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ABSTRACT: Nickel cobalt-metal-organic frameworks (NiCo-MOF), with a semi-hollow spherical morphology composed of rhom-
bic dodecahedron nanostructures were synthesized by using a scalable and facile wet chemical route. Such a structure endowed the
material with open pores, which enabled rapid ion ingress and egress, and the high effective surface area of the MOF allowed the
uptake and release of a large number of electrolyte ions during charge-discharge. By combining this NiCo-MOF cathode with a highly
porous carbon (PC) anode (derived from the naturally grown and abundantly available bio-waste, namely, palm kernel shells), the
resulting PC//NiCo-MOF supercapacitor using an aqueous potassium hydroxide (KOH) electrolyte delivered a capacitance of 134 F
¢!, energy and power densities of 24 Wh kg and 0.8 kW kg™ at 1 A g!, over an operational voltage window of 1.6 V. By employing
thin interlayers of PC coated over Whatman filter paper (PC@FP), the modified supercapacitor configuration of
PC/PC @FP//PC@FP/NiCo-MOF delivered greatly enhanced performance. This cell delivered a capacitance of 520 F g™! and an
energy density of 92 Wh kg'!, improved by nearly-four-fold, compared to the analogous supercapacitor without the interlayers (at the
same power and current densities and voltage window), thus evidencing the role of the cost effective, electrically conducting porous
carbon interlayers in amplifying the supercapacitor’s energy storage capabilities. Further, illumination of white LEDs using a 3-series
configuration and the photo-charging of this supercapacitor with a solution processed solar cell, is also demonstrated. The latter
confirms its’ ability to function as a stand-alone power supply system for electronic/computing devices, that can even operate under

medium lighting conditions.
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Introduction

Microstructural tunability, long range order and synthetically
controllable porosity, are the three hallmarks that form the
premise for the widespread deployment of metal-organic frame-
works (MOFs) in diverse applications spanning: electrocata-
lysts in fuel cells, cathode or anode scaffolds in rechargeable
lithium based batteries, and electrodes in supercapacitors'. By
using facile synthesis strategies, MOFs can be designed into or-
ganized crystalline assemblies with open porous channels ex-
tending over multiple microns, wherein the porous cavities can
serve as reservoirs for anions or cations during charge-dis-
charge, an aspect which comes to prominence, when used as a
supercapacitor electrode. MOFs also offer structural tunability,
as they can be synthesized in the form of nanosheets, micro-
cubes or micro-spheres with hierarchical morphologies having
circular, floral, diamond and triangular shaped open channels’
8, These elongated unobstructed channels allow easy inflow of
electrolyte solution or gel, thereby enabling the ions to specifi-
cally adsorb on the electro-active transition metal ion sites on
the MOFs, and consequently impart a large specific capacitance
(SC) to the energy storage device.

While the above described features of MOFs serve to improve
charge storage capabilities of electrodes in supercapacitors via:
(1) fast ion uptake and release, and (2) adsorption of a large
quanta of ions due to the high effective surface area of the
MOFs, there is one major drawback that needs to be surmounted
for their efficient use in supercapacitors. This is the low electri-
cal conductivity of MOFs which typically ranges between 1074
—107S cm! depending on nature of metal and co-ordinated lig-
and. This is generally an outcome of the protocol followed for

the framework construction, wherein metal ions are inter-linked
via redox inactive, bulky and electronically insulating organic
ligands. While this synthesis methodology forms the basis for
the required regular porous architecture, it is achieved at the
cost of electrical conductivity. By developing MOFs with
closely spaced hetero-metallic multi-valent centers, superior re-
dox activity and better electrical conductivity can be achieved
in contrast to MOFs composed of single metal ions with long
organic moieties. Only, in rare reports, high conductivity for
MOFs are reported”'°. Ease of scale-up and facile processing
are two other pre-requisites that MOFs are expected to satisfy
to enable their practical use.

The electronic conductivity of a bimetallic-MOF can also be
improved by integrating an optimal proportion of a carbon
nano-material with high electrical conductivity (> 0.1 S cm™).
Electron transport is significantly enhanced throughout the
MOF based electrode relative to traditional non-conducting sin-
gle metal ion MOFs, thus improving the rate capability. A pre-
vious report on a (p-type)-CoS,@CNT composite showed the
composite to have a hierarchical morphology, moderate specific
surface area, uniform pore diameter distribution, with a high de-
gree of graphitization, thus bestowing it with a high SC of 825
Fg'lat0.5 A g')in a2 M KOH solution, and a ~83% SC re-
tention after 5000 cycles''. Yet another report focused on an
electrode consisting of Ni-MOF-HCI-180 °C@graphene oxide
(GO) sheets, which delivered a SC of 2192 F g! (at 1 A g),
and a SC retention of ~85% after 3000 cycles. This performance
was attributed to improved active material utilization attained
by the ability of the Ni-MOF to act as a spacer, as it embeds



between the GO sheets as discrete micro-spheres, while simul-
taneously inhibiting the restacking of the GO sheets'?. Zr-MOF
nanocrystals mixed with graphene, exhibited stack and areal ca-
pacitances of 0.64 and 5.1 mF cm™ respectively, which were
found to be substantially larger compared to activated carbon or
just graphene. This response was a direct result of an enhanced
interaction between the sp*-hybridized nitrogens on the nMOF-
867 with the electrolyte ions, as well as an optimal pore diame-
ter, permitting facile electrolyte infiltration during charge-dis-
charge'. Previous reports on 3D-pillared Co(II)-MOF, Ce-
MOF/GO, Ni-MOF on carbon nanowalls and so forth showed
high capacitances due to their unique architectures'*'". A com-
posite consisting of 3D porous carbon and Co30; delivered an
excellent capacitance of 423 F g at 1 A g! with good rate ca-
pability (85%) as the hierarchical porous carbon lowered ionic
and electron transport resistance'®. Another study showed that
the mesoporous nature of a calcinated MOF consisting of ter-
nary metals (CoNiMn-MOF) produced a high capacitance of
3652 mF cm™ at a current density of 1 mA cm? .

In this study, asymmetric supercapacitors with a porous carbon
(PC) electrodes derived from a low cost carbon source, namely,
palm kernel shells as anode, and a NiCo-MOF cathode was de-
veloped. The PC was coated over filter paper, and used as inter-
layers in both half-cells to provide additional charge storage.
The energy storage characteristics of these cells with interlayers
were investigated by probing their diffusion and capacitive be-
haviour relative to the total capacitance of the
PC/PC@FP//PC@FP/NiCo-MOF system. Furthermore, the
controlled porosity of the active materials, and the optimal
channels afforded by them for unhindered ion-movement, re-
sulted in a cell which offers a good compromise between energy
density and power density. Practical utilization of the cell is
demonstrated through: (1) charging the same with a solar cell
and demonstrating that it can serve as an independent power
source and (2) powering white LEDs with the charged superca-
pacitors.

Experimental
Chemicals

Palm kernel shells were collected from local sources. Nickel ni-
trate hexahydrate (Ni(NO3),-6 H,0), cobalt nitrate hexahydrate
(Co(NO3),-6H,0), citric acid, 2-methylimidazole, carbon black
(CB), poly(vinylidene fluoride) (PVdF, average My: 5,34,000),
N-methyl pyrrolidone (NMP) and potassium hydroxide (KOH)
were procured from Merck and used as such. Laminated Al, Ni
tabs and current collectors were used. Ni foam was procured
from Gelon and was used after an acetone wash. Ultrapure wa-
ter obtained from a Millipore Direct-Q3 UV system (with a re-
sistivity of ~18.2 M Q cm) was used throughout the experi-
ments.

Synthesis of NiCo-MOF

Ni(NO3),-6H,O (100 mg), Co(NO3),-6H>O (200 mg) and citric
acid (600 mg) were dissolved in ultrapure water (100 mL) and
stirred with a magnetic stirrer for 12 h at room temperature (~25
- 27 °C). An aqueous solution of 2-methyl imidazole (300 mg)
in ultrapure water (10 mL) was added to the above solution in a
dropwise manner and the stirring was continued at 60 °C for 72
h. A purple colored precipitate was collected by filtration®,
This precipitate was heated at 800 °C for 4 h with a ramping
temperature of 200 °C per hour in a furnace. Finally, the black

colored powder sample was collected and labelled as NiCo-
MOF. The formation of NiCo-MOF is shown through a cartoon
in Scheme 1.

Synthesis of porous carbon (PC)

Palm kernel shells were washed thoroughly by scrubbing them
several times in ultrapure water. Hydrothermal synthesis was
carried out by taking the cleaned shells in ultrapure water in an
autoclave which was maintained at 160 °C for 12 h. The charred
shells were heated at 750 °C in air with a holding time of 4 h
with a ramping temperature of 200 °C per hour. The synthesized
carbon was activated with a NaOH solution (200 mg NaOH was
used with 100 mg of carbon in 5 mL of ultrapure water) for 12
h at 60 °C. The resulting porous carbon (PC, black colored prod-
uct) was washed thoroughly, dried at 60 °C in an open-air oven
and finally stored in a desiccator. The preparation of PC is dis-
played in Scheme 1.

Detailed descriptions of cell fabrication, fabrication of a pho-
toanode for a solar cell and instrumentation techniques, are pro-
vided in the supporting information.

Results and discussion
Structural and compositional analysis

The surface morphology of the NiCo-MOF product, prior to the
heat treatment, exhibits three-dimensional opaque globular
structures (Figure 1a,b), which subsequent to the 800 °C anneal-
ing treatment, transform to discrete translucent spherical struc-
tures with well-defined grain boundaries having diameters in
the range of 1.5 to 4.5 pym (Figure 1c,d), an outcome of con-
trolled organic burnout. Annealing transforms the non-porous
compactly packed globules of the NiCo-MOF to distinct rotund
shapes encompassing pores, which are conducive towards the
ingress and egress of ions, when used as the supercapacitor
cathode. On the other hand, for the anode, and the interlayer,
porous carbon (PC) was used. Highly porous carbon material
was obtained after the heat treatment of palm kernel shells, fol-
lowed by an alkali exposure, and this is reflected in the large
pores with diameters ranging between 360-970 nm that are gen-
erated over tree-trunk like structures (Figure le-g). The ele-
mental map of the NiCo-MOF (Figure S1, supporting infor-
mation) shows the distribution of the different elements: N, C,
O, Ni and Co, with proportions of 12.3%, 27.6%, 8.1%, 21.6%
and 30.4%. Ni and Co are uniformly distributed over the spher-
ical shapes. In an earlier report, Ni and Co proportions of 21%
and 26.3% were achieved for a NiCo-MOF/reduced graphene
oxide composite?!, which are close to the values obtained here.

The overall structures are flaky and have a high surface rough-
ness. Furthermore, the flaky particles that prevail inside the
pores can serve as multiple sites for electrolyte ion capture dur-
ing charge-discharge. PC also doubles up as the interlayer ma-
terial, and is applied over the filter paper (FP), whereby it not
only allows EDL formation, but also allows ions to diffuse
through easily and reach either the PC (anode) or NiCo-MOF
(cathode).

TEM images of the NiCo-MOF clearly shows the formation of
spherical shapes (Figure 2a), and a magnified view of one such
sphere (Figure 2b), shows the wall thickness to be of the order
of 70 nm, and the outer diameter is approximately 530 to 670
nm. In Figure 2c¢, the image is taken from a region where the
outer shell was thin, and the grain boundaries are clear unlike
Figure 2b, where the shell is thick. Hence, the slight difference
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in the images. The spheres are porous or semi-hollow in nature,
evidenced from the contrast in the images, and a closer inspec-
tion of the interior of the spheres reveals the presence of an in-
terconnected network of polyhedral particles (Figure 2¢). The
presence of the uniformly distributed polyhedrons within the
confines of the spherical boundaries confirms that the heat treat-
ment at 800 °C, is not accompanied by the collapse of the frame-
work afforded by the parent bimetallic MOF, but only induces
a regulated decomposition of the organic components, culmi-
nating in the observed porosity (Figure 2d). This provides the
MOF with the appearance of semi-hollow nanocages, where the
spherical boundaries enclose the empty spaces separated by the
solid polyhedrons that are largely rhombic dodecahedrons;
these are illustrated through a cartoon in Scheme la. These are
characterized by well-defined edges (Figure 2e) and they are
highly crystalline as indicated by the observed lattice fringes.
Such shapes have been previously observed for ZIF-67@Co—Ni
layered double hydroxides®. Abundant rich channels, and pores
for electrolyte diffusion are the main features of this structure.
Adjacent fringe separation of 0.47 nm is observed (Figure 2f),
which aligns with the (111) plane of cubic crystal structure of
NiCo,04 (PDF: 20-0781). Furthermore, the corresponding se-
lected area electron diffraction (SAED) pattern of the NiCo-
MOF (Figure 2g) shows bright spots arranged in concentric
rings confirming the polycrystalline nature of the material. The
spots are assigned to the (111), and (440) planes of the cubic
crystal structure.

Highly porous carbon, the anode material, at the nano-level,
shows overlapping nanosheet-like structures (Figure 2h-k),
which are partially crystalline. While some sheets show no
fringes, characteristic of amorphous structures, the others dis-
play lattice fringes. The magnified view of the fringes (Figure
21) shows an inter-fringe separation of 0.34 nm, that agrees with
the hexagonal structure of graphite. The SAED pattern shows
diffuse rings with faint spots, and these are attributed to the
(110) and (101) planes of hexagonal graphite.

The XPS survey spectrum of NiCo-MOF shows signals from
Cls, Ols, Ni2p, Co2p and N1s, indicating the presence of these
elements in the MOF. Deconvoluted core level spectrum of
Ni2p reveals the spin-orbital split signals with Ni2ps» and
Ni2pi,, components at 866 and 855.4 eV. These peaks are fur-
ther resolved to yield the contributions from Ni** and Ni** states
and they amount to 51.64% and 31.73%, respectively. Simi-
larly, the Co2p signal’s deconvolution, subsequent to the spin-
orbital split, shows the Co** (54.7%) proportion to exceed that
of Co?* (29.9%). It is noteworthy that the lower valent Ni** and
the higher valent Co®* dominate. The redox peaks observed in
the voltammograms (discussed later) arise largely from the ox-
idation of these species. A weak nitrogen signal is observed
with two components at 398 and 400.6 eV, arising from C-N
and —NH linkages. The MOF structure is also supplemented
with a carbon network, and some nitrogen is retained in the
framework, from the imidazole moiety. The Cls core level
spectrum is deconvoluted into three distinct components at
284.6, 286.2 and 288.4 eV corresponding to the C-C, C-N and
C-O linkages. The asymmetric deconvoluted Ols peak shows
two components at 535.4 and 533.7 eV, where the lower energy
peak stems from the Ni**/>*-O and Co*/**-O bonds with a con-
tribution of 58.3%, and the higher energy peak originates from
the oxygen functionalities flanked to carbon in the porous struc-
ture with a contribution of 41.7%. The valence band diagram of

the NiCo-MOF is shown in Figure 3f. Near E = 0 eV, which is
regarded as the Fermi level (Er), the density of states (DOS)
approaches zero, and the point of commencement of the rapid
rise in the DOS corresponds to the valence band (VB) position
of this mixed metal oxide. The difference between Er and VB
is found to be 0.2 eV, which matches well with a value of 0.23
eV for NiCo,04 in a previous report with a VB of 5.37 eV. Since
this oxide is a p-type semiconductor, the Fermi level lies just
above the VB, which is located at ~5.1 eV for the NiCo-MOF
here. The VB position here, was calculated from the oxidation
peak observed in the CV plot of the MOF (Figure 4a). For the
NiCo-MOF, Eox = +0.4 V (versus Ag/AgCl), which amounts to
+0.6 V versus normal hydrogen electrode. By using the equa-
tion, Evg =—(4.5 + 0.6) eV, the VB position is 5.1 V. Using this
VB, the Er is calculated to be poised at 4.9 eV (5.1 -0.2 V). The
XRD pattern of the NiCo-MOF shows multiple prominent
peaks at 20 = 18.9°,31.1°,36.7°,38.4°,44.6°,55.4°,59.1°, 65
°and 76 ° which concur well with the (111), (220), (311), (222),
(400), (422), (511), (440) and (533) planes of cubic spinel
NiCo,04 (JCPDS: 20-0781). The result is consistent with the
XPS results.

XPS core level spectrum of Cls from porous carbon (PC) re-
veals three peaks at 284.6, 286.1 and 288.35 eV corresponding
to C-C, C-0O and C=0 linkages, due to functionalization of the
carbon network by the alkali. The presence of oxygen function-
alities are also confirmed from the deconvoluted Ols spectrum
(inset of Figure 3h), which shows two peaks at 531.6, and 534.4
eV due to the C=0 and C-O groups. The XRD pattern of PC
shows broad peaks at 20 =23.8°,42.5° and 45.3°, corresponding
to the (002), (100) and (101) planes of hexagonal graphite
(JCPDS: 75-1621). An additional peak is also observed at 26 =
10.9° which corresponds to d = 8.5 A. This is larger than the d-
spacing in graphite (3.36 A) indicating that the interlayer spac-
ing in some regions is enhanced by the functional groups sand-
wiched in between. A similar peak was previously observed at
8.8 A, for graphite oxide, and it was attributed to the trapped
functional groups widening the distance between successive
graphene layers?.

Raman spectra of NiCo-MOF and PC are shown in Figure S2.
Multiple peaks observed for the NiCo-MOF at 182, 455 and 723
cm! are due to the Fa,, E, and Ay, vibrational modes®>. Other
prominent peaks appear above 1000 cm™! and they are attributed
to the vibrations of the C-H, C-N, C-C bonds. PC shows two
strong peaks: at 1335 and 1594 cm™ corresponding to the D and
G bands, thus aligning with the structure of graphitic carbon
which is oxidized in some regions, as confirmed from the XRD
and XPS measurements.

The FTIR spectra of the PC and NiCo-MOF are shown in Fig-
ure S3. In Figure S3a, for the PC, strong peaks at 1107, 1531,
2314 and 3721 cm™! correspond to v(C—OH) of -COOH groups,
v(C=C) stretching, v(O—H) stretching from strongly H-bonded
—COOH groups and free v(O—-H) stretching in the carboxylate
groups respectively?2°. A peak at 715 cm™ was observed for
the C—O—C stretching of -COOH groups. Peaks at 1719, (2683,
2818) and 3030 cm™ are due to v(C=0), v(~CH,-) and v(=CH)
respectively. For the NiCo-MOF (Figure S3b), peaks at 560 and
650 cm appear due to the in-plane and out of plane bending
modes of (—NHC) and a small peak is observed at 1422 cm’!
which arises due to the v(C—N) mode *.



Thermogravimetric analysis (TGA) and BET studies

The phase transformations of the PC and NiCo-MOF were stud-
ied by TGA analysis (Figure S3c). For the NiCo-MOF, there is
no significant weight loss over the entire temperature range un-
der consideration. The plot is almost flat till 750 °C with an
overall weight loss of only 2.2%. In the case of the PC, there is
a rapid weight loss (by 11 %) at a relatively low temperature
(70 °C) due to the removal of water vapor from the surface of
the PC. Beyond this temperature, the weight decreases mono-
tonically over the remaining temperature range of 70 to 800 °C,
corresponding to approximately 13% weight loss which is ob-
served after the release of water vapor 3'.

The Brunauer—-Emmett-Teller (BET) analysis of the NiCo-
MOF’s data (Figure S4a,c) shows that it follows a type IV ni-
trogen adsorption/desorption isotherm. This implies that the
NiCo-MOF spheres are mesoporous in nature. The surface area
of the NiCo-MOF is 320 m* g! and the average pore diameter
is ~7 nm. Our results match well with a previous report on
NiCo-MOF nanosheets which too showed a type IV isotherm
with a surface area of 380 m? g'! and the nanosheets were ob-
served to be rich with mesopores (pore diameter of ~12 nm)*2.
In another report on 2D composite nanosheets of
NiCo0,04,@ZIF-67/GO, the BET-surface area was found to be
175 m? g 3. The mesoporosity of the NiCo-MOF structure
here, allows uniform penetration of the electrolyte, suggesting
of a good number of accessible sites are available for redox re-
actions.

On the other hand, for the PC, the isotherm is mixed type in
character with contributions from types I and IV as per IUPAC
classification® (Figure S4b). The profile matches with that ob-
served in a previous report on activated carbon®. Thus, the PC
is rich in micro-pores and mesopores, which is in line with the
morphology and microstructure observed in the SEM and TEM
images respectively. The surface area and the average pore di-
ameter are ~565 m* g'! and ~4 nm respectively. This effective
surface area is sufficient enough to accommodate the adsorption
of a large number of ions on the active surface, with the meso-
pores enabling this adsorption via deep and uniform electrolyte
permeation.

Electrochemical characterization of supercapacitors

The charge storage behavior of the materials was examined by
firstly selecting a suitable potential window for the asymmetric
cell. The potential window was fixed by running cyclic voltam-
metry (CV) scans at 5 mV s™! (Figure 4a) where the NiCo-MOF
electrode was run from 0 to 0.45 V and the PC electrode from
—1.15t0 0 V in a three-electrode system. The CV of NiCo-MOF
(Fig. 4a) shows a broad oxidation peak at about 0.4 V versus
Ag/AgCl and in the reverse sweep, two distinct reduction peaks
are observed at ~0.22 and ~0.3 V versus Ag/AgCl. The anodic
peak arises from the oxidation reactions involving conversion
of Ni** to Ni** and Co** to Co*™ whereas in the cathodic scan,
the two reductions are distinctly observed at obtained at differ-
ent voltages™.

NiC0,04 + OH™ + H,O <> NiOOH + 2CoOOH + ¢~ (4)
CoOOH + OH™ < CoO2 + HoO + ¢~ 5)

The PC electrode shows two faint oxidation peaks at —0.21 and
—0.47 V, possibly due to the oxidation of oxygen containing

functional groups adjacent to the surface of the material. The
plot covers a broad area, and this featureless plot is typical of
the capacitive nature of high surface area carbons. The ability
of the NiCo-MOF and PC to store and release charge reversibly,
by undergoing redox reactions and by electrical double layer
formation respectively, over the negative and positive voltage
ranges, confirm that NiCo-MOF and PC can function as cathode
and anode in an asymmetric supercapacitor. The total potential
window for the PC//NiCo-MOF asymmetric cell is 1.6 V and
therefore, all electrochemical measurements like CV, galvanos-
tatic charge-discharge (GCD) and self-discharge were run in
this potential window for the asymmetric cell.

To enhance the charge storage capability of the PC//NiCo-MOF
asymmetric cell, two additional layers of thin, low-weight PC
coated filter paper (FP) strips were incorporated on the cathode
and the anode sides, facing the electrolyte absorbed separator.
Cells with the following configurations were compared:
PC//NiCo-MOF,  PC/PC@FP//PC@FP/NiCo-MOF, and
PC@FP//PC@FP. CV plots (Figure 4b,c,d) recorded at 5, 20
and 100 mV s, show that the symmetric cell based on the pure
carbon interlayers (PC@FP//PC@FP) is not highly electroac-
tive. When used independently, the overall current densities are
more than ten orders of magnitude lower and the CV profile is
almost flat over the anodic and cathodic branches. But when
employed as interlayers in the PC/PC@FP//PC@FP/NiCo-
MOF PC//NiCo-MOF cell, the enclosed area in the CV is con-
siderably enhanced, with broad oxidation and reduction peaks
observed therein. The anodic portion (at 5 mV s™') reveals two
well-separated peaks at +0.26 and +1.15 V which are attributed
to the Ni**—=Ni** and Co*— Co* redox reactions. In the reverse
sweep, a small peak is first observed at ~1.13 V due to the
Co**—Co** reduction and for the Ni**—Ni?* reduction, no dis-
tinct peak is seen, but a broad wave (over 0.6 to 0 V) with a
minimum at 0.075 V is observed.

The effect of the interlayer is evidenced from the much larger
enclosed areas achieved for the PC/PC@FP//PC @FP/NiCo-
MOF cell contrasting with that of the PC//NiCo-MOF cell (de-
void of interlayers) at any of the three scan rates. The redox be-
havior of the PC//NiCo-MOF cell is retained largely as ob-
served for the three-electrode system of PC//NiCo-MOF except
for a change in the potentials at which the reversible electro-
chemical reactions occur. In the combined architecture of the
PC/PC@FP//PC@FP/NiCo-MOF cell, the profile is almost
identical to that of the PC//NiCo-MOF cell but the first oxida-
tion peak (at ~0.3 V) appears to be flattened, and the second
oxidation peak is shifted a higher oxidation potential of 1.42 V.
The reduction peak is observed at ~1.3 V. The interlayers assist
in reducing the overpotential for the oxidation reactions, and
this could be possibly due to the enhanced availability of hy-
droxyl anions in the vicinity of the NiCo-MOF electrode. The
cartoon in panel “A” shows the multi-layered structure of this
cell, and possible trajectories for cation (K*) and anion (OH")
movement through the porous interlayers during charge. The
cell without interlayers does not have this advantage. With in-
creasing scan rate, the CV patterns remain similar, suggestive
of the highly reversible nature of the cell. The pure interlayer
based symmetric cell of PC@FP//PC@FP, shows a banana like
profile, indicative of charge storage by EDL formation.



The capacitances from the CV plots are 7, 128 and 350 F g! for
the PC@FP//PC@FP, PC//NiCo-MOF and
PC/PC@FP//PC @FP/NiCo-MOF cells (at 5 mV s), respec-
tively. The GCD curves for the PC@FP//PC@FP cell at 1, 2.5
and 5 A g are shown in Figure S5 (supporting information).
The capacitances are 3, 134 and 518 F g! for the 3 cells at 1 A
¢! respectively. This clearly shows that as a stand-alone device,
PC@FP//PC@FP is a poor performer with an almost negligible
capacitance, but its functionality improves when it is used as an
interlayer. This high experimental value suggests that PC@FP,
when used in conjunction with the active layers acts as an ion-
reservoir, allowing facile propagation of ions and good electro-
lyte penetration during cell operation, thus maximizing charge
storage.

GCD:s for the PC//NiCo-MOF and PC/PC @FP//PC @ FP/NiCo-
MOF cells, without and with the PC@FP interlayers were com-
pared at current densities of 1, 2.5 and 5 A g! (Figure 4e,f,g).
Here, the GCD profiles for the two cells are similar, and do not
show any significant change with increasing current density, in-
ferring good reversibility. In the CV measurements, during ox-
idation or charging from O to 1.6 V, the slope change at ~1 V
corresponds to the onset oxidation potential in the CV plot, and
the kink at ~1.3 V, registered during discharge or reduction
(from 1.6 to 0 V) matches with the onset reduction potential in
the CV scan. The variation of capacitance with scan rate as well
as current density are shown in Figure 4h,i. The highest capac-
itance of 350 F g'! is achieved for the cell with the interlayers,
and it is 2.7 times higher than that of the PC//NiCo-MOF cell
(128 F g!), without the interlayers, at a scan rate of 5 mV s,
At higher scan rates, the capacitance of the cell with the inter-
layers always two times higher than the PC//NiCo-MOF cell.
For example, at a scan rate of 100 mV s’ the cell with interlay-
ers delivers a capacitance of 102 F g! whereas the PC//NiCo-
MOF cell delivers 58 F g

From GCD data, at the same current density of 1 A g”!, a maxi-
mum capacitance of 518 F g is achieved for the PC//NiCo-
MOF and PC/PC @FP//PC @FP/NiCo-MOF cell with interlay-
ers, which is 3.8 times greater than that of the PC//NiCo-MOF
cell (134 F g!). On examining the rate performance over an ap-
plied current density of 1 to 5 A g, the cell with interlayers
provides 3.8 to 3 times higher capacitance than the one without
interlayers. Furthermore, the capacitance decreases by 50% and
67% (over 1 to 5 A g™ for the cells with and without interlayers
respectively.

It should be noted that when preparing the NiCo-MOF elec-
trode, a small proportion of PC was added. This is because of
the low electrical conductivity of the NiCo-MOF (0.32 uS/cm,),
which led to poor cell level performance. Therefore, a small
amount of PC was incorporated with the NiCo-MOF to enhance
the electron transport across the NiCo-MOF cross-section dur-
ing charge-discharge (conductivity improved by 4500 times),
while simultaneously ensuring that the amount of NiCo-MOF
present in the electrode (75 wt%, considering only active mate-
rial) is high enough such that the electrochemical performance
is primarily dictated by the NiCo-MOF. Carbons usually give a
rectangular profile, and their GCDs are also perfectly triangu-
lar’’. Here, for the cells with NiCo-MOF, the CV profiles as
well the GCD plots were characteristic of NiCo-MOF’s redox
behavior, thus confirming this hypothesis. The role of the small

proportion of PC added here is simply to enhance the conduc-
tivity of the electrode.

Mechanistic aspects of charge storage

From the above discussion, it is evident that the cell purely com-
posed of the interlayers (PC @FP//PC @FP), delivered very poor
SC. However, when integrated into the asymmetric cell assem-
bly of PC//NiCo-MOF to yield the PC/PC @ FP//PC@FP/NiCo-
MOF cell, the resulting architecture showed a remarkably en-
hanced storage behavior (in terms of rate response, enclosed
voltammetric area, and capacitances). In order to understand the
role of the interlayers in ameliorating the storage behavior, the
following set of equations were used to quantify the individual
contributions to total capacitance from the (1) pseudocapacitive
(redox reactions based) and (2) EDL formation mechanisms.
CV data of electroactive materials is used in the equations pro-
vided below?®,

i(v)y=aV (6)

log(i(v) =log(a) + b log (V) @)

In equations (6) and (7), both a and b are adjustable parameters.
v and i(v) are scan rate and peak current at a specific scan rate.
Parameter b was calculated from the slope of equation 7 by plot-
ting log(i( V)) vs. log (V). It provides information about the ki-
netics of the electrochemical charge storage mechanism®,
where the roles of “non-Faradaic”-surface capacitive effects
and the “Faradaic”-diffusion controlled redox reactions can be
identified separately. The value of b = 0.5 and 1 are the two
ideal conditions for a slow diffusion-controlled faradic process
(such as in battery materials) and of fast charging-discharging
EDLC process as well as fast surface redox process (such as in
pseudocapacitive materials) respectively. Any value in-between
these two distinct values of 0.5 and 1 suggests a transition pro-
cess where the charge storage process follows both mecha-
nisms, i.e., the material- (i) accumulates electrostatic charge on
its’ surface which is dependent on the applied potential, and (ii)
it undergoes redox reactions by accepting or releasing electrons.
Although it will be difficult to draw a clear boundary in a real
case between the two types of materials, it can be predicted by
analysing the closeness of b towards 0.5 or 1. Generally, smaller
values of b are obtained for battery materials whereas they are
higher for capacitive materials. In this study (Figure 5b), the
calculated b values are 0.79 and 0.83 by considering anodic and
cathodic peaks respectively for the PC//NiCo-MOF cell, con-
firming the cell’s propensity to behave as a psuedocapacitor. In
the case of the cell with the interlayers, i.e., the
PC/PC@FP//PC@FP/NiCo-MOF cell, b values are 0.74 and
0.73 by considering anodic and cathodic peak respectively.

These values are less close to “1” and closer to “0.5” compared
to values obtained for the PC//NiCo-MOF cell. In the
PC/PC@FP//PC@FP/NiCo-MOF cell, both EDL formation
and the redox process occur via the diffusion of cations or ani-
ons across the PC@FP interlayer, which is approximately 20
pum thick on either side, and then further propagation through
the bulk of the PC anode or the NiCo-MOF cathode. Once the
ions reach the NiCo-MOF electrode, faradaic reactions involv-
ing charge transfer and transport occur. Simultaneously, fast ad-
sorption of electrolyte ions onto the surface or in the vicinal re-
gion of the electrode surface also contributes to the overall ca-
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pacitance. This contribution is lower for the cell with the inter-
layers because chances of rapidly forming EDL are greater
when the pure electroactive PC or NiCo-MOF electrodes flank
the electrolyte soaked separator as is the case in the PC//NiCo-
MOF cell. In the cell with interlayers, the ions under a directed
(electric) field have more pore volume to traverse through, and
have access to much larger number of active sites (for PC@FP,
PC@Ni and NiCo-MOF@Ni), which maximizes capacitance,
but it does this through the “diffusion” mechanism. This can be
visualized through the schematics shown in Figure 5a’ and a".

This study also explains how the PC/PC@FP//PC @FP/NiCo-
MOF cell containing the interlayers delivers a capacitance su-
perior to that of the PC//NiCo-MOF cell (devoid of the interlay-
ers). It is crucial to elucidate this, for the stand-alone interlayers
based cell of PC@FP//PC@FP delivers very poor performance.
Based on the rationale that the PC/PC@FP//PC@FP/NiCo-
MOF cell’s behavior falls in-between that of batteries and su-
percapacitors, it is anticipated that this cell will simultaneously
deliver high energy density as well as high power density. For
a better understanding of cell performance, a quantitative ap-
proach is desirable. For the surface dominant non-Faradaic
charge accumulation/release, the current varies linearly with
scan rate and for a diffusion controlled process, the current
shows a direct dependence on the square root of scan rate. These
contributions were identified by using the following equations.

i(V) = icap + laipr = kyv + kv'/? (8)
Or
i wY2 = kvt? + k, 9)

In (8), icqp and iy;ff are the current contributions from the sur-
face confined capacitive- and diffusion controlled- processes
respectively. The constants k, and k, are estimated from the
slopes and the intercept of a linear plot of i(V)/v/? vs. v1/?
(Figure 5a) by using equation 9. The area under the curve for
only capacitive processes are marked in shaded lines for PC/
PC@FP//PC@FP/NiCo-MOF and PC//NiCo-MOF cells at a
scan rate of 5 mVs™! (Figure 5c,d). It is observed that the shaded
capacitive region extended slightly beyond the diffusive region,
with the exploration of this expanded in the supporting infor-
mation (Figure S6).

Non-Faradaic capacitance of 36 F g (28%) out of 128 F g”!' was
obtained for the PC//NiCo-MOF cell and 30 F g! (8.5%) out of
350 F g!' was achieved for the PC/PC@FP//PC@FP/NiCo-
MOF cell at a scan rate of 5 mV s™'. The contribution of stored
charge from the capacitive and diffusion processes for both cells
at different scan rates are shown in Figure 5e.f. It is concluded
from the above estimation that the amount of capacitance con-
tribution for both cells is the same from the EDL process (Ca-
pacitive). In general, an EDL supercapacitor provides high
power density while suffering from low energy density. Thus
from the above study, it is predicted that by changing the archi-
tecture from PC//NiCo-MOF to PC/PC@FP//PC @FP/NiCo-
MOF, the power density is expected to remain unaltered while
energy density may increase by 2.7 to 3.5 times, when the in-
terlayers are incorporated, as in the
PC/PC@FP//PC@FP/NiCo-MOF cell. This calculation was
done by subtracting the EDL capacitance from total capacitance
for both cells at all scan rates.

The charge stored (g*) in the electrode or cell, typically, in-
creases with decreasing scan rate (V) “C. Therefore, for a fast

surface reaction process (where v — o) or a slow diffusion con-
trol process (where v — 0), the value of g* can be calculated un-
der the two extreme conditions. When v — oo, the magnitude of
charge stored is low, as diffusion is a slow process, and the
available time is not enough for sufficient ion-percolation in/out
of the pores. As a consequence, q; decreases and shows a linear
variation with the reciprocal of square root of scan rate (v~/2).
Thus, by using equation 10, by extrapolating the plot, the inter-
cept, gq; can be calculated, where q;_. = ;. On the other
hand, when v— 0 i.e., ample time is available for diffusion,
thus allowing maximum ion-permeation across the electrode.
The total charge storage (g;,) under these conditions will be
high. Thus, 1/q*(V) varies linearly with v'/2. From equation
11, by extrapolating the graph, g;, can be calculated from the
intercept, where q; = (g, — qs).

TV =q+ g5 = Qe +k (V) (10)
1/q°(v) = 1/qp + k' (v}/3)" (1D
Hence, by using the above method, the maximum theoretical
capacitance from surface phenomena and diffusion can be eval-
uated. The calculated q; values of PC//NiCo-MOF and PC/
PC@FP//PC @FP/NiCo-MOF cells are 76 C (47 F g') and 66

C (41 F g!) whereas q; values are 1806 C (1128 F g'!') and 265
C (166 F g!) respectively.

Energy storage parameters enhanced by interlayers

Ragone plots (energy density (E) versus power density (P)) for
both cells are presented in Figure 6a. The maximum energy den-
sity obtained for the PC//NiCo-MOF cell is 24 Wh kg™!, which
increases by ~4 times to 92 Wh kg!, for the
PC/PC@FP//PC@FP/NiCo-MOF cell at the same power den-
sity of 0.8 kW kg''. At a higher power density of 4 kW kg™, the
PC//NiCo-MOF cell delivers E = 16 Wh kg! whereas the cell
with the interlayers (PC/PC@FP//PC@FP/NiCo-MOF) pro-
duces E = 46 Wh kg™!. Here the PC@FP interlayer serves as an
ion reservoir, which ensures the availability of a larger numbers
of ions to diffuse to the cathode and anode electrodes, during
charge-discharge. This ionic reservoir therefore, not only en-
sures sufficient charge carriers to access the full capacitance of
the electrodes, but also maintains the concentration of charge
carriers to maintain a sufficiently high ionic conductivity. Sim-
ultaneously, owing to its capability to conduct electrons, as ev-
ident from a low sheet resistance of ~200 Q cm?, the interlayer
also acts as a secondary current collector, which provides a driv-
ing force for electrons to propagate, and for every electron, a
charge balancing cation is inserted from the electrolyte. This in-
terlayer, due to its combination with the NiCo-MOF@N:i or the
PC@Ni electrode, allows maximum absorption of electrolyte
ions, thus enhancing the charge storage properties.

Comparison of the materials prepared in this study with the re-
sults of other MOF based metal oxide supercapacitors from lit-
erature is presented in the Ragone plot in Figure 6224~ The
MOF cell with interlayers, prepared in this work, clearly out-
performs most of reported cells in literature, thus showcasing
that this approach of using interlayers improves the storage re-
sponse significantly. Self-discharge profiles of two cells are
compared by charging at a current density of 4 mA with the cell
potential assessed as a function of time (Figure 6b). For both
the cells, the potential steadily drops to 1.40 V in the first 20 s
and further declines to 1.2 V after 2.5 min. For the PC//NiCo-
MOF cell, the potential drops to half of its initial value in ~5.5
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min. and it is discharged to 0 V in 20.5 min. This drop rate is
slowed down in the PC/ PC@FP//PC @FP/NiCo-MOF cell, as
it reaches half of its initial voltage within ~9.5 min and takes to
38 min to reach 0.3 V. This slower discharge, proves that the
interlayer is effective at accumulating charge and but at the
same time having a low self-discharge current. Here the
PC@FP interlayer serves as an ion reservoir, which ensures the
availability of a larger numbers of ions to diffuse in the electro-
lyte. This ionic reservoir therefore, not only ensures sufficient
charge carriers to access the full capacitance of the electrodes,
but also maintains a high concentration of charge carriers. The
self-discharge therefore occurs over a longer time-span com-
pared to the cell without the interlayers. A cycle stability for
capacitance retention of 88% is registered for the cell with in-
terlayers, and the cell without the interlayers, shows a capacity
retention of 92%, after 10,000 cycles at a fixed current density
of 5 A g (Figure 6¢).

Nyquist plots of the cells with and without the interlayers are
compared before and after 10,000 charge-discharge cycles in
Figure 6d,f, where Figure 6e shows the plot for the cell based
purely on the interlayers, the PC@FP//PC@FP one. These were
recorded over a frequency range of 10° to 0.01 Hz by superim-
posing an AC amplitude of 20 mV over the open circuit poten-
tial of a given cell. The equivalent circuit of [R{RC}W] used
for fitting the data is displayed in the inset of Figure 6d. Despite
the multiple layers in the PC/ PC@FP//PC @FP/NiCo-MOF
cell, the overall impedance is lower, compared to the PC//NiCo-
MOF cell. This is due to the fact that the sheet resistance of the
electrolyte wetted PC@FP electrode is reasonably low: 200 Q
cm, and therefore ion and electron transfer or propagation are
facile in the PC/ PC@FP//PC @FP/NiCo-MOF cell. It must be
noted, that when the PC@FP interlayer with the absorbed elec-
trolyte is in direct electrical contact with the PC or NiCo-MOF
electrode, it behaves differently from how it functions when
used alone. This is also palpable from the EIS parameters: the
pure-interlayer based cell, exhibits a very high bulk resistance
of 118 Q cm?, indicating that the electron injection contacts, at
both terminals of the cell, offer high resistances. In contrast, the
bulk resistances of the MOF cells without and with the interlay-
ers are quite low: ~0.8 and ~1.8 Q cm? (Tablel), exemplifying
that despite the slight increase in the contact resistance intro-
duced into the cell by the inclusion of the PC@FP interlayers,
the charge transfer resistance, which is the most important fac-
tor that controls cell performance, is in fact lowered by the pres-
ence of the twin interlayers. The charge transfer resistances are
8.8 and 7.5 Q cm? for the cells without and with interlayers, and
Y,, the measure of diffusional conductance are 5.6 and 43.8 mS
s!2cm? respectively. These values again confirm that the inter-
layer enable ease of ion-movement. With cycling, the charge
transfer resistance increases, and this is also reflected in the
change of the profiles to a distorted semi-circle followed by the
slanting line. Post-cycling, charge transfer resistances are 19
and 36 Q cm? for the cells without and with the interlayers. This
increase is an outcome of possible interfacial changes caused by
the repetitive insertion and extraction of ions from the elec-
trodes.

Role of PC@FP

The role of PC@FP is further illustrated from electrical conduc-
tion studies. I-V characteristics of PC@FP were recorded in a

SS/PC@FP/SS configuration (SS: Stainless Steel) over a volt-
age window of —2 to +2 V (Figure 7a). The plot is linear indi-
cating an Ohmic behavior confirming that electrical current is
driven by intrinsic charge carriers (electrons) in the material.
From the slope of the straight line fit, and by using the following
equation: ¢ = slope or (AI/AV) x d (thickness) /a (area), con-
ductivity (o) is determined to be 13 mS cm!, which is the DC
electronic conductivity. Ionic and electronic conductivities
were also estimated from impedance plots, recorded for the
free-standing PC@FP interlayer in a KOH solution, and for the
SS/KOH/SS configuration (Figure 7b,c). The following equa-
tions are used for calculating R, and Rjon.

1/(Rh—Rs) = 1/Re+ 1/Rjon 12)
3(Rl_ RS) =Ret+ Rion (13)

R is the solution resistance, which is obtained from the high
frequency abscissa intercept of the SS/KOH/SS cell. Ry is ob-
tained after subtracting R, from the high frequency intercept of
the PC@FP/KOH cell. Riis the limiting low frequency imped-
ance, obtained by extrapolating a tangent to the abscissa. Re and
Rion were calculated to be 1.7 and 20.4 Q cm?. While the elec-
tronic resistance is lower than the ionic one, but both resistances
are reasonably low. From Rjo,, the ionic conductivity is esti-
mated to be 1.1 mS cm™’. The electron conductivity calculated
from R, is 14 mS cm’!, which is almost the same as the one
obtained from the I-V data. These values affirm the ability of
the self-standing PC@FP interlayer to conduct not just elec-
trons but also K* or OH' ions efficiently across the thickness.
Such an interlayer, which is cost-effective, easy to fabricate and
scale-up, and is capable of efficient dual conduction is ideal for
supercapacitor and even battery applications. The proposed
mechanism for this is as follows: in this interlayer, the electri-
cally insulating cellulose based filter paper fibers are com-
pletely coated by the electrically conducting porous carbon par-
ticles which are interconnected, thus allowing electron delocal-
ization via the overlapping m-orbitals which are oriented above
and below the planes in the graphitic structure of the PC. Con-
currently, the pores in the filter paper allow deep electrolyte
penetration and under applied bias, the electrolyte cations or an-
ions tether via electrostatic attraction to the PC coated fibers of
the paper.

The conductivities of the NiCo-MOF and NiCo-MOF/PC were
estimated from two-probe I-V measurements (Figure 7f). The
powder compound was placed in a square cavity made by using
double sided tape on SS foil and the device was connected in
the SS/sample/SS configuration for the experiment. From the
linear plots of NiCo-MOF and NiCo-MOF/PC, the estimated
conductivities of NiCo-MOF and NiCo-MOF/PC are 0.32 uS
cm and 1.44 mS cm! respectively. PC increases the conduc-
tivity of the NiCo-MOF, which can increase the rate perfor-
mance. Although MOFs have a much lower conductivity, but
this conductivity is due to mixed valence states of the nickel
(Ni***) and cobalt (Co***), which allows inter-valence charge
transfer.

LED illumination from
PC/PC@FP//PC@FP/NiCo-MOF supercapacitors
To demonstrate the application potential of the
PC/PC@FP//PC@FP/NiCo-MOF supercapacitor, CV, GCD
and EIS plots of one such cell, 2- and 3- cells connected in series
(2S and 3S) are shown in Figure S7. In the CV plots, for 2S and
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3S configurations, the finer features of the oxidation and reduc-
tion phenomena are obscured, possibly to the complexity of the
overall assembly, and as anticipated, the overall anodic and ca-
thodic current densities reduce proportionally with increasing
number of cells connected in series. The rectangular CV pro-
files obtained for 2S and 3S ratify the capacitive nature of the
configurations. GCD plots show that the 2S and 3S configura-
tions could be easily charged to ~3 and ~5 V respectively, with
capacitances of 57 and 40 F g™, when operated under a current
density of 5 A g!. The 3S cell could deliver a capacitance of 40
F g!, implying that it could be used for small-scale powering
applications. EIS parameter comparison shows that the bulk re-
sistance increases with increasing number of cells, induced by
the increasing number of electrical contacts, and their re-
sistances add up to give this cumulative Ry, of 7.8 Q cm?, for 3S
compared to 1.7 Q cm? obtained for 1 cell. Charge transfer re-
sistance also experiences an increase to ~63 Q) cm? for 38, again
due to an increased number of electrode/electrode interfaces
that prevail in this multiple cell configuration. The capacitance
values and EIS parameters for 1S, 2S and 3S cells are summa-
rised in Table S1 (available in supporting information). A white
LED panel was connected to a 3S configuration of
PC/PC @FP//PC@FP/NiCo-MOF supercapacitors. During the
charging phase, which was accomplished using a potentiostat,
the LED was disconnected (panel (d)). Once the 3S supercapac-
itors were charged to ~4.8 V, the external source connections
were removed, the white LED was connected to the cell, and it
lighted up brightly (panel (e)). A few seconds late, the LED
dims (panel (f)), indicating that the discharging of the superca-
pacitors.

Demonstration of a stand-alone low cost power supply sys-
tem

The PC/PC @FP//PC @FP/NiCo-MOF supercapacitor was used
in conjunction with a solution processed solar cell with the ob-
jective of demonstrating that it can work as an independent
power source for electronic or computing devices. For the solar
cell, a TiO,/CdS electrode was fabricated using a wet chemical
route, and it was employed as the photoanode in the solar cell
(Figure 8a). The active electrode area was maintained at 3 x 1.8
cm?. The PC@Ni foam electrode with an equivalent active area
was used as the counter electrode (CE) for the solar cell. The
solar cell was assembled in a sandwich configuration with
TiO,/CdS as the photoanode, PC@Ni foam as the CE, and a
GF/D separator permeated with a few drops of polysulfide so-
lution (prepared by dissolving 1 M sulfur and 1 M Na,S in de-
ionized water), as the electrolyte which was affixed between the
two electrodes. KOH cannot be used in the solar cell as the elec-
trolyte, for in the solar cell, the electrolyte has to serve as a hole
scavenger. This role is played by the S/S* species. The edges
were sealed with an ethyl cyanoacrylate epoxy sealant. The cur-
rent density (J)-applied potential (V) characteristics were meas-
ured for the solar cell under 1 sun (100 mW cm?) and 0.5 sun
(50 mW cm?) irradiance (Figure 8b). The cell shows almost
negligible current density in dark, implying that the currents
produced under irradiance are predominantly an outcome of the
light driven processes. In this cell, upon illumination, electron-
hole separation occurs in CdS quantum dots, which serve as the
photosensitizers. The photoexcited electrons in CdS cascade
into the conduction band of TiO,, and finally reach the CE via
the external circuit, where they are consumed for the reduction

of S, species. The reduced nS* species reach the photoanode
and regenerate CdS. Under 1 and 0.5 sun, the short circuit cur-
rent densities (Jsc) are 4.9 and 2.35 mA cm?, but the open cir-
cuit voltages (Voc) are equal (~ 854 mV), indicating that with
increasing illumination, there is a higher degree of electron-hole
separation in CdS, and therefore the photocurrent density in-
creases. The fill factor (FF) of the solar cell, determined from
the expression: FF = Vi x Jmax / Voc xJsc, is also enhanced
from 0.59 to 0.65, and these two factors improve its’ power con-
version efficiency (PCE). The PCE was calculated using the ex-
pression: PCE = Voc x Jsc X FF / Pinput. Pinput 18 the incident solar
irradiance power. PCEs of the solar cell are 2.36 and 2.75% re-
spectively under 0.5 and 1 sun respectively. For such a large
area solution processed solar cell with an exposed area of 5.4
cm?, the value under 1 sun exposure, is much higher than the
values reported for large area quantum dot based solar cells. In
the past, for a 1 cm? TiO»/CuZnSnS solar cell, a value of 1.91
%* and for another cell with carbonate treatedTiO,-CdS-
Au@poly(acrylic acid) photoanode, and having an exposed
area of 4 cm?, a value of 1.06% were achieved*.

In order to photo-charge the supercapacitor, the two electrodes
of the resultant solar cell: TiO,/CdS/S*, S/PC@Ni foam were
connected to the two electrodes of the asymmetric
PC/PC @FP//PC@FP/NiCo-MOF supercapacitor, as shown in
Figure 8a. The two ends of the supercapacitor were also con-
nected to the potentiostat to monitor the photo-charging and gal-
vanostatic discharge (under dark). When the solar cell is ex-
posed to 1 sun (100 mW cm?), the photocurrent produced by
the solar cell is channelled to the PC/PC @FP//PC @ FP/NiCo-
MOF supercapacitor, which are electrically connected. This
photocurrent charges the supercapacitor to ~0.83 V (Figure 8c),
without the application of any external bias or current. The
charging time is ~ 147s. Since the Voc of the solar cell is 854
mV, the supercapacitor is charged to nearly the same potential.
The light is switched off, and the discharging of the supercapac-
itor was performed at three different current densities in dark.
From the discharge curves, the SC was calculated to be 294, 240
and 216 F g, at current densities of 1,2 and 3 A g”'. In terms
of areal capacitances, these values are 588, 480 and 432 mF cm”
2 under 2, 4 and 6 mA cm™ The SCs are larger than SCs re-
ported for photo-supercapacitors in the past, at similar current
densities. A photosupercapacitor (PSC) integrated by s perov-
skite: CH3NH3Pbls and poly(aniline)/carbon nanotubes (CNT)
using a CNT bridge delivered a maximum SC of 103.4 F g’
(422 mF cm™2)®. A carbon supported graphene/poly(3,4-eth-
ylenedioxythiophene) (PEDOT) supercapacitor integrated with
a solar cell delivered a maximum areal capacitance of 40.44 mF
cm? 3, In an another report on a PSC where a solar cell with
TiO»/S,N- doped graphene particles/CdS—S/S* /silica gel-
poly(3.4-propylenedioxythiophene)/carbon  microspheres-Bi
nanoflakes (PProDOT/CMS-BiNF) configuration connected
with a symmetric PProDOT/CMS-BIiNF supercapacitor gave a
maximum SC of 104.6 mF cm™>'. Our values here are superior
to above-mentioned values. The maximum energy density
herein is 14 Wh kg™! at a power density of 1.25 kW kg'. This
study clearly proves that the PC/PC @ FP//PC @FP/NiCo-MOF
supercapacitor can easily work in tandem with a photovoltaic
cell, and such a stand-alone assembly can find application as an
uninterrupted power supply system for internet of things having
inter-related computing devices, consumer electronic devices
and so forth.
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Conclusions

NiCo-MOF constituted by rhombic dodecahedrons at the nano-
level assemble under kinetic control to acquire semi-hollow
spherical structures, was synthesized. This MOF was endowed
with open channels that allowed fast ion insertion and extrac-
tion, and the large effective surface area of the MOF permitted
the infiltration of a large number of cations or anions during
charge-discharge. The NiCo-MOF cathode was coupled with a
PC anode synthesized from low cost, environmentally friendly,
amply available palm kernel shells. The ensuing PC//NiCo-
MOF supercapacitor encompassing an aqueous KOH electro-
lyte, delivered a capacitance of 134 F g!, energy and power
densities of 24 Wh kg and 0.8 kW kg at 1 A g}, over a work-
ing potential window of 1.6 V. This performance was improved
by incorporating free-standing interlayers of PC@FP which al-
lowed a greater proportion of charge accumulation owing to its
high mixed electronic and ionic conductivity. Furthermore, the
additional pore volume, leading to additional charge carriers in
the electrolyte, allowed the concentration of the ions to be main-
tained , thus prolonging the discharge time, and enhancing the
capacity. The improved supercapacitor
PC/PC@FP//PC@FP/NiCo-MOF architecture delivered a ca-
pacitance of 520 F g'! and an energy density of 92 Wh kg, in-
creased by nearly-four-fold compared to the supercapacitor
without the interlayers (at the same power and current densities
and voltage window). A panel of white LEDs was illuminated
using a 3S configuration and photo-charging of this supercapac-
itor with a solution processed solar cell was also demonstrated.
The latter exemplified that this cell can be used to develop
stand-alone powering systems for consumer electronic or com-
puting devices.

Supporting information

Experimental methods: Cell fabrication, fabrication of a pho-
toanode for a solar cell and instrumental techniques, Raman
spectra, FTIR spectra, BET, TGA of NiCo-MOF and PC, GCD
plots of a PC@FP//PC@FP cell, capacitive and diffusion con-
tributions recorded at 1 mV s’, electrochemical characteristics
and impedance fit parameters of 1, 2S, and 3S cells. This mate-
rial is available free of charge at http://pubs.acs.org.
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Table 1: Fitted EIS parameters for symmetric cells before and after 10000 charge-discharge cycles.

Cell State of the cell Ry (Q cm?) Ret (Q cm?)
PC@FP//PC@FP Fresh 118 76
PC//NiCo-MOF Fresh 0.77 8.8

After 10*cycles 1.50 19
PC/ PC@FP//PC@FP/NiCo-MOF Fresh 1.73 7.5

After 10%cycles 1.55 36
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Scheme 1. (a) Cartoons representing the synthesis of NiCo-MOF, (b) illustration of the fabrication of PC/ PC@FP//PC @FP/NiCo-MOF
cell using photographs, and (c) preparation schematic of PC from palm kernels.
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FIGURES

Figure 1. FE-SEM images of NiCo-MOF (a,b) before and (c,d) after annealing at 800 °C for 4 h and (e-g) PC.
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Figure 2. TEM images (a-d), lattice scale images (e,f), and SAED pattern (g) of annealed NiCo-MOF. TEM images (h-k), lattice scale
image (1) and SAED pattern (m) of PC.
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VB spectrum of NiCo-MOF. (g) XRD pattern of NiCo-MOF. (h) Deconvoluted core level spectra of Cls and Ols (inset) and (i) XRD

pattern of PC.
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Figure 8. (a) Photographs illustrating the fabrication of a solution processed solar cell with a PC@Ni foam counter electrode, and a stand-
alone assembly of the solar cell electrically connected with the PC/PC@FP//PC@FP/NiCo-MOF supercapacitor. (b) J-V characteristics
of the solar cell: TiO2/CdS/S*, S/PC@Ni foam, under dark and 0.5 and 1 sun irradiances. (c) Photo-charging of the supercapacitor under
1 sun irradiance, and galvanostatic discharging at different current densities in dark.

21



Graphical Abstract

Stand-alone Low Cost Power Supply System:
NiCo-MOF/Porous Carbon@pFilter Paper Supercapacitor-TiO,/CdS-Carbon

A

22



