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ABSTRACT: Tetracyanonickelate (TCN)-based metal—organic
frameworks (MOFs) show great potential in electrochemical
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applications such as supercapacitors due to their layered = s
morphology and tunable structure. This study reports on improved = g
electrochemical performance of exfoliated manganese tetracyano- = 0.0
nickelate (Mn-TCN) nanosheets produced by the heat-assisted &
liquid-phase exfoliation (LPE) technique. The structural change 8_05_

was confirmed by the Raman frequency shift of the C=N band
from 2177 to 2182 cm™" and increased band gap from 3.15 to 4.33
eV in the exfoliated phase. Statistical distribution obtained from
atomic force microscopy (AFM) shows that 50% of the nanosheets
are single-to-four-layered and have an average lateral size of ~240
nm’ and thickness of ~1.2—4.8 nm. High-resolution transmission
electron microscopy (HRTEM) and selected area electron diffraction (SAED) patterns suggest that the material maintains its
crystallinity after exfoliation. It exhibits an almost 6-fold improvement in specific capacitance (from 13.0 to 72.5 F g~') measured at a
scan rate of S mV s™! in 1 M KOH solution. Galvanostatic charge—discharge (GCD) measurement shows a capacity enhancement
from ~18 F g™' in the bulk phase to ~45 F g™' in the exfoliated phase at a current density of 1 A g'. Bulk crystals exhibit an
increasing trend of capacitance retention by ~125% over 1000 charge—discharge cycles attributed to electrochemical exfoliation.
Electrochemical impedance spectroscopy (EIS) demonstrates a S-fold reduction in the total equivalent series resistance (ESR) from
4864 Q (bulk) to 1089 Q (exfoliated). The enhanced storage capacity in the exfoliated phase results from the combined effect of the
electrochemical double-layer charge storage mechanism at the nanosheet—electrolyte interface and the Faradic process characteristic
of the pseudocapacitive charge storage behavior.
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Bl INTRODUCTION

Metal—organic frameworks (MOFs) are a new family of

TCN-based MOFs have a significant impact on their
performance as electrochemical storage materials, such as on

porous materials with well-defined porosities and a large active
surface area that are created by mixing metal ions with organic
linkers." In addition to the enormous progress in developing
new MOF families and their applications in gas storage and
separation,2 catalysis,3 sensors,” and drug delivery,5 recently,
groundbreaking work has been carried out on energy storage
systems using MOFs.® Tetracyanonickelate (TCN)-based
MOFs are a novel class of materials composed of metal ions
coordinated to organic cyanide (—CN) ligands, forming a
three-dimensional porous layered structure. The structural
properties of these MOFs are determined by the nature of the
metal ions and organic ligands, coordination geometry, and
type of metal-ligand bonding. These properties further
include the pore size and shape, crystallinity, surface area,
and mechanical stability. The structural characteristics of
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the capacity for energy storage and the rate of charge and
discharge. Understanding these structural properties is crucial
for optimizing the performance of these MOFs for electro-
chemical storage applications. The tetracyanonickelate (II)
anions [Ni(CN),]>” serve as the building blocks of the
structure. The standard chemical formula is T(L),Ni(CN),-
xH,O, where T is any of the first-row transition metals, L is the
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pillar, or organic intercalant guest molecule that connects the
layers, and x is the quantity of free interstitial water molecules
that hydrate and stabilize the structure. The carbon end of the
CN ligand is bonded to the Ni** metal centers. The transition
metal ion (in this case, T = Mn, L = H,0, and x = 4) is bonded
to the nitrogen end of the ligands. In a pseudo-octahedral
environment, Mn?* is connected to four in-plane nitrogen
atoms and two water molecules on either side. The structure of
TCN-MOF consists of repeating layers of Mn(H,0),Ni(CN),
with strong covalent bonding within layers and weak van der
Waals interaction between layers connected through hydrogen-
bonded water molecules, which are responsible for their two-
dimensional (2D) physicochemical properties.” In the L, phase
of Mn(H,0),[Ni(CN),]-4H,0, the Mn(H,0),[Ni(CN),]
layers acquire an in-phase wave-like configuration due to the
alternate linking of their coordinated water molecules by the
noncoordinated water molecules,® which is a fully hydrated
structure with four interstitial water molecules (x = 4 in the
formula unit). Depending on the quantity of water molecules
present, the layers adopt various geometric shapes to reduce
the free volume of the interlayer area.

Because of their distinctive layered structure, the two-
dimensional metal—organic frameworks are suitable for
exfoliation, exhibiting major alterations in their chemical and
physical characteristics. For example, it has been demonstrated
theoretically and empirically that the band structure of MoS,
can significantly shift when the individual layers of the crystal
are isolated.”'° Layered double hydroxides (LDH) and
structure-engineered hydroxides have both been demonstrated
to exhibit a significant level of oxygen evolution reaction
(OER) activity.'' Exfoliation of LDH creates single- or
multilayered LDH, which has more active sites and defects
and is catalytically more active.'” An enhanced OER
performance was reported in ultrathin metal hydroxides
synthesized from square-planar tetracyanonickelate-based
MOFs using ultrasonic exfoliation treatment and transformed
into metal hydroxide nanosheets with a thickness of about 1.5
nm in aqueous KOH."? Significantly, at a current density of 10
mA cm™?, the MOL-derived Fe(OH); with an ultrathin layer
structure showed increased alkaline oxygen evolution with a
low overpotential of 271 mV." Research on how the number
of layers and the addition of edges in layered materials affect
the photocatalytic effectiveness of hydrogen gas evolution is of
critical importance.”"> A recent study showed that better
charge storage in lithium-ion battery systems'®'” and super-
capacitors'® can be observed with an increase in the accessible
surface area from the bulk crystal to a few or single layers of
MoS, and ultrahydrophilic graphene stacks.'” Therefore, it is
critically important to control the number of layers, the
available reactive sites, and the defects within these layered
frameworks to fabricate the next generation of energy
conversion and storage devices. The cyanometallate-based
MOFs are more appealing than other type of MOFs which
involve higher processing costs or complex methods, such as
hydrothermal processing, and are chemically intensive, which
may, in some cases, require the use of inherently toxic organic
chemical entities during the synthetic processes.”””' The
layered crystal structure of the cyanometallate-based MOFs
gives rise to their tunable electrochemical characteristics.””
There are different studies on cyanometallates being used as
electrode materials, which show that they exhibit stable
electrochemical behavior in a variety of battery systems, such
as metal—air batteries and metal-ion batteries (such as Li-, Na-,

K-, and Al-ion batteries).”*”*” Hexacyanometallate MOFs have
recently demonstrated the reversible insertion and extraction
of mono- and multivalent ions in both aqueous™ and
nonaqueous electrolytes” because of their large interstices,
which correspond to the A (alkaline metal ion) sites that can
accommodate large-sized ions and water molecules. For
example, hexacyanometallate KxMFe(CN)snH,0 (M = Nij,
Mn, and Co) was tested as the cathode material for calcium-
ion batteries, and the dehydrated KNiFe—MOF with ketjen
black (KB) showed reversible capacities of 40 mAh g~" even at
12 cycles without destruction of the open framework
structure.’® In order to significantly increase the capacity of
their aqueous batteries, Lee et al. employed a vanadium
hexacyanoferrate-based MOF as the electrode material.”’ Deng
et al. used Cos[Co(CN)4], in a nonaqueous electrolyte
solution as the anode component of K-ion batteries. It was
reported that solid-state diffusion-limited potassiation and
depotassiation processes are responsible for the high capacity
in this framework.>>** As an alternative to employing the
MOFs directly as electrode materials, Lee et al. explored
porous spinel oxides produced from Mn,[Co(CN)¢], as
electrode materials for Zn—air batteries.”® Most of the
electrochemical studies on cyanometallate MOFs involve the
use of six-fold octahedral coordination of transition metals in
hexacyanometallate as the building blocks, except for the
research conducted by Zhang et al, who investigated the
electrochemical properties of MOFs built with tetracyanonick-
elate 4-fold coordination linkers as cathode materials for Li-ion
batteries (LIBs).*

Some previous studies have reported the electrochemical
properties of tetracyanonickelate-based metal—organic frame-
works and their derivatives in energy storage devices and
catalytic applications. For example, Zhang et al. utilized
Fe**Ni(CN),, MnNi(CN),, Fe**Ni(CN),, CuNi(CN),, CoNi-
(CN),, ZnNi(CN),, and NiNi(CN), as the cathode materials
of Li-ion batteries and reported that the Ni/Fe** system
exhibited superior electrochemical properties with a capacity of
137.9 mAh g™" at a current density of 100 mA g~' compared to
the other variants.”> Through a conformal conversion
procedure, a number of metal hydroxide nanosheets were
synthesized from metal—organic layers of tetracyanonickelate
precursor M(H,0),Ni(CN),-4H,0 (M = Mn, Fe, Co, and
Ni), and their improved OER performance was reported."
They have shown that at a low overpotential of 271 mV and a
current density of 10 mA cm™? the ultrathin Fe(OH),
nanosheets demonstrate an increased alkaline oxygen evolu-
tion. Winchester et al. reported that the specific capacitances of
the exfoliated MoS, flakes were an order of magnitude higher
than those of the bulk (0.5 and 2 mF cm™ for bulk and
exfoliated MoS, electrodes, respectively) while eméploying a6
M KOH aqueous solution as an electrolyte.”® However,
utilizing the enormous potential of the tetracyanometalate
framework as an electrode material in their exfoliated condition
remains unexplored.

In this study, we synthesized a metal—organic framework
using the 4-fold coordination of the Ni*" in a square-planar
environment. Mn** was added as the second transition metal
ion into the framework that lies in the pseudo-octahedral
lattice position. Bulk crystals of Mn(H,0),[Ni(CN),]-4H,0
were synthesized and exfoliated through heat-assisted liquid-
phase exfoliation technique using 1-dodecyl-2 pyrrolidinone
(DDP) as an intercalant. The electrochemical properties of
exfoliated TCN-MOF nanosheets were measured as the
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Figure 1. Schematic representation of the exfoliation of TCN-MOF by the heat-assisted liquid-phase exfoliation (LPE) technique.

working electrode (cathode) material in 1 M KOH aqueous
electrolyte solution and compared with their bulk counterparts.
We anticipate that the results of this study will provide insights
into deploying the exfoliated morphology of layered metal—
organic frameworks as electrode material in electrochemical
applications.

B EXPERIMENTAL SECTION

Bulk Precursor Synthesis. The bulk layered MOF precursor of
manganese tetracyanonickelate Mn(H,0)Ni(CN),-4H,O were pre-
pared via the bottom—up synthesis approach through the chemical
precipitation method reported previously.” Few-layered nanoflakes of
these MOF precursors were produced by the liquid-phase exfoliation
technique described by Nash et al.”” with slight modification in this
work. K,[Ni(CN),].xH,0 and MnCl, salts were used to provide the
building block anion [Ni(CN),]* and Mn>'cation respectively.
Trisodium citrate dehydrate (TSCD) was used as a chelating agent
to control the reaction rate and growth of crystals. A transparent
solution of MnCl, salt and TSCD was prepared in 100 mL of
deionized water at ambient temperature. K,[Ni(CN),] was dissolved
in 100 mL of water to prepare another clear solution in a different
beaker. The two solutions were then combined while being stirred
magnetically until precipitates began to form. The resulting mixture
was aged at room temperature for 24 h to allow the reaction to finish.
The precipitate was separated by centrifugation, and washed multiple
times with water and ethanol. Finally, the precipitate was air-dried
completely for more than 24 h to remove any excess moisture and
collected as a solid powder of precursor crystal.

Liquid-Phase Exfoliation (LPE). In a 10 mL vial, 10 mg of the
precursor powder was placed into 1—2 mL of ethanol and allowed to
disperse for 5—10 min under continuous magnetic stirring. Once the
dispersion became homogeneous, 1-dodecyl-2 pyrrolidinone (DDP)
was added at a target concentration ratio of 1.0 mg mL™" (w/v),
followed by stirring for 10—15 min. The DDP was purchased from
Sigma-Aldrich (99%) and used without any further modification. The
solution mixture was then placed inside an oven at 180 °C and held
for 1 h. The heated mixture was cooled in air for 24 h. When the
nanoflakes are separated, drops of the dispersant were taken on glass
and Si substrates for further characterization. The excess DDP was
removed by heating the substrate in a vacuum oven below 210 °C
under a vacuum of 28—29 inHg. Using a Thermo Scientific Multifuge
XIR, the mixture was centrifuged at 1000 rpm for 3—5 min and then
decanted, yielding a homogeneous suspension. The decantation and
centrifugation processes were repeated several times to separate the
heavy bulk particles. Although this reduces the total solid
concentration of MOF in the solution, it increases the relative
percentage of single- or few-layer nanosheets.

Nanosheet Characterization. UV—vis absorbance spectra were
measured using a Shimadzu UV-2600 Spectrophotometer in the 220—
1400 nm wavelength range at 1 nm scanning intervals. The
characteristic nature of cyanometallate was confirmed by the presence
of cyano bond (C=N) vibrational frequencies in the Raman spectra
obtained using a Horiba LabRAM HR Evolution spectrophotometer
using the 532 nm edge through 1800 grating. The crystallographic
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properties of the bulk crystals were determined by wide-angle powder
X-ray diffractometry (PXRD) in the Bragg—Brentano (BB)
configuration on a Bruker D8 Advance X-ray Diffractometer.” The
monochromatic Cu Ka radiation was utilized with a wavelength of
1.5418 A, generated by a 40 kV, 25SmA source, scanned in the range of
5—90° with a step size of 0.02° and a scanning rate of 1.2° min™". The
chemical composition of materials and crystal morphology were
analyzed using energy-dispersive X-ray spectroscopy (EDX) and
scanning electron microscopy (SEM), which was also reported in our
previous study.” X-ray photoelectron spectroscopy (XPS) was
conducted to analyze the binding energies of the involved elements
before and after exfoliation using a ThermoFisher Scientific Nexsa X-
ray photoelectron spectrometer (XPS). Transmission electron
microscopy (TEM) images, both low-magnification and high-
resolution TEM (HRTEM), and selected area electron diffraction
(SAED) patterns were obtained using a Thermo Scientific FEI Talos
£200i S/TEM at an operating voltage of 200 kV. TEM samples were
prepared by placing nanosheets onto a Formvar film-coated Carbon
Type-B, 200 mesh TH, and nickel grid (Ted Pella Inc.). The particles
were dispersed in ethanol, pipetted into a small drop on a glass
substrate, and collected on the grid by carefully floating the grid
(Formvar coating side facing down) onto the drop surface. The
surface topography and thickness of the two-dimensional exfoliated
nanoflakes were obtained by atomic force microscopy (AFM) in soft
tapping mode using a Bruker Dimension ICON AFM. The
Brunauer—Emmett—Teller (BET) surface area of the materials was
measured by N, adsorption isotherms for 75 mg of bulk powder and
22 mg of exfoliated sample at 77 K using a Micromeritics ASAP 2020
surface area and porosity analyzer. The samples were degassed at 353
K for 16 h under a vacuum of 100 ym Hg.

Electrode Preparation and Electrochemical Measurements.
Electrochemical measurements were performed in an aqueous KOH
electrolyte solution using a Metrohm Autolab workstation with a two-
electrode parallel-plate configuration. Half-cells were prepared by
injecting DDP-dispersed exfoliated nanosheets through a syringe into
a battery-grade rectangular nickel foam of 15 X 35 X 1 mm® size,
which was used as the working electrode. After the nickel foam was
fully soaked with 0.5 mL of nanosheet dispersion (~0.1 mg cm™2), it
was then heated at 210 °C under vacuum for 15—20 min to evaporate
the excess DDP off the foam. The dried nickel foam was crimped
using an automatic Carver Hydraulic Lab Press at 10 000 psi to make
sure that the nanosheets do not leave the electrode while it remains
dipped into the electrolyte solution. Cyclic voltammetry (CV)
measurements were performed at scan rates between 5 and 150 mV
s~ with a potential window of —0.6 to 0.6 V. Galvanostatic charge—
discharge (GCD) and cyclic stability tests were conducted between 1
and 15 A g™' current densities. Electrochemical impedance spectros-
copy (EIS) was carried out in the frequency range of 0.1 Hz to 100
kHz (KOH) at 10 point frequency steps per decade using a 10 mV
RMS ac signal and with no dc bias.

B RESULTS AND DISCUSSION

Exfoliation of Bulk Crystals into Nanosheets. Liquid-
phase exfoliation (LPE) is a method used to exfoliate layered

https://doi.org/10.1021/acsami.3c14059
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Figure 2. (a) UV—vis absorbance spectra of bulk and exfoliated Mn-TCN MOFs showing characteristic peaks in the near-IR-to-UV wavelength
range. (b) Tauc plot with linear extrapolation, giving an indirect band gap of ~3.15 eV for the bulk and a direct band gap of ~4.33 eV for the

exfoliated phase.
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Figure 3. Raman spectra of (a) bulk and (b) exfoliated phases; the doublet peak in bulk crystals almost disappears in the exfoliated few-layered
nanosheets with a slight blue shift in the vibrational frequency of the —CN bond.

materials into two-dimensional (2D) nanosheets. It is a
versatile and scalable method for producing large quantities
of 2D materials with controllable size and thickness and has
been used to exfoliate a variety of materials, including
graphene, transition metal dichalcogenides, black phosphorus,
and metal—organic frameworks.”>**"*" In LPE, the layered
material is dispersed in an intercalant, such as water or an
organic solvent, and then subject to a high energy input, such
as sonication, to promote the exfoliation process. Different
techniques have been reported for exfoliating ultrathin
nanosheets of 2D materials, such as mechanical exfoliation,*'
ultrasonic exfoliation,*® and intercalant-assisted exfoliation.>”
The mechanical process is not suitable for TCN MOF
polycrystalline materials, as it has a very low yield of
production. The ultrasonic method causes physical damage
to the nanosheets; therefore, it is not preferred for this material
framework. In this work, heat energy was used instead of sound
waves to break the interlayer forces of the material and thus
avoid any physical damage to the nanosheets. Figure 1
illustrates the schematic diagram, and Figure Sla—e displays
the processing steps used in exfoliating the Mn-TCN MOF
and exfoliated MOF nanosheet dispersion.

UV-Vis Spectroscopy. Absorbance spectra for T[Ni-
(CN),]-2pyz with T = Mn, Zn, and Cd was reported by
Lemus-Santana et al."* The existence of colors in this material
system was attributed to bright light absorption in the blue
spectral region connected to photoinduced charge transfer
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from metal to ligands. For the diffuse reflectance UV—vis
spectroscopy (DRS), samples were illuminated in the ultra-
violet—visible wavelength range of 220—1400 nm. In Figure 2a,
the charge-transfer bands below 300 nm denote the presence
of Ni atom in a square-planar geometry and are attributed to
the common building block [Ni(CN),]*". The broader bands
above the 1000 nm range are assigned to spin-allowed *T 2w <
3TA2g(F) transitions, and other bands in the visible range are
attributed to *T (F) « *TA,,(F) and °T4(P) « *TA,,(F)
transitions of the octahedral metal centers.” Figure 2a
compares the absorbance spectra of bulk crystals and exfoliated
nanosheets. In this wavelength range, distinct peaks at 1350
and 1157 nm were observed for exfoliated samples in the near-
IR region and at 439 nm in the visible range. However, in the
absorbance spectrum of bulk crystals, absorption bands are
visible only in the UV region associated with the metal-to-
ligand charge transfer (MLCT). In Figure 2b, the Tauc plot of
absorbance data shows that the energy band gap is increased
from 3.15 eV indirect band for the bulk to 4.33 eV direct band
for the exfoliated structure. These results suggest that during
exfoliation, the structural integrity of MOF nanosheets is
generally preserved while allowing light absorption in the UV
region and shows a higher band gap due to the quantum
confinement effect of electrons at low dimensions of exfoliated
nanosheets.

Raman Spectroscopy. Raman spectroscopy was per-
formed by using a 532 nm laser excitation source. Figure 3a

https://doi.org/10.1021/acsami.3c14059
ACS Appl. Mater. Interfaces 2023, 15, 53568—53583


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c14059/suppl_file/am3c14059_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c14059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

exhibits the characteristic cyanide (C=N) peaks in the bulk
crystal that appear at 2177 cm™" with a doublet peak at 2163
em™! attributed to the allowed Ay, and By, vibrations.*” The
significant difference in vibrational frequencies of the bulk and
exfoliated morphologies is demonstrated by the Raman C=N
band for exfoliated nanosheets at 2182 cm™ in Figure 3b,
which does not have a distinguished doublet, unlike its bulk
counterpart. It also shows a blue shift in the vibrational energy
associated with a reduced number of layers in their exfoliated
states.** Both the position and shape of the band convey
information. The lower band C=N frequency in bulk crystals
might be due to the increased —CN bond length that resulted
from the long-range coulombic interaction between many
Mn(H,0),Ni(CN), stacked layers. In Figure 3b, the —C=N
band spectrum for the exfoliated phase is deconvoluted using
the Gaussian curve fitting, which provides more detailed
insights into the underlying structure of the bands. For the few-
layered nanosheet spectrum, the C=N band is fitted with
another underlying band. These bands are characteristics of a
few-layered structure as a result of the different interlayer
interactions that occur at various depths in the layered
framework, whereas the bulk crystals show a strong and sharp
doublet peak in the spectrum without any curve fitting.
X-ray Diffractometry (XRD). Using the X-ray diffraction
(XRD) technique, the crystal structures of bulk and few-
layered TCN were precisely determined. The powdery bulk
crystal was measured in the Bragg—Brentano mode, whereas
the exfoliated structure was measured in the paralle]l beam
(PB) mode in order to align the incident X-ray beam with the
thin film of the sample. As demonstrated in Figure 4, the
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Figure 4. X-ray diffraction pattern of bulk crystals and exfoliated Mn-
TCN MOF nanosheets (inset picture showing diffraction planes in
exfoliated phase).

strongest diffraction peak for the bulk material is observed at
20 = 18.87° corresponding to the (121) plane, which does not
appear in the exfoliated phase due to very low sample
thickness. The bulk phase shows a large number of diffraction
peaks due to the lower symmetry of orthorhombic crystals, for
example, (200) # (020) # (002) because a # b # ¢ and so
they have different interplanar (dy) spacings. In the bulk XRD
pattern, these peaks are labeled by cross-matching with the

ICDD reference code #01-078-8116 (CCDC# 278583). The
most significant among them is the (200) peak at 20 = 14.35°
as the layers are stacked along the g-axis in the bulk crystal and
the material exfoliates along the same direction. The intensity
of the (200) peak in the exfoliated material diminishes
drastically as there are little or no neighboring crystal planes
available for constructive interference, indicating that the bulk
material was peeled to a few layers. Another characteristic peak
in the exfoliated phase is observed at 20 = 29.68°
corresponding to the (410) plane. There are four other crystal
planes that can be seen in the corresponding SAED pattern in
the TEM image of the exfoliated phase but were not distinctly
observed in the XRD pattern due to very low intensity. Peaks
after exfoliation are labeled in green for clarity. All exfoliated
crystal planes except for (232) are parallel to the c-axis and
perpendicular to the direction of exfoliation. The (232)
diffraction peak in the exfoliated material is generated from the
presence of nanosheets that are not few-layered and have more
than 8 or 10 layers. This provides additional information that
exfoliation occurs with a reduction in crystal thickness along
the a-axis and that the nanosheets mostly remain flat on the
substrate. There was no shift recorded in the 2-theta direction,
and the intensity of the XRD peaks is very low, which indicates
that the exfoliated nanosheets are exceedingly thin. Thus, in
few-layered Mn-TCN MOF, the reduction in the XRD peak
intensity of the (200) plane is indicative of a fewer number of
layers. A broad peak appears between 26 = 17.42 and 37.69° in
the exfoliated sample, which is attributed to the diffraction
peak of the glass substrate.”> Powder XRD patterns of both
samples are compared in Figure S2a,b.

X-ray Photoelectron Spectroscopy (XPS). The C 1s, N
Is, O 1s, Ni 2p, and Mn 2p XPS spectra of the bulk and
exfoliated Mn-TCN MOF are depicted in Figure 5. Low-
energy (500 eV) argon beam etching was performed to remove
any atmospheric carbon. To correct the effects of adventitious
carbon, a charge correction was applied during the analysis,
referencing the binding energy of the C 1s peak to 284.80 eV.
The characteristic XPS binding energy peaks for bulk
tetracyanonickelate are observed as the Ni—C bond at
282.84 eV, the C bond at 398.74 eV, and the Mn—N bond
at 397.01 eV. The survey scan spectrum in Figure Sa confirms
the presence of different elements with their corresponding
binding energies labeled for the exfoliated structure. Figure
Sb—f displays the binding energy shift denoted by the (—)
mark for each individual elemental spectrum before and after
the exfoliation of the layered crystals. Peaks are labeled for
their exfoliated structure. C 1s peaks for both samples are
referenced to 284.80 eV (Figure Sb), and the peak shift for
Ni—C at 282.84 — 282.53 eV was calculated. The binding
energies involved with the N 1s peak positions for the C=N
bond were found at 398.74 — 398.76 eV; for Mn—N peaks,
the associated binding energies are 397.01 — 396.93 eV as
shown in Figure Sc. The corresponding O 1s peaks for water or
organic O appear at 533.08 — 532.77 eV, as depicted in Figure
5d. In Figure Se, Ni 2p exhibits two recognizable peaks at the
binding energies of 852.72 — 853.38 eV and 870.33 — 871.00
eV, which were fitted with the two unique doublets (Ni 2p;,
and Ni 2p, ;,). In addition, the Mn 2p peaks in Figure Sf having
binding energies of 641.76 — 641.17 eV and 653.81 — 653.28
eV in the spectra of divalent manganese ions (Mn®") are
attributed to the Mn 2p;,, and Mn 2p, ,, orbitals respectively,
further validating the fact that the exfoliated nanosheets are
likewise produced from the Mn variant of the tetracyanonick-
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Figure 5. XPS spectra of Mn-TCN MOF: (a) survey scan, (b) C 1s, (c) N 1s, (d) O 1s, (e) Ni 2p, and (f) Mn 2p spectra of bulk crystals and

exfoliated nanosheets.

elate framework. The slight shifts in the binding energies can
be attributed to the change in the material thickness in their
exfoliated phase. In a two-dimensional configuration, the
single- or few-layered thicknesses may cause quantum
confinement of the electronic density of states, which
influences charge distribution within the material, leading to
a shift in the XPS binding energy. Because of exfoliation, new
surface sites in the nanosheets may be introduced into
functional groups (SO,*~, OH™, C=0) from the solvent
used, altering the chemical environment. This modification can
affect the binding energies in XPS due to changes in the
electronegativity or bonding states. The deconvoluted C 1s, N
Is, O 1s, Ni 2p, and Mn 2p spectra are systematically
compared in Figures S3—S7.

Scanning Electron Microscopy (SEM). The bulk crystal
and exfoliated nanosheet morphologies were revealed using
scanning electron microscopy (SEM). Figure 6a depicts the
layered nature of bulk crystals with a thickness of ~500 nm. In
Figure 6b, the layered crystals are exfoliated into nanosheets
with their lateral dimension measured in the range of 20—200
nm. Some of these nanosheets form clusters and sit on top of
each other due to their high electrostatic surface charge and
cause reaggregation of exfoliated sheets. The DDP used as the
exfoliant also provides stabilization of the nanosheet
dispersion. It is adsorbed onto the nanoparticle surfaces,
creating a protective layer of hydrophobic tails that face
outward. This hydrophobic layer creates a repulsive barrier
between nanoparticles, preventing them from coming into
direct contact and forming aggregates. The energy-dispersive
X-ray (EDX) elemental mapping in Figure 6c displays
uniformly distributed elements over the exfoliated nanosheets.

The EDX elemental mapping for the bulk crystal is shown in
Figure S8.

Atomic Force Microscopy (AFM). The surface top-
ography and thickness were measured by using atomic force
microscopy (AFM). Figure 7a—f displays the typical soft
tapping-mode AFM images of the bulk crystal and exfoliated
nanosheets that were drop-cast onto glass and Si substrates.
The AFM data for the exfoliated phase were collected using
different scan sizes such as 300 nm, 500 nm, and 1 ym. The
monolayer nanosheets were visible at ~300 nm scan size.
Gwyddion software was used to analyze the scans and extract
the thickness profile by drawing arbitrary lines passing over
several nanosheets. This process was repeated multiple times.
The data were exported and further plotted using Origin
software. Before exfoliation, the bulk material has thousands of
stacked layers forming hexagonal crystals with thicknesses
between 0.7 and 2.8 pm. Figure 7c¢ depicts the fractional
distribution of the number of layers in multiple of thousands
associated with bulk crystals. Upon exfoliation, the layers
become separate and form single- or few-layered nanosheets. A
single layer (monolayer) of this material comprises a unit cell
that has three interconnected sublayers of Mn(H,O)Ni(CN),
in which the average measured thickness of such a single layer
is about 1.2 nm. A range of sheet thickness from ~1.226 to
12.284 nm was obtained for the exfoliated nanosheets. This
variation in sheet thickness is related to the presence of single-
layer or few-layer nanosheets. For example, the thickness of
single-layer nanosheets is ~1.2 nm and that of four- or five-
layer nanosheets corresponds to a typical topographic height of
~4.8—6.0 nm. The nanosheets may laterally combine hundreds
of individual nanoflakes with an average length of 20 nm and
width of 12 nm. The statistical distribution of exfoliated
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Figure 6. Scanning electron microscopy (SEM) images of Mn-TCN MOFs: (a) side view of bulk crystals showing stacked layers, (b) exfoliated

few-layered nanosheets, and (c) EDX elemental mapping of nanosheets.

nanosheets is shown in Figure 7f. AFM statistics show that
25—30% of the thin nanosheets (excluding the unexfoliated
particles) were made up of single-layers, and a cumulative S0—
60% of the nanosheets had four to six layers. Figure S9 displays
additional AFM images with the height profiles.
Transmission Electron Microscopy (TEM). The man-
ganese tetracyanonickelate (Mn-TCN) nanosheet morphology
was revealed by transmission electron microscopy (TEM). The
exfoliated morphology of single- and few-layer nanosheets is
presented in Figure 8. A nanoflake is visible with multiple
layers in Figure 8a,b, which shows that many of these
nanoflakes constitute few-layer nanosheets. Figure 9 displays
TEM images of Mn-TCN for both bulk crystals and exfoliated
nanosheets. The low-magnification image in Figure 9a shows
overlapped crystal flakes sitting on top of one another and
forming a cluster of particles. In contrast, as shown in Figure
9d, the 3D flakes turned into two-dimensional single- or few-
layer dispersed nanosheets upon exfoliation with lateral sizes
between 200 and 300 nm (Figures S10 and S11 present more
TEM images). The characteristic nanosheet morphology of the
exfoliated phase can be observed from the transparent contrast
between the overlapping nanoflakes. High-resolution TEM
(HRTEM) images were analyzed to further examine the crystal
structure of the samples. In Figure 9b, the HRTEM image
shows that bulk crystals have multiple stacked layers, as
indicated by the arrow marks. The exfoliated nanosheets

composed of single layers or two layers are confirmed by the
HRTEM images in Figure 9e. The selected area electron
diffraction (SAED) patterns of the bulk crystal and exfoliated
nanosheets are shown in Figure 9¢,f, respectively. For the bulk
crystal sample, the SAED image forms the typical ring pattern
of a layered structure (Figure 9c). This corresponds to the
presence of many underlying layers in the bulk crystal in which
electron diffraction occurs from all possible crystal planes with
different angular orientation in the highly assymetric
orthorhombic crystal , therefore forming a continuous ring
structure. Exfoliated nanosheets, on the other hand, have a
single-layer, a bilayer, or a few layers in which stacked layers
are more likely to have one angle of orientation or a very low
angular twist relative to one another. In such a case, electrons
get diffracted from one or a few adjacent layers, which reflect
the crystallographic atomic positions with great clarity in
Figure 9f. Figure S12 describes how the SAED pattern is
indexed for the corresponding crystal planes. Using the SAED
pattern, the interplanar spacings were calculated for d, =
0.306 nm and d 4, = 0.232 nm, corresponding to the (400) and
(440) crystal planes in the bulk and exfoliated phases,
respectively. The SAED pattern for the bulk sample was also
labeled for the different zone axes, as depicted in Figure 9c. In
Figure 9e,f, the HRTEM image and SAED pattern clearly
indicate that the exfoliated nanosheets retained the crystallinity
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Figure 8. TEM images of exfoliated Mn-TCN MOF: (a) nanoflake and (b) few-layered nanosheets.

of the material, and their original L, phase orthorhombic
structure was not altered during the exfoliation process.
Brunauer—Emmett—Teller (BET) Measurement. The
pore size and Brunauer—Emmett—Teller (BET) surface area
were confirmed by the N, adsorption—desorption isotherms
for bulk and exfoliated samples. Figure 10 shows a BET surface
area of 0.6935 m? ™' for the bulk crystal and 8.6588 m* g™" for
the exfoliated phase, demonstrating up to an order of
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magnitude increase in the surface area. However, upon
exfoliation, the pore size of the frameworks was reduced
from an average adsorption pore width of 1020.660 to 476.440
A. In their bulk phase, the crystals form a 3D network of —
NC—-Ni—CN-, which produces a very rigid porous channel
throughout the structure. The reduction in pore size might be
due to the collapse of the rigid pores as the layers disintegrate
into flat sheets upon exfoliation, causing the destruction of the
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Figure 9. Transmission electron microscopy of Mn-TCN MOFs: (a, d) Low-magnification TEM image, (b, ¢) HRTEM image, and (c, f) SAED

pattern of bulk crystal and the exfoliated nanosheet.
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(b) exfoliated phases of the Mn-TCN MOF.

3D porous network. Therefore, although the BET surface area
increases upon exfoliation, the average pore size decreases as a
result of the change in particle morphology.

Cyclic Voltammetry (CV) Test. The electrochemical cell
was set up by constructing two electrodes in a parallel-plate
configuration, as is commonly used in real-world devices
without any binders or additives. Two different samples, herein
referred to as bulk crystals and exfoliated nanosheets, were
crimped into the nickel foam to build a working electrode with
a constant geometric area of 5.25 cm” The electrochemical
behavior was characterized by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) in a 1 M KOH
electrolyte solution. The electrical connection of the working
electrode with the external circuit was made by using a thin
copper strip (Figure 11a). A high-purity platinum wire was
used as the reference electrode. The experiment was conducted
at ambient temperature and pressure. In Figure 11b,c, the CV
measurements show excellent responses, having nearly
rectangular curves with redox peaks for both samples, which
are typical of the pseudocapacitance (PC).***’ The PC
charging current is related to the surface area of the electrode,
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as well as the redox charge storage processes that occur at the
electrolyte—electrode interface. A significant difference in the
specific capacitance between the bulk crystals and exfoliated
nanosheets was observed, with the exfoliated nanosheets
showing almost six times higher specific capacitance than the
bulk crystals. This is expected because the PC charge is most
noticeable in systems with a high surface area-to-volume ratio,
such as in materials with pores or structures in the size range of
micrometers to nanometers.”® The increase in the specific
capacitance of ~6 times for the exfoliated nanosheets is less
than the ~13 times increase in the surface area, which is
consistent with a charge storage mechanism that involves both
electrochemical double-layer capacitance at the electrode—
electrolyte interface and a faradic process (as observed by the
redox peaks in the CV curves in Figure 11b,c) that involves
charge storage at the surface and below the surface. The bulk
crystal sample has a three-dimensional layered structure with
intrinsic porosity and an average thickness of 2.5 pm, which
was exfoliated into two-dimensional single- to few-layered
nanosheets with an average thickness of ~1.2—4.8 nm through
the liquid-phase exfoliation technique. This transformation
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Figure 11. (a) Electrode configuration and experimental setup used for electrochemical characterization of Mn-TCN MOFs. (b) Cyclic
voltammetry at various scan rates of bulk crystals using 1 M KOH electrolyte. (c) Cyclic voltammetry at various scan rates of nanosheets. (d)

Variation of specific capacitance (F g™') with scan rates (mV s™).

greatly enhanced the specific surface area of the material. The
variation of specific capacitance with scan rates is displayed for
samples before and after exfoliation in Figure 11d, which
demonstrates that the exfoliated sample has higher capacitance
and hence a larger electroactive surface area.””” The CV
measurement was also performed in the non-faradic region at a
0.45V potential window (Figures S13 and S14). A slight
difference in the area under the CV curve for bulk and
exfoliated phases is observed when compared with the non-
faradic region. However, the effect of exfoliation is more
significant when a wider potential window of —0.6 to +0.6 V is
applied.

Capacitance values were obtained from the CV curves using
the following formula®®

[idv

C. =
P smAV

(1)

The integral f idV represents the area under the CV curve, s
is the scan rate, m is the mass of the material used in a single
electrode exposed to the electrolyte, and AV is the potential
window for scanning. The highest capacitance value obtained
as PC electrodes for the exfoliated phase at a scan rate of 5 mV
s™'is 72.5 F g7/, almost 6 times the value obtained using bulk
crystals, which is 13.0 F g~'. The increase in capacitance is
consistent with the increased specific surface area of Mn-TCN
due to exfoliation. This increase was confirmed by measuring
the BET surface area of the bulk and exfoliated samples by
using the N, adsorption—desorption isotherms (Figure 10).
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Galvanostatic Charge—Discharge (GCD) Test. Galva-
nostatic charge—discharge (GCD) experiments were per-
formed at current densities of 1, 3, 5, 7, 10, 12, and 15 A
g~ to examine the rate capability of the bulk and exfoliated
Mn-TCN electrodes. Figure 12a,b shows the GCD curves for
both phases at different current densities. The exfoliated
electrode exhibits longer charge and discharge times than its
bulk counterpart due to its higher active surface area, which
allows increased ion adsorption. Based on the discharge section
of the GCD curves, the gravimetric specific capacitance (Cy, F
g™") was also calculated using eq 2.

I/m

c ="

&8 AV/At ()
where I is the discharge current (A), m is the mass of active
material (g), AV is the potential drop during the discharge
cycle (V), and At is the discharge time (s).

The rate performances are displayed in Figure 12c at
different current densities. In comparison to the bulk, the GCD
curve of the exfoliated electrode shows a high specific
capacitance of ~45 F g™ at 1 A g”' current density. Notably,
the exfoliated phase demonstrates a high capacitance retention
of 56% at 15 A g™". The open-circuit potential (OCP) was also
measured (Figure S15) to investigate the equilibrium state of
the system and the stability of the electrode. OCP was
performed by measuring the voltage difference between the
electrode and its surrounding electrolyte solution without
applying any external current for 3600 s. The OCP for the
exfoliated sample was found to be larger than that of the bulk
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Figure 13. Capacitance retention curves for the (a) bulk and (b) exfoliated phases; inset: (left) the first S cycles and (right) comparison between

the 1st and 1000th of cyclic stability tests.

phase, and a dynamic behavior was observed for the exfoliated
phase as it shows a sudden increase in OCP at 157Ss, which
later becomes stable for the rest of the testing period. This
change may be associated with various electrochemical
processes such as adsorption/desorption of species on the
electrode surface and alterations in the local environment.”'

Cyclic Stability Test. The long-term cyclic stability test
was conducted at a constant current density of 1 A g~ for both
bulk and exfoliated electrodes over 1000 cycles. Capacitance
retention is a critical parameter in assessing the long-term
performance and stability of energy storage devices. This was
calculated using the following formula
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. . G
capacitanceretention (%):  C,, = ol X 100

1

where C; and C; are the initial and final capacitance values
measured before and after 1000 charge—discharge cycles,
respectively.

Figure 13a shows a gradual increase in the capacitance for
the bulk phase, resulting in an increase in the capacitance
retention up to 125% over 1000 charge—discharge cycles. A
similar phenomenon has been described in the literature for
other 2D layered material systems such as MoS, and explained
by the activation of the surface area through electrolyte ion

https://doi.org/10.1021/acsami.3c14059
ACS Appl. Mater. Interfaces 2023, 15, 53568—53583


https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig13&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c14059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

O -Z"(Q)_measured a 4004 O -Z"(Q)_measured b
1000 + .Z" (Q)_fitted () s |2 (@)fitted (b)
Bulk 1Exfoliated
800 4 300 4
600 250 -
a S 200 -
N 4004 N 150
100 -
200 -
Q]
ol Q] 0-
T T T T T T =50 T T T T T T T T
0 200 400 600 800 1000 -50 0 50 100 150 200 250 300 350 400
Z(Q) Z (Q)
1200
—O—Bulk (c) (d) -80 —o— Bulk
—O— Exfoliated 10° 4 —o— Exfoliated
1000 - -
800
= 102+
G 600 =)
N N .
" 400 - - 10
10" 4
200 -
0- g
r T T T T T 10° - . - - . - -
0 200 400 600 800 1000 12( 102 10" 10° 10" 102 10° 10* 10° 10°
Z () Frequency (Hz)

Figure 14. Electrochemical impedance spectroscopy (EIS) measurement of Mn-TCN MOFs: (a, b) Nyquist plots, where the solid lines represent
the best fit to the modified Randles equivalent circuit model, show the real component of impedance, Z’, against the imaginary component of
impedance, Z”; (c) comparison of the Nyquist plot between the bulk and exfoliated phases. (d) Bode plot comparison, presenting the modulus of

the impedance, |Z|, and phase angle (inset) against the frequency.

diffusion into the interlayers of MoS, ** The charge—discharge
process drives the electrolyte ions to enter the interlayer
regions of the bulk material and eventually causes it to be
exfoliated through an ion insertion technique. This leads to an
increase in the electrochemically active surface area of the bulk
phase, which is reflected in their increasing capacitance
retention with the number of cycles. The increase in
capacitance as a result of ion intercalation and partial
exfoliation was also reported by Bissett et al.”> The increasing
trend for bulk Mn-TCN remains even after 1000 charge—
discharge cycles. However, for the exfoliated phase, although
the capacitance retention increases in the beginning up to a
few hundred cycles, it shows an almost flat curve after 400
cycles, suggesting no further increase in the storage capacity,
Figure 13b. This distinct behavior of the bulk and exfoliated
phase might be attributed to the fact that, in the bulk material,
the layers continue to become exfoliated with repeated charge
and discharge, but the exfoliated phase, which is already
delaminated into single or few layers, undergoes further
exfoliation only partially until 300—400 cycles, and no further
exfoliation occurs after that. A cyclic stability test beyond 1000
cycles would reveal the maximum capacity retention for the
bulk material and any fluctuation in the observed steady curve
for the exfoliated phase.

Electrochemical Impedance Spectroscopy (EIS). Elec-
trochemical impedance spectroscopy (EIS) was performed to
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analyze these samples further. With a 10 mV RMS voltage and
no dc bias, the impedance spectra of the KOH device were
recorded over the frequency (f) range of 100 kHz to 100 MHz.
In Figure 14, a comparison of the impedance spectra for each
of the electrodes is presented in Nyquist plots (Figure 14a—c)
and Bode plots (Figure 14d). The Bode plots demonstrate that
in the KOH electrolyte solution, the impedance significantly
decreased as the electrode was changed from bulk crystal to
one with exfoliated nanosheets. Because of the increased
double-layer capacitance, the exfoliated sample had a some-
what lower impedance amplitude than the bulk sample. The
Nyquist plot of the real and imaginary parts of the impedance
is represented in Figure 14a,b. This gives a direct estimate of
the equivalent series resistance (ESR) of the device.””>* For
instance, with the KOH-based system, the high-frequency
intercept of the real axis was used by Winchester et al. as an
approximation of the ESR value for exfoliated MoS, nano-
sheets.”® The impedance spectrum can be fitted to an
equivalent circuit to achieve a deeper understanding. A suitable
circuit can provide an overview of the physical processes that
may be taking place in the system.”**® In Figure 14a,b, the
impedance spectra were fitted to the Randles equivalent
circuit,”” which models the electrochemical impedance of this
system. It consists of a resistor (R;), representing the solution
resistance, in series with a constant phase element (CPE) and
the Warburg impedance (Zy),”* " which account for the

https://doi.org/10.1021/acsami.3c14059
ACS Appl. Mater. Interfaces 2023, 15, 53568—53583


https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c14059?fig=fig14&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c14059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Table 1. Impedance Spectra Fitting Parameters from the Nyquist Plot

sample R, capacitance total capacitance
(1M KOH) R, (Q) CPE, (F) n CPE, (F) 1, ()  goodness of fit fitted (F) experimental (F)
bulk 1733 9.849 X 10™  0.8243  0.7048 X 10  0.5436 4864 1301 x 107 10.5538 X 107* 8.64 X 107
exfoliated 2182  17.99 x 107*  0.8353 1.131 X 107 0.8595 1089  6.882 x 107* 17.99 x 107* 19.93 x 107*
Table 2. Capacitive Performance of Various Similar MOFs
material system surface area (m* g™') scan rate (mV s™') electrolyte capacitance (F g™') reference
MIL-100 S 0.1 M Na,SO, 44 63
MIL-101(Cr) derived Cr,04 438 2 6 M KOH 180 64
Co-MOF 9.09 10 66 65
Co-NDC 20.29 73 66
Co-MOF 2900 1 M LiOH 103 67
UI0-66(Zr) 596 5 6 M KOH 104 68
Co-BDC derived Co;0, 47.12 2 M KOH 69 69
Mn-TCN MOF 8.65 S 1 M KOH 72 this work
double-layer capacitance and diffusion-limited transport, obtained in the exfoliated nanosheets. A thorough character-
respectively. In addition, the circuit includes a charge-transfer ization of the samples before and after exfoliation was
resistance (R,,) that represents the rate at which electrons are performed, which clearly showed for the exfoliated phase an
transferred across the electrode—electrolyte interface. The increased band gap in the UV—vis spectra and a change in the
internal resistance of the system (R;) is comprised of the ionic peak shape along with a blue shift in the vibrational frequency
resistance of the electrolyte, the intrinsic resistance of the in the Raman spectra. The two-dimensional feature of the
active material, and the contact resistance at the interface nanosheets was revealed by SEM} AFM’ and TEM images_ The
. . 61
between the active material and the current collector.” The AFM statistical distribution shows that 50% of the nanosheets
existence of the constant phase element (CPE,) in the circuit is have a 1—4-layered morphology. A single-layer exfoliated
characteristic of a nonideal capacitor behavior, which is often nanoflake has an average dimension of 20 X 12 nm? and a
utilized to account for the system behavior resulting from thickness of ~1.2 nm. The HRTEM image and SAED pattern
surface62disorders, electrode porosity, .and. adsorption pro- confirmed the presence of single- to few-layer nanosheets and
cesses.”” The probable cause for 'thls fhsc.)rde'red surface that the crystallinity of the material remains intact after
geometry of the electrode with a wide distribution of pore exfoliation. In this study, we demonstrated for the first time the
sizes is believed to be the formation of electrodes by random effect of exfoliation on the electrochemical behavior of
. 36
stacks of e?(fohated MOEF nanosh.eets. The occurrence of the tetracyanonickelate-based MOFs. A comparison of the electro-
ngljb.urgllmpedanceh(Zw)i which we denoteld }lljere as.bag chemical properties in an aqueous (KOH) electrolyte solution
a 1tlo.na const.ant Pf a}sle € emeﬁlt (CP_EZ)’ cou i € anCI'l € revealed that the charge storage capacity of two-dimensional
toa (rinmor p.ortlon ot t he overa Caﬁ) ac1ta.nce rgsu t1ng rom a (2D) layered nanosheets obtained through exfoliation was
pseadocap ac1t5an6c2e mechanism, such as 1on adsorp tion or'1to significantly higher than those of their bulk counterparts. The
the electrode.””” The impedance spectra were fitted by using Gal . .
g ) ' . alvanostatic charge—discharge (GCD) test also reveals an
ZSimpWin Software, and fitted parameters are summarized in . . . 1
s o increased specific capacitance from 18 F g7 in the bulk phase
Table 1. It is noteworthy that the number n signifies some 1. . . . .
. - 3 ; to 45 F g7 in the exfoliated phase. The cyclic stability test in
details about the capacitive behavior taking place at the . . .
o . . bulk crystals demonstrates a growing capacitance retention of
electrodes. A value of n = 1 indicates the ideal capacitor . .
. . . " . 125% over 1000 cycles of charge—discharge due to their
behavior, and it reflects the purity of the capacitive behavior. ’ . )
. . further electrochemical exfoliation, but the exfoliated phase
Considerably larger n values for the exfoliated sample . 3
shows a maximum increase of 108% over 400 cycles before
compared to those of the bulk crystals may be connected to o o . .
; s . remaining stable for additional cycles. A 6-fold improvement in
the increased surface accessibility of charge carrier ions in the - . .
KOH-based devices the values of specific capacitance obtained from CV measure-
- -1 . -1 .
Table 2 illustrates a comparative view of the capacitive mx‘znf shccl)wsh 13.0 F g™ in the l;ulk - 7_21.5T];1 8 }in thcel
performance of some similar classes of MOF-based electrodes el 0 1ateh P! asle at ;‘ scan rat? 0 5';11Vds : he en anced
for supercapacitor applications. electrochemical per ormanc.e Is attributed to t ? increase
surface area of the exfoliated nanosheets. This research
resents an efficient technique for producing ultrathin Mn-
B CONCLUSIONS P odne oL procuane
TCN MOF nanosheets with superior capacitive performance.
A tetracyanonickelate-based metal—organic framework (MOF) We believe that these electrochemically active 2D layer
was successfully exfoliated using 1-dodecyl 2-pyrollidone materials should benefit several electrochemical process-related
(DDP) as the intercalant through a thermally assisted liquid- applications from their large_scale production'
phase exfoliation technique. DDP can help increase the
interlayer spacing of MOFs, making it easier to separate the B ASSOCIATED CONTENT
layers and obtain individual nanosheets. In addition, it also
stabilizes the exfoliated nanosheets in solution and prevents © Supporting Information
them from reaggregating. A large increase in the electroactive The Supporting Information is available free of charge at
surface area from 0.69 m* ¢! in bulk to about 8.65 m* g~ was https://pubs.acs.org/doi/10.1021/acsami.3c14059.
53580 https://doi.org/10.1021/acsami.3c14059
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Process flow of LPE, PXRD of the bulk and nanosheet,
deconvoluted C 1s, N 1s, O 1s, Ni 2p, and Mn 2p XPS
spectra; EDX mapping of the bulk crystal, additional
AFM images and corresponding height profile of bulk
and exfoliated samples; additional TEM images at low
magnification and high resolution, CV curves in the non-
faradic region, and OCP measurement (PDF)
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