the feature at 161.2 eV as a S® -Na* ion-pair
component that likely emerges from electrochemical reduction
and subsequent intercalation of Na ions to partially
electronegative S sites. This ligand-centered process has been
noted in several previous studies of Ni-bis(dithiolene)
complexes® and a recent study describing the behavior of
related CusBHT in Li-ion batteries.®® Overall, the XPS data
confirm a pseudocapacitive charge storage mechanism for cation
intercalation and a capacitive process for anion intercalation.

S 2p —— Pristine
— -06V
0.0V
+04V
£}
8
2
2
2
£
168 166 164 162 160

Binding Energy (eV)

Figure 5. High-resolution S 2p X-ray photoelectron spectra of NisBHT samples
that are polarized under ex-situ conditions. A new S-Na* component reversibly
appears under negative polarization.

Further insight into the structural evolution of NisBHT under
polarization was gained from ex-situ and in-situ X-ray diffraction
(XRD) analyses. Diffraction patterns from polarized samples
display a minor shift in the (001) reflection from 25.8° to 25.2°
(Figure S18), indicating lattice expansion during ion sorption.
Further evidence for lattice expansion was provided by a
cryogenic electron microscopy method called microcrystal
electron diffraction (ED), which displayed a shift in the (001) peak
of a positively polarized sample (Figure S19). These small, albeit
noticeable changes in lattice parameters provide strong support
for an intercalation-based charge-storage mechanism in NizBHT.
Interestingly, in-situ wide-angle X-ray scattering (WAXS) patterns
of pristine and polarized samples remained largely similar (Figure
S20), highlighting that the observed changes in X-ray and electron
diffraction patterns are minor.

Discussion: The dual-ion intercalation in NizBHT allows an
examination of the two leading hypotheses that explain origin of
charge storage in intercalation-based EC electrodes. The
prevalent concept of intercalation-pseudocapacitance treats
intercalation as a redox-driven process, wherein the redox sites
are localized and display a potential-dependent variance that can
be identified in the spectroscopic features.['l The alternative
hypothesis treats intercalation-electrodes as electronic
conductors that have conduction bands, instead of localized

This article is protected by copyright. All rights reserved.
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redox states; any variations in the electrode composition during
EC operation would then be delocalized and probably minimal.?
In the case of NisBHT, cation intercalation displays reversible
appearance of an S® -Na* component in XPS, suggesting a
localized redox behavior and synergy with the popular concept of
pseudocapacitance. However, anion intercalation in NizBHT
diverges from the conventional notion of redox-driven
intercalation, and aligns with the concept of capacitance driven by
greater electrolyte access to interlayer surfaces of electronic
conductors.

The observed dual-ion intercalation in NisBHT raises
interesting questions about factors behind such a behavior and
how this material compares with other 2D MOFs and CPs.
Reports on related NizsHITP; and NiHIB have previously ascribed
ion sorption as ion insertion in the pores or as a surface-based
redox activity with no hint of intercalation between the 2D layers.
A structural comparison between Ni;BHT, NizHITP,, and NiHIB
evidences inter-layer spacings of 3.45, 3.30 and 3.19 A
respectively. It is reasonable to attribute the larger inter-layer
spacing and weaker inter-layer interactions in NizBHT to promote
intercalation. Nevertheless, renewed focus on studying
intercalation in other 2D MOFs and CPs through ion size-based
analyses is essential to identify intercalation candidates and
formulate broader design principles. Overall, NisBHT exhibits
unique electrochemical features and provides an excellent
platform to test and further our understanding of intercalation
processes in ECs.

Conclusion

NisBHT is a representative example for non-porous coordination
polymers that demonstrates reversible charge storage through
ion intercalation. Multiple electrolytic ions including Li*, Na*, K*,
NH4*, NOs and NO, were found to readily intercalate under
external polarization. High gravimetric and volumetric specific
capacitances of 413 F g and 720 F cm™ were observed despite
the absence of canonical porosity in NisBHT. Extensive
electrochemical characterization revealed that cation intercalation
in NisBHT can be interpreted as pseudocapacitive, whereas anion
intercalation is clearly purely capacitive. This dual-ion
intercalation and unique charge storage mechanisms are
discussed and compared within the purview of current leading
hypotheses for intercalation-based electrodes. Overall, this work
opens up 2D CPs as a class of diverse and tunable materials that
merit further study in the context of ECs.
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A two-dimensional coordination polymer (NisBHT) demonstrates rapid and reversible intercalation of both cations and anions in an
electrochemical capacitor (EC). This first observation of dual-ion intercalation in ECs presents a unique scenario, wherein cation
intercalation in NisBHT is pseudocapacitive but anion intercalation is capacitive in nature.
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