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Electrochemical behavior of in-situ electrosynthetized
3D

Metal-Organic Framework (MOF) as ultra-stable thin
film on nickel foam

Thuan-Nguyen Pham-Truong* Hazar Guemiza, Hugo Lavilluniere, Cedric Vancaeyzeele and Pierre-
Henri Aubert*,

CY Cergy Paris Université, LPPI, F-95000, Cergy.

Highlights
* A versatile approach was proposed to elaborate thin film of Niz(HITP)> metal organic frame-

work at the surface of nickel foam

* As-prepared electrodes exhibits superior stability and electrochemical performance as binder
free system
* Intensive electrochemical investigations were performed to get insight the understanding of the

interface MOF/solution

Abstract: Metal-organic frameworks (MOFs) based materials have recently attracted a wide attention
for developing of high-performing supercapacitors (SCs). In the present work, the Ni3(HITP), MOF was
successfully electrosynthetized via a one-pot approach from and to the surface of nickel foam (NF) and
served as ultra-stable thin film electrode. The presence of the active layer is evidenced by a wide range
of technique ranging from morphological, spectroscopic to electrochemical ones. As the film was
formed within the diffusion layer of the NF surface, the electrochemical accessible surface area was
improved and the drawback of being low electrically conductive of MOF based materials could be min-
imized. Accordingly, it is confirmed by a significant charge accumulation over dissipation obtained by
electrochemical impedance microscopy and a capacitance retention about 40 % from 0.01 to 10 V.s'..

Besides, this approach allows the formed materials to be strongly attached to the surface of the current
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collector, thus significantly enhance the cycling stability around 100 % capacitance retention over 0.9 V

for 170,000 cycles

Keywords. Surface modification, metal-organic framework, electrochemistry, interface, thin film, su-

percapacitors

1. Introduction

In contrast with battery systems, supercapacitor is dedicated to electrochemical storage system that
stores electrical energy either by electrostatic absorption of ions within the electrochemical double layer
(EDL) and/or rapid faradaic reactions coupled with fast ion insertion at the surface of materials. Indeed,
the main difference between the two storage mechanisms results in no electron passing through the in-
terface material/solution in the first configuration while in the latter situation, interfacial electron trans-
fer occurs to change the redox-state of the active materials, leading to the contribution of pseudocapaci-
tance, leading to high energy density[1-3]. From power density standpoint, electrochemical double lay-
er capacitors (EDLC) outperforms others systems thanks to fast ion transport, i.e. commonly in the
range of 10 - 10 cm?.s!,[4] back and forth to the electrode surface. To achieve ultrahigh power densi-
ty, the required materials, which are rarely found in the literature, must possess high electrochemical
accessible surface area alongside with low electrical resistance. Up-to-date, a great majority of materials
for EDLCs devices are mainly composed of carbon-based ones [5-7], e.g. activated carbon, CNTs, and
graphene. Even though they possess high theoretical surface area, the experimental capacitance could
not reach theoretical values, mainly due to severe problems[8—10], such as Testacking, short/disordered
ion-conduction channels, low packing density, etc. In parallel with the development of new synthetic
procedure and/or processing methods using these materials, it is strongly expected to develop novel ma-
terials that could also satisfy the two crucial criteria. Indeed, a highly porous, additive-free and thin lay-

er electrode with superior stability could response to all requirements.

In the last decade, metal organic frameworks (MOFs) have widely been investigated in a large range of
applications thanks to their large specific surface area (~7,800 m2.g”! up-to-date [11] and can further
reach a theoretical value of ~15,000 m?.g'!) [12] as well as a capability to modulate the physical chemi-
cal properties by tuning their structure. Nevertheless, excepting few examples[13—17], pristine MOFs
are rarely used in supercapacitor application, resulting mainly from their low electrical conductivity (<
102 S.cm™)[18]. In most reported works, MOFs were mainly used as: (1) precursors and/or template for
generation of doped porous carbon by means of pyrolysis[19-21]; (2) constituent in composites by
combining with other conductive materials, e.g. conducting polymers[22,23], carbon-based
materials[24,25], etc. Even though high capacitances have been achieved, the cycling stability remains

an important shortcoming for practical uses. As example, mixture of cobalt-based layered MOF, carbon



black and polytetrafluoroethylene (PTFE) binder exhibit extraordinary capacitance of 2474 F.g' @1
A.g!, the capacitance retention, therefore, decreases more than 5 % only after 2000 cycles[26]. For a
wide skimming, Yaghi’s group reported a series of 23 different MOF nanocrystals/graphene[27] with
areal capacitance ranging from 0.221 to 5.085 mF.cm?. The cycling stability is strongly MOF-
dependent, thus areal capacitance drop to 80% after 300 — 10,000 cycles. Recently, Dinca and col-
leagues reported the synthesis of two dimensional Niz(HITP), (HITP = hexaiminotriphenylene) MOF
that possess exceptionally high electrical conductivity (2 S.cm™! for bulk pellet, 40 S.cm™ for 500 nm-
thick film[28] and up to 150 S.cm™! for single crystal[29]). It is worth noting that the bulk Ni3(HITP),
MOF (pellet) owns a specific surface area (SSA) of 630 m?.g"!, leading to an obtained gravimetric ca-
pacitance of 111 F.g! at discharge rate of 50 mA.g!. Accordingly, normalized capacitance of 18 uF.cm
2 (polymeric binder and acetylene black free electrode) was achieved that outperforms most of carbon
based materials and a strong cycling stability of 90 % in capacitance retention after 10,000 cycles at 2
A.g’'. [16] Later, Nguyen et al.[17] reported the direct deposition of Niz(HITP), MOF onto nickel foam
by electrophoretic method, resulting to strongly bound MOF layer with 84% capacitance retention after
100,000 cycles and an areal capacitance of 15.69 mF.cm?@0.1 mA.cm?. However, the electrode has to
be prepared via two-step process in which MOF materials must be solely prepared prior to the electro-
phoresis. Nevertheless, the fabrication of the electrode displays undoubtedly an important role in the

performance of MOF materials.

We describe herein one-pot and in-situ functionalization of nickel surface with a thin layer of
Niz(HITP)> through anodization of metallic nickel in presence of hexaaminotriphenylene (HATP) as
novel approach to generate highly stable MOF attached layer (Scheme I). As-prepared substrates can be
directly used as thin film and additive-free electrode and exhibit extraordinary stable performance with
negligible change in capacitance after being sonicated for 12 hours as well as a capacitance retention of
about 100 % after 170,000 cycles. Moreover, owing properties of thin film system, the ion-diffusion
kinetic is very fast, leading to a capacitance retention of about 50 % over a wide range of scan rate, i.e.

from 10 mV.s™! to 10 V.s™! with an areal capacitance of 4.8 mF.cm? at 10 mV.s™!.

2. Experimental Methods

2.1 Chemicals. Triphenylene-2,3,6,7,10,11-hexaamine 6HCl (HATP.6HCI) was purchase from
Shanghai Sunway Corp Ltd, Lithium perchlorate (LiClOs, >99%), ammonia solution (28% wt.), potas-
sium chloride (KCI, > 99%) were purchased from Sigma-Aldrich. All the chemicals were used as re-

ceived without further purification.

2.2 Instrumentation. X-ray photoelectron spectroscopy (XPS) analysis were performed using a

Thermo VG Scientific ESCALAB 250 system, fitted with a micro focused, monochromatic Al Ka (hv =



1486.6 eV). SEM images and EDXS were performed using a ZEISS GeminiSEM 300 and a Bruker
Quantax 123 eV. Thermal gravimetric analysis (TGA) was performed using a TGA Q50 (TA
INSTRUMENTS). The thickness of the substrate was recorded using a Dektak 150 (VEECO).

Electrochemical measurements were performed by using a Biologic VMP-3 potentiostat. For the elec-
trosynthesis of NiMOF, nickel foam (NF) was used as working electrode (WE), graphite rod as counter
electrode (CE) and Pt wire as quasi-reference electrode (QRE). For electrochemical characterization,
nickel-based electrodes (A = 0.785 cm?) were used as WE, activated carbon paste as CE (A = 0.785
cm?) and Ag wire as QRE in a Swagelok three-electrode setup. For 2-electrode measurements, symmet-
rical Swagelok-type cell was performed by using 2 NIMOF@NF (A = 0.785 cm?/disc) as active elec-
trodes. The difference in choice of reference electrodes is to prevent interference of possible Ag contam-

ination in presence of ammonia.

2.3 The electrosynthesis of Nis(HITP); MOF was carried out in three-electrode cell in which a
cleaned Ni foam (NF, 1 cm x 1 cm), graphite rod, Pt wire are used as working, counter, and reference
electrodes (Scheme I). They were immersed in 5 mL aqueous solution containing 1 mM of HATP.6HCI,
100 uL of ammonia solution (28 wt%) and 0.1 M of KCIl. The anodization was performed by using
chronoamperometry at different potentials during 1h (Figure 1B and S2). After electrodeposition, part
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of deposited MOF was detached into the solution and form black precipitates, but a thin and uniform
layer of Ni-MOF coats the surface of metallic nickel foam (Figure IB, inset). Prepared Ni-MOF@NF
substrates was washed thoroughly with distilled water, acetone followed by sonication for 30 minutes in

a mixture of water/acetone (50:50 v/v). Afterwards, the substrates were dried and ready for use.



Scheme 1. Synthetic route for generation of 3D-thin film of Ni3(HITP), metal organic framework at the surface of nickel
foam

3. Results and Discussion
3.1 Electrosynthesis of NIMOF'.

To investigate the formation Ni-MOF at different applied potentials, 2 complementary techniques were
used, i.e. cyclic voltammetry (CV) and chronoamperometry (CA). For CV, the potential was swept from
-0.2 V to 1V/Pt QRE at a scan rate of 50 mV.s™! while for CA, fixed potentials were applied for 60
minutes. As displayed by the recorded voltammograms, different electrochemical coupled chemical
processes could be observed. Indeed, the reaction follows two different electrochemical coupled chemi-
cal (EC) mechanisms in presence of ligand. The first EC pathway occurs at the potential range from 0 V
to 0.4 V (Figure 1A and inset) where plateaus current is observed which corresponds to the formation of

Ni(II),gs intermediates during the oxidation of Ni(0) — Ni(I)ags — Ni(I)ags — Ni**0[30,31] followed
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sivated thin layers of Ni3(HITP), that covers NF surface (See CA curves and SEM images at low poten-
tials — Figure S2 and 2A, respectively). On the contrary, at higher potentials, the generation of Ni**(sl
ions in the diffusion layer becomes dominant and therefore, they react with the HATP at the vicinity of
the surface, leading to formation of Niz(HITP); clusters. Indeed, as displayed in the Figures 1A and S1,
cyclic voltammogram of NF in HATP contained solution shows chemically irreversible electron trans-

fer.

Figure 1. (A) Cyclic voltammograms of Ni foam (1 cm x 1 cm) in 5 mL aqueous solution containing 0.1 M of KCl, 100 pl
of ammonia, in presence (Red curve, [HATP.6HCIl] = 1 mM) or in absence (black curve) of HATP.6HCI, (inset) Zoomed



CVs from -0.1 V to 0.5 V; (B) Chronoamperometry curves at 0.45 V in presence and in absence of HATP, (inset) photos of
nickel substrates (from left to right): Bare NF, modified nickel foam substrate in absence and in presence of HATP ligand,
respectively. For all of the measurements, Pt wire was used as quasi-reference electrode.

Moreover, onset potential of oxidation to Ni**(r is observed at 0.55 V whilst the oxidation was shifted
to lower onset value, i.e. Eonset = 0.3 V/ Pt wire in presence of HATP. The phenomenon could be at-
tributed to a displacement of electron transfer equilibrium[32] due to the consumption of Ni** by com-
plexing with amine groups. Due to Tt-stacking between Niz(HITP): layers, the generated particles precip-
itate onto the surface of NF and further act as growing sites for formation of continuous MOF film with
an estimated average thickness of about 150 nm, composed of small objects (d ~ 20 nm), that covers the
whole surface of NF (Figure 2B). As presented in the Figure S11 A-D, the SEM and STEM images of
detached NiMOF show tubular morphology over a thin carpet which an average length of 68 + 20 nm
and a diameter of 21 + 5 nm which must be identical to the morphology of the attached NiMOF layer.
Moreover, the specific surface area of the resulted material is calculated from BET measurements (Fig-
ure S11 E-F) to be at 350 m2.g"! which an average pore size of ~ 2 nm which is similar to previously
reported works[16,33]. Interestingly, upon deposition of Ni-MOF, the nickel surface is still electro-
chemically accessible with an increase in oxidative current (Figure 1B and Figure S2A). As observed by
our experiments (Figure S2B), the performance of the substrate follows the CA’s trend. Indeed, the
achieved capacitance increases during the first 30 minutes deposition and reaches a saturation level
thereafter. However, an excessive applied potential could lead to a domination of the second pathway,
thus, generate larges and disordered precipitates (Figure 2C) causing electron transfer/ion transport
blockage (Figure S2). In all cases, it was clearly evidenced that in presence of HATP ligand, the Ni-

MOF was formed at the surface of the nickel foam.
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Figures 2. SEM images of NIMOF@NF prepared at (A) 0.2 V, (B) 0.45 V and (C) 0.55 V/Pt QRE as deposition.potential by
means of chronoamperometry in 5 mL aqueous solution containing 0.1 M of KCI, 100 ul of ammonia and 1 mM of
HATP.6HCI, (D) BSD and (insef) SEM at low magnification image of sample prepared at 0.45 V.



From morphological standpoint, SEM images at low magnification show a uniform surface at nickel
surface with no difference between the modified and non-modified regions (Figure 2D, inset), confirm-
ing that no change in macro-structure of nickel substrate upon the formation of Ni-MOF was detected.
However, when backscattered electron detector (BSD) which detects elastically scattered electrons was
used to probe the chemical environment of the substrate. Accordingly, difference in contrast appears as
displayed in the Figure 2D. It should be noted that heavier elements are brighter in the recorded BSD
image, corresponding to non-modified nickel surface, while in the other side, Ni atoms are, as expected

with the formation of Niz(HITP),, diluted in carbon and nitrogen matrices, thus, a darker region is ob-
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Figures 3. (A) EDX spectra of NF (black) and NiMOF@NF deposited at 0.45 V (red) and (inset) elemental composition;
High-resolution XPS spectra of (B) Ni2p and (C) N1s.

To further confirm the presence of Ni-MOF layer at the surface, energy-dispersive X-ray spectroscopy
(EDXS) was used, showing the presence of C (0.28 keV), N (0.39 keV), O (0.52 keV) and Ni (0.85

keV) as main elements for both sides. However, a decrease in Ni content (88 % vs. 37.3 %) as well as a



massive increase in carbon (4.1 % vs. 40.7 %) and nitrogen (1.42 % vs. 12.3 %) content was observed
when passing from the bare Ni to Ni-MOF region, respectively (Figure 3A). Furthermore, the C/N ratio
is about 3.3 which closely corresponds to the theoretical value of HATP ligand. In order to achieve
more evidences in the formation of NiMOF, X-ray photoelectron spectroscopy (XPS) was used to probe

the chemical composition.

From the survey spectra of Ni3(HITP), MOF@NF and non-modified NF, the presence of Cls, Nls, Ols
and Ni2p can be confirmed for both samples which is consistent with EDX results (Figure S3). To get
insight the chemical nature and environment of different elements, especially Ni2p and N1s, high reso-
lution spectra were used as displayed in the Figure 3B-C. Two spin orbit peaks of Ni (2p!? and 2p*?)
were observed at a binding energy of 874.1 and 856.9 eV which are similar to previously reported val-
ues[33]. Furthermore, single type of Ni peaks indicates the absence of potential oxide species (Ep =
853.7 — 855.9 eV)[34] generated during the anodization at the surface as well as good recovery of the
NiMOF layer on top of metallic Ni foam (Ep = 852.1 eV). The formation of NiMOF at the surface can
also be confirmed with the high-resolution spectra of N1s, showing Ni-N4 type nitrogen at 399.1 eV[35]

while nitrogen from contamination at the surface of nickel foam has to be located at around 400 eV.

Besides, the thermal stability of MOF layer was investigated via thermogravimetric measurements (Fig-
ure S4A), which showed no degradation at 350 — 500 °C as previously reported temperature for
Niz(HITP)>[33]. This phenomenon could be further explained by a low mass loading of Ni-MOF as well
as a strong interaction between deposited layer and the substrate as already reported for other function-

alized surface with thin-film systems[36,37].
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3.2 Electrochemical behaviors of Ni-MOF layer
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Figures 4. (A) Cyclic voltammograms of electrodes prepared at different deposition potentials, ranging from 0V to 0.55 V/
Pt wire QRE, in aqueous solution containing 1 M of LiClO4 at 50 mV.s™'; (B) Calculated areal capacitance of the correspond-
ing electrodes from CV curves.

For electrochemical behaviors of functionalized electrodes, cyclic voltammograms were recorded using
electrodes prepared at different deposition potentials using 3-electrode setup (Figure 4A) and the areal
capacitance was calculated and reported (Figure 4B). In all cases, the areal capacitances are enhanced,

i.e. about 3 — 20 folds, comparing to bare nickel foam electrode, with an optimal value obtained with
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sample prepared at 0.45 V/Pt wire QRE. Accordingly, it is, again, confirmed about the presence of a

thin porous layer of Ni3(HITP), metal organic framework.

Figures 5. (A) Cyclic voltammograms of NiMOF in different electrochemical windows at a scan rate of 50 mV.s!; (B) CVs
at different scan rates (10, 20, 40, 60, 80, 100 and 200 mV.s™"). All CV curves were recorded in aqueous solution containing
1 M LiClOy4. The measurements were performed using 3-electrode setup (WE = NF or NIMOF@NF, CE = Activated carbon,
QRE = Ag wire).

Regarding the understanding of electrochemical phenomena at the interface between NIMOF@NF elec-
trode and the electrolyte, voltammograms of optimized electrode at different electrochemical windows
were recorded and shown in the Figure SA. By increasing the swept potential range from 0.2 V t0 0.8 V,
faradaic current was observed at potentials beyond 0.5 V. Reversible redox couple at ~ 0.6 V could be
attributed to the oxidation of open Ni** sites within MOF’s structure to Ni**. Indeed, the observed phe-
nomenon has already been reported by Dinca and coll.[38] by oxidizing Mn(I1)-MOF-74 to Mn(III) in
presence of iodobenzene dichloride. In order to evaluate the EDLC nature of the NiMOF layer, volt-
ammograms at different scan rates were recorded from OCP to 0.4 V and to -0.5 V as shown in the Fig-
ure 5B. Linear dependence between current density and applied scan rate was obtained, resulting in a
good rate capability of the electrode. Furthermore, the quasi-rectangular shape was maintained over a
wide scan rate range (10 — 10,000 mV.s™!, Figure 5B and S5), confirming the superior rate capability
and demonstrating excellent electrostatic EDLC nature due to exceptional ion accessibility inside the

porous layer. This characteristic is mainly observed in thin film electrode systems rather than with bulk



materials[39,40]. However, at a same value of scan rate, lower capacitive current was observed (Figure
5B) in the negative polarization (from 0V to — 0.3V/OCP), with i_/i+ ~ 0.85. It should be noted that the
formation of Stern’s double layer is strongly depended on the size of ions[41]. Thus, the aforementioned
current ratio could be due to a larger hydrated ion size of Li* (0.382 nm) than of C1O4™ (0.338 nm)[42].
Moreover, it is worth noting that further increase in applied potential would lead to the oxida-

tion/reduction of electrolyte.

To get insight the electron transfer at the interface, electrochemical impedance spectra at different ap-
plied potentials were recorded and Nyquist plots over a frequency range from 100 kHz to 10 mHz are
displayed in the Figure 6A. The Nyquist plots of the NiMOF sample remains similar with the applied
potential, ranging from 0 to 0.8 V/OCP. Accordingly, the EIS spectra could be treated in 3 main regions.
At high frequency (> 1 kHz), the plots intercept with the Z’-axis, resulting to a pure resistance behavior,
represented as an equivalent series resistance (Zgsr), which is mainly linked to the bulk electrolyte re-
sistance (Zgsr ~ 1.1 Q). Conversely, in low frequency region (< 100 Hz), steep increase of the imaginary
part (along Z”-axis) was observed which is linked to the electrostatic adsorption of ions in the porous
MOF network. To evaluate the deviation from an ideal capacitor, constant phase element is used to ex-
tract the a-value (0 < a <1), which is depending on the diffusion of ion inside the pores of the electrode,

according to the following formula[43]:

1

)

Two specific values of a could be expected: o = 0.5 when the diffusive length (d) is negligible com-
pared to the electrode thickness (e) or semi-infinite Warburg law is validated and a = 1 when the elec-
trode behaves like a pure capacitor (& = ). Accurate a-value is therefore revealed as the slope of the

log(Z”) = f(log(w)) plot and the evolution in function of applied potential is shown in the Figure 6B.

At potentials below 0.4 V, the values of a are close to 1 (0.8 — 0.92) which is typical for capacitive be-
havior. According to diffusion model inside porous materials reported by Cooper et al.[44] the porosity
of the presented Niz(HITP); layer is mainly composed of straight and closed pore which are coherently
in adequation with its chemical structure. Beyond 0.4 V, a-values ~ 0.7 were obtained, indicating a sig-
nificant resistance’s contribution. Firstly, ionic resistance increases, resulting from a low ion mobility
(in the range of 107'° cm?.s1)[45] inside the porosity of the MOF in responding to the applied poten-
tials. Indeed, the Rion increases ~ 140 % (from 37 to 52 Q.cm™) as the potential increases from 0 V to
0.8 V. Secondly, as aforementioned, the open Ni(Il) sites are susceptible for being electroactive which
would undoubtedly increases the total resistance of the system. In contrast, NF only exhibits a very large
charge transfer resistance, ranging from 2150 Q.cm? @OCP to 166 Q.cm™ @0.8 V, which is due to the

oxidation of Ni’ in consistence with the corresponding a-values, ranging from 0.1 to 0.5 (Figure 6B).



Consequently, the NiMOF layer could not only induce a capacitive behavior to the electrode but also act
as protecting layer against corrosion of metallic nickel under oxidative conditions (Figure S6). In order
to access to the charge accumulation at the interface solid/electrolyte, complex capacitance was used.
Indeed, charge accumulation and charge dissipation processes could be analyzed as real capacitance and
imaginary capacitance, respectively, via below relationship [46]: C(w) = C’(w) — jC”(w) where the real
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As shown in the Figure S7, at high frequency (>> 107 Hz), both terms tend to zero-value which is at-
tributed to high resistance behavior, inducing a difficulty for ions to be accumulated in the porosity of
MOF’s layer as well as for the charge to be dissipated. At lower frequency, an increase of both C* and
C” is observed, indicating the beginning of both charge accumulation/dissipation. For charge accumula-
tion (C’-term), by increasing the potential from 0 to 0.8 V/OCP, the onset frequency decreases from 126
to 1 Hz (Figure S7A). Thus, the system exhibits increasing resistance, resulting from low mobility of ion
inside porous structure. Nevertheless, once all of ions are distributed in front of the pore surface, the
formation of a compact ionic layer at the interface could be expected. Thus, an energy barrier is gener-
ated, allowing to slow down the ion dissipation as displayed by a decrease in C’” peaks with potential at
~ 6 Hz and ~ 0.15 Hz (Figure S7B). Consequently, the MOF system can undoubtedly provide high
charge retention. As reference test, no significant change in onset frequency with applied potential under
identical conditions was observed for bare nickel foam (Figure S8), indicating an absence in porous
structure. In order to correlate the ratio between charge accumulation and dissipation process, accumula-
tion ratio A(w) = C(w)/C”’(w) is used. Accordingly, high value of A(w) indicates the domination of
charge accumulation at the surface. Consequently, A(w) could be viewed as a key parameter instead of
separately considering C* and C” to evaluate the interfacial phenomena in EDLC system. As displayed
in the Figure 6C and S9, the accumulation ratio is plotted in function of the frequency in the log scale.
For potential ranging from OCP to 0.8V and in the medium range in frequency, there is no difference
between NiMOF and NF which is due to the domination of charge accumulation at the surface in both
systems. However, at low frequency region, A(w) continues to increase for NIMOF compared with NF
substrate (Figure S9), indicating more and more charges are accumulated at in front of the active surface
while the ratio decreases to zero in NF system, thus the oxidative charge consumption via nickel oxida-
tion becomes dominant. However, the A(w) peaks are shifted to lower frequencies as potential increas-

es, corresponding to the left-shift in C’(w) as aforementioned.

According to the works of Coster and colleagues[47] in the 90s on the use of complex conductance
G(w) in evaluation the boundary between electrode surface and electrolyte, the latter can be used to
achieve a better understanding of the electron transfer through faradaic process and charge accumula-
tion. Indeed, the intercept of the plot log(G’(w) = WC”’(W)) = fIA(W)max) (Figure 6D) indicates the value
of real conductance when charge dissipation becomes infinity. Accordingly, the G’-value for NiMOF is
8.9 mS while for bare NF substrate, a value of 171 mS, indicating that the electron transfer through far-
adaic processes is negligible for NiIMOF compared to Bare NF, thus, confirming the role of the MOF

layer to the protection of nickel surface towards corrosion as well as bringing new properties to the in-



terface, i.e. capacitive storage. Therefore, G’(w) would also be an complementary parameter to investi-

gate the kinetics of electrochemical processes at the interface of complex systems.
3.3 Application in supercapacitors

Towards application in supercapacitor devices, Swagelok cell with symmetrical 2-electrode setup in 1
M LiClOq electrolyte was used to evaluate the storage performance. Figure 7A — B show the voltammo-
grams of the device at different scan rate, ranging from 10 mV.s™! to 10 V.s™!, with a voltage of 0.9 V.
All of recorded CV curves show quasi-rectangular shape, indicating superior capacitive behavior along-
side with ultrahigh rate capability. As the mass of deposited NIMOF could not be determined with high

accuracy, areal capacitance was calculated according to the following equation:
Cy =(2[idV )/ (SxAV %)

where Careal is the areal capacitance (F.cm™), fiav represents the area of the voltammogram, S (cm?) the

surface area of the electrode, AV (V) the operating voltage and v (V.s™!) the scan rate.

Thereinto, the areal capacitance of the Ni3(HITP), MOF@NF electrode is 4.8 mF.cm? at 10 mV.s™!
(Figure 7C) which is among highest reported values for additive/binder-free MOF systems towards su-
percapacitor application[17,48]. The total capacitance of the device is determined at 5 mF.cm™ basing
on Trassatti’method which is composed of outer-pore capacitance of 0.85 mF.cm™ and of inner-pore
capacitance of 4.15 mF.cm? (Figure S10). Interestingly, the capacitance retention is remained about

40% as the scan rate increases by 1000-folds, i.e. 10 V.s'.

Actually, in thin-film systems, high electrical conductivity or low resistance from the electrode’s mate-
rials is achieved. Indeed, high electron transport within the active layer could be expected, thus, the sys-
tem is governed under ion-diffusion controlled regime. As the ion resistance is relatively low, the back
and forth diffusion of electrolyte within the porosity of NiMOF is strongly enhanced in our configura-
tion. Also, high capacitance retention is also an indication of highly ordered ion channels generated by
the MOF’s layer. Consequently, the NIMOF@NF system exhibits good performances with an energy
density of 0.58 pyWh.cm™ at a power density of 0.05 mW.cm™ and the value remained at 0.22 uWh.cm
2@18.5 mW.cm which is comparable with other thin film systems[49-51].

Last but not least, Niz3(HITP), MOF@NF electrode exhibits superior stability over cycling in 1 M
LiCl04 aqueous electrolyte at 1 V.s!' using cyclic voltammetry (equiv. to 0.4 mA.cm™) as shown in the
figure 7D. The symmetrical SC cell shows a capacitance retention of about 100% after 170,000 CV cy-
cles. The slightly difference between the 1% cycle and the 170,000 one is attributed to the exposition of
open Ni(Il) sites to the solution, thus, increase in faradaic contribution (Figure 7D, inset). It should be

noted that the extremely high adhesion of the attached layer is evaluated by sonication for overnight (~



12 hours). Even though the resistance is slightly increased, the areal capacitance is remained intact

(Figure S12).
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Figures 7. (A-B) CV at different scan rates of symmetrical 2 NiMOF electrodes; (C) Areal capacitance of symmetrical cell at
different scan rates, (D) Capacitance retention after 170,000 cycles at 1 V.s™!, (insef) Voltammograms at each 10,000 cycles
using symmetrical cell and (E) Ragone plot presenting the performance of NiMOF system compared to others thin layer
SCs[49-53]



4. Conclusions

In the present work, we have investigated the possibility to hierarchically and electrochemically gener-
ate Niz(HITP), MOF thin film coated NF substrate by chemical reaction coupled electrochemical oxida-
tion of metallic nickel substrate. The electrochemical behaviors of the formed surface were intensively
investigated by different methods. Unlike bulk MOF’s materials, the thin layer of metal organic frame-
work exhibits very low electron transport resistance without using additives (e.g. carbon black and pol-
ymeric binder), thus minimizing surface-controlled process which is one of the major issues for applica-
tion of MOF based materials in supercapacitor devices. From ion diffusion standpoint, even though the
ion-resistance is relatively low, extended investigations are still required to tailor the pore structure as
well as the chemical composition of the pore’s wall in order to have a better ion diffusion and to lower
ion trapping. In term of storage performance, the symmetrical cell exhibits an areal capacitance of 4.8
mF.cm™ at 10 mV.s"! which is among best performing additive-free MOF system up-to-date. Further-
more, this process could be easily upscaled by means of using a larger electrode or in a roll-to-roll pro-
cess. However, different pathways could be explored to generate thin layers of MOF which are sub-
strate-independent as well as to combine with other materials, e.g. conducting polymer. From different
electrochemical characterization, Niz(HITP), MOF presents a great promise in development of thin-film

(micro)supercapacitor to power smart electronics.
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