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ABSTRACT: Composites of a Ni-doped metal organic frame-
work (MOF) with reduced graphene oxide (rGO) are synthesized

in bulk (gram scale) quantities. The composites are composed of
rGO sheets, which avoid restacking from the physical presence of

MOF crystals. At larger concentration of rGO, the MOF crystals
are distributed on the overlapping and continuous rGO sheets. Ni
in Ni-doped MOF is found to engage in a two-electron, reversible,
efficient, redox reaction shuttling between Ni and Ni(OH), in
aqueous potassium hydroxide (KOH) electrolyte. The reaction is
rather unique as Ni-based supercapacitors use a one-electron
transfer Faradaic redox reaction between Ni(OH), and NiO-
(OH). Employing electrochemical impedance spectroscopy, we
determined the charge transfer resistance to be 184 mQ for MOF,
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74 mQ for a Ni-doped MOF and 6 m€ for a rtGO—Ni-doped MOF composite, but these modifications do not affect the mass
transfer resistance. This novel redox reaction in conjunction with the lowered charge transfer resistance from the introduction of
rGO underpins the synergy that dramatically increases the capacitance to 758 F/g in the rGO—Ni-doped MOF composite, when
the parent MOF could store only 100 F/g and a physical composite of rGO and Ni-doped MOF could algebraically achieve
about 240 F/g. A generic approach of doping MOFs with a redox active metal and forming a composite with rGO transforms an
electro-inactive MOF to high capacity energy storage material with energy density of 37.8 Wh/kg at a power density of 227 W/
kg. These results can promote the development of high-performance energy storage materials from the wide family of MOFs

available.
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1. INTRODUCTION

Ever growing demand for power systems for delivering energy
at high power has necessitated the application of super-
capacitors as charge storage devices. Supercapacitors can store
energy by non-Faradaic process in which charges are stored
electrostatically at the electrode interfaces or by Faradaic
process in which charge storage is accomplished by electron
transfer through changes in the oxidation state of electrode
material. Depending on the electrode material, these two
mechanisms can operate independently or together. Faradaic
redox reactions depend on reactant ions and reaction site
density can provide 10—100 times higher energy density than
non-Faradaic processes," while double layer charging usually
provides high power density. So, materials that combine both
Faradaic and non-Faradaic processes are likely to provide
optimal combination of energy and power density.

Metal organic frameworks (MOFs) are crystalline, open-
porous materials consisting of metal ions or metal—oxo units
coordinated by electron donating organic ligands and possess
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very high surface area (~7000 m?/ g),2 well-defined pore sizes,
tailorable structure and permeability to guest molecules.’>
They have found application in catalysis,® gas separation,” drug
storage and delivery,®” imaging and sensing,'® optoelec-
tronics'’ and molecular sieving.” MOFs with different metal
centers and tunable organic ligands have been synthesized, and
while these chemical building blocks can participate in electron
exchange processes with the likelihood of providing rich
fundamental data, utilizing these materials for energy storage
application has been limited. The electrochemistry of MOFs
would involve several coupled processes of electron transfer
and ion transport into/from the solid lattice.">™"* In an early
report, Doménech et al."> showed that Cu MOF and Zn MOF
underwent well-defined reduction processes depending on the
type of electrolyte, followed by oxidative dissolution of
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electrochemically generated metal deposits. Loera-Serna et al.'®

reported that the synthesis process determines the Cu content
in the resultant HKUSTIMOF (Cuy(BTC),; BTC = 1,3,5-
benzenetricarboxylate), so HKUST1 prepared by various
synthesis methods elicit Faradaic reactions to different degree.
Lee et al.'” reported high capacitance for Co MOF in the
presence of lithium hydroxide (LiOH), however it became
unstable in aqueous potassium hydroxide (KOH). Diaz et al.'®
synthesized Co-doped MOF-S and evaluated its electro-
chemical performance using 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF,) in acetonitrile, achieving a
maximum capacitance of a modest 2 F/g, likely because the
metal centers did not participate in any Faradaic reaction.
Moreover MOFs are inherently insulators that potentially limit
their capacity to deliver power. Thus, composites of MOF with
nanoscale conductive phases such as graphene are a realistic
strategy for improving the power densities of MOF-based
materials. Reduced graphene oxide (rGO) possesses high
conductivity and high surface area and has been exploited as an
electrical double-layer supercapacitor.'” Reports related to
MOF/graphene oxide (GO) and MOF/rGO composites so
far focused on applications in gas adsorption,*””! electro-
chemical biosensing,”> photocatalysis, and gas sensing.*’
Recently, however, Choi et al** have demonstrated the
possibility of MOFs in electrochemical energy storage by
studying a series of MOFs as a composite with graphene for
energy storage applications. The highest capacitance (0.64 F/
em®y, . and 5.09 mF/cm?) was reported for a Zr and 4,4’
biphenyldicarboxylate MOF/graphene composite in 1 M
tetraethylammonium tetrafluoroborate ((C,H;),NBF,).

Discovering novel MOFs with excellent energy storage
capabilities could be serendipity, but tailoring existing MOF
and encouraging the metal centers to participate in rapid
electron transfer processes mediated by the graphene nano-
sheets would be a generic approach to obtain new high-
performance, next-generation energy storage materials. We
have therefore investigated the effect of doping of Ni into the
lattice of a prototypical MOF structure, MOEF-S, and the
formation of intimately mixed composites with rtGO on the
electrochemical charge storage capability and mechanisms. In
general, MOF-5 suffers from poor electrochemical response
and instability in aqueous media because the Zn metal centers
undergo irreversible redox processes in most aqueous electro-
Iytes over the general operating potential window (0—1 V).*®
Our strategy (illustrated in Scheme 1) relies on partially
substituting the Zn metal centers with Ni, which is known to
make the MOEF-S stable in aqueous environments and undergo
reversible redox reactions in the presence of alkaline electro-
lytes. Forming a composite with rGO is expected to increase
the electronic conductivity, which would enhance charge
transfer characteristics.

2. EXPERIMENTAL METHODS

2.1. Synthesis of MOF-5, rGO, Ni-Doped MOF-5 (MOF-5y;)
and rGO Added Ni-Doped MOF-5 (MOF-5y; o). All reagents,
unless otherwise stated, were obtained from commercial sources
(Sigma-Aldrich, Merck, and Ajax Fine Chemicals, Pty., Ltd.). They
were of analytical grade and were used without any further purification.

2.1.1. MOF Synthesis. Published procedures**™>® have been
followed to synthesize MOEF-S. Briefly, 1.2 g of zinc nitrate
hexahydrate (Zn(NOs;),, 6H,0) and 0.334 g of terephthalic acid
(BDC, C¢H,(COOH),) were dissolved in a solution of 40 mL of
dimethylformamide (DMF) and S mL of Chlorobenzene under
constant stirring. Subsequently, 2.2 mL of triethylamine (TEA) and 4
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Scheme 1. Concept for Ni Doping and Incorporating rGO to
Form a Composite of rGO and Ni-doped MOF-5 and Its Use
As an Electrode Material That Harness Both the
Electrochemical Double Layer Performance of rGO and the
Reversible Redox Reactions of Ni Metal Centers with a
Synergy That Facilitates Effective and Efficient Charge
Transfer Processes

Ni doping rGO addition
_ R
MOF-5 MOF-5y;
MOF-5y; co
Oxidation

(\ . Ni(OH),
. \_)Reduction

Ni + 20H €> Ni(OH), + 2e-

o
Ni(OH),

drops of hydrogen peroxide (H,0,) were added, and the mixture was
subjected to agitation for 45 min. The resultant white precipitate was
collected by vacuum filtration and was washed with DMF (3 X 10
mL). The filtrate material was stored in chloroform (CHCl,) for 24 h
to exchange DMF solution.

Ni-doped MOFs were synthesized using the same procedure as
MOF-S synthesis. However, in this case, Zn(NO;),, 6H,0 was
partially substituted by nickel nitrate hexahydrate (Ni(NO;),, 6H,0).
For example, to synthesize 50% Ni doped MOF-5, we used 0.6 g of
Ni(NO;),, 6H,0 along with 0.6 g of Zn(NO3),, 6H,0. The Ni-doped
MOE-S would henceforth be known as MOF-5y;.

2.1.2. rGO Synthesis. Graphene oxide (GO), the precursor for
reduced graphene oxide (rGO) was synthesized from natural graphite
powder (gprovided by SER, Pty, Ltd.) using a modified Hummers
method.” Details of GO synthesis is reported in the Supportin%
Information (Section S1). A procedure reported by Stankovich et al.®
was used to reduce as prepared GO. In a typical process, 100 mg of
GO was loaded in a round-bottom flask, and 100 mL of water was
added. The resultant inhomogeneous brown dispersion was then
sonicated in an ultrasonic bath cleaner for 1 h. Then, 1 mL of
hydrazine hydrate (32 mmol) was added to the GO dispersion and the
mixture was heated at 100 °C for 24 h under a water cooled
condenser. The black precipitate was isolated under vacuum filtration
using a 0.2 pm nylon filter. The filtrate was collected, copiously
washed with distilled water (5 X 100 mL) and methanol (5 X 100
mL), and dried under a continuous flow of air.

2.1.3. MOF rGO Composite. To synthesize the MOF rGO
composites, we dispersed different weight percentages (S, 10, 30,
and 50%) of rGO in a mixture of DMF and chlorobenzene, which was
used during the synthesis of MOF-Sy;s04. In a typical process, 0.76 g of
rGO (which is 50% of the total weight of the metal nitrate salt and
BDC) was dispersed in 40 mL of DMF, and the mixture was sonicated
in an ultrasonic bath cleaner for S h. Subsequent centrifugation at 3000
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Figure 1. SEM micrographs of (a) MOF-$ and (b) MOF-Sy;sqs- Little change in the flake-like morphology of MOF-5 occurred due to Ni doping.
SEM micrographs of (c) MOF-Syiso% rcosser (d) MOF-Sxisom rcorom (€) MOF-Sxisom rgosos and (f) MOF-Syisox raosox-

rpm for 10 min did not show presence of any aggregates, which
indicated that rGO sheets were well dispersed in DMF. Subsequently,
S mL of chlorobenzene was added to this well-dispersed rGO
dispersion, and the dispersion was kept under constant stirring. Next,
0.6 g of Ni(NO3),, 6H,0, 0.6 g Zn(NO;),, 6H,0, and 0.334 g BDC
were dissolved in the rGO/DMF/chlorobenzene dispersion. Further,
2.2 mL of TEA and 4 drops of H,0, were added, and the mixture was
agitated for 45 min. The resultant black precipitate was collected by
vacuum filtration and was washed with DMF (3 X 10 mL). The black
filtrate was stored in chloroform (CHCl;) for 24 h to exchange DMF
solution. This procedure was repeated to synthesize various MOF rGO
composites with different weight percentages (5, 10, and 30%) of rGO.
The rGO incorporated MOF-Sy;505 would henceforth be known as
MOE-5yis0% rGo-

2.2. Characterization of MOF-5, MOF-5y;, and MOF-5y50, ro-
2.2.1. Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM), and Energy Dispersive X-ray (EDX) Analyses. The
morphologies of the MOF samples were analyzed by a FEI Nova
NanoSEM 450 FEGSEM. To avoid charging, we coated all MOF
samples with a thin layer of gold prior to SEM analysis. TEM analysis
was performed using an FEI Tecnai G2 T20 TWIN TEM at 200 keV.
MOEF-Syis09 and the MOF-Syis00 rgoson Samples were dispersed in
ethanol and loaded on a holey carbon-cupper grid. EDX analysis was
performed with a Bruker Quantus 200 TEM X-ray analysis system and
30 mm?* SDD with super light element window (slew) fitted with the
FEI Tecnai G2 T20 TWIN TEM. During the EDX analysis, the
sample was tilted at 20°.

2.2.2. X-ray Diffraction (XRD) Analysis. MOF and MOF rGO
composites were analyzed by XRD using a Phillips 1140 diffractometer
with Cu Ka line generated at 40 kV and 25 mA at a scan rate of 0.5°/
min and a step size of 0.02°.
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2.2.3. Raman Spectroscopy Analysis. Raman spectra were
obtained using a Renishaw Confocal micro-Raman Spectrometer
equipped with a HeNe (632.8 nm) laser operating at 10% power.
Extended scans (10 s) were performed between 100 and 3200 wave
numbers with a laser spot size of 1 ym. Once the background was
removed, the intensity of the spectra was normalized by dividing the
data with the maximum intensity. The peak position was found using
the full width at half-maximum, as is common practice for analyzing
spectral data.

2.2.4. Surface Area and Pore Textural Characterization. Surface
area and pore textural characteristics of the MOFy;50y and
MOFyis0% rgosos Were obtained from the N, adsorption isotherms
for pressures up to 1 bar measured by a volumetric method using a
Micromeritics ASAP 2420 instrument at 77 K (liquid nitrogen bath).
Freshly prepared samples were transferred into a predried, evacuated,
and weighed Braunauer—Emmett—Teller (BET) analysis tube.
Samples were evacuated and activated at 200 °C under dynamic
vacuum at 107 Torr for 12 h to remove any residual solvent and
measure the sample mass precisely. Gas adsorption measurements
were performed using ultrahigh purity nitrogen. BET surface area and
pore size distribution data were calculated from the N, adsorption
isotherms based on the DFT model in the software provided within
the Micromeritics ASAP 2420 instrument.

2.2.5. Electrical Conductivity Measurements. Conductivity was
measured by an Agilent B2902A source measuring unit (SMU) with
Agilent Quick IV software. The current was measured as the electrode
potential was swept from —0.05 to +0.05 V. The scan rate used in the
measurements was 0.022 V/s with a measurement taken at every
0.0001 V. The details of the process and formula used to calculate
conductivity is elaborated in the Supporting Information (section S2).
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Figure 2. TEM micrographs of (a) MOF-Sy;ss on holey carbon—copper grid and (b) MOF-Sy;s06 rgososs Showing MOF-Sy;s0s distributed on rGO

sheets.
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Figure 3. XRD spectra of (a) simulated MOF-5, MOF-5 and MOF-5y;5%. (b) XRD and (c) Raman spectra of MOF-Sy;50, With and without rGO
addition. Relative comparison of the Raman spectra of rGO and MOF-Sy;504 :co confirmed the presence of few layer thin rGO in the composites.

2.2.6. Fabrication of the Electrodes for Electrochemical Measure-
ments. The as-prepared MOF and MOF—rGO composites, acetylene
black, and polyvinylidene difluoride (PVDF), were mixed in a mass
ratio of 80:10:10 and dispersed in N-methyl-2-pyrrolidone (NMP).
Then, the resultant mixture was coated on a 10 mm diameter titanium
(Ti) disk with a doctor blade. This procedure was followed by drying
the electrodes at room temperature for 24 h. The average thickness of
the electroactive material coated on the Ti current collector was ~S5
pum, as measured by a Dektak 150 profilometer.

2.2.7. Electrochemical Measurements. All the electrochemical
measurements were performed in 1 M potassium hydroxide (KOH;
Merck) using a BioLogic VSP potentiostat and an electrochemical cell
containing three electrodes (the prepared electrodes acted as the
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working electrode, platinum mesh and silver/silver chloride electrode
(Ag/AgCl) were used as the counter and the reference electrodes,
respectively). All the measurements were performed under ambient
conditions. Open-circuit potential measurements were performed for 1
h prior to every electrochemical experiment to ensure a stable
electrochemical condition. A fluctuation of less than 10 mV of the
open circuit potential sustained for a period of 1000 s was considered
as a stable electrochemical condition. Cyclic voltammetry (CV)
measurements were performed between 0 and 0.6 V (vs Ag/AgCl) at a
scan rate of 1 mV/s for 5 cycles. To obtain consistent measurements,
we monitored the change in the current responses over different
cycles. We observed no significant change in the CV plots after the
second cycle, and hence, the CV plots reported here are the ones
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Figure 4. (a) Specific capacitance as a function of Ni doping concentration and (b) specific capacitance as a function of rGO concentration in MOF-

Snisow in 1 M KOH.

obtained after the third cycle. The formula used to calculate specific
capacitances, energy, and power densities of the electrodes are
elaborated in the Supporting Infromation (section S3.1). Galvanostatic
charge/discharge measurements were performed in the potential range
of 0—0.5 V (vs Ag/AgCl) at a constant current density of S0 mA/g.
Electrochemical impedance spectroscopy (EIS) tests were carried out
by applying a sinusoidal potential perturbation at the open circuit
potential with an amplitude of 10 mV. The impedance response was
measured over frequencies between 1 MHz and 10 mHz, recording 6
points per decade of frequency. Impedance analysis was carried out
using PAR ZSimpWin package for Windows generally for frequencies
between 100 kHz and 50 mHz to prevent misinterpretation of any
artifacts that may be present in the high-frequency region or scatter in
the low-frequency region. The details of the fitting procedure to
analyze the impedance data using electrical equivalent circuit is
reported in the Supporting Information (section $3.2). The resistances
reported in the work are normalized per unit gram of MOF material.
All the electrochemical experiments were repeated at least thrice to
examine the reproducibility of the electrochemical data.

3. RESULTS AND DISCUSSION

3.1. Material Synthesis. MOF-5 can be synthesized by
various routes such as solvothermal,®' direct mixing,32 slow
diffusion.> The synthesis route can control the crystallography
and morphology of the resultant MOF crystals. Here, we
adapted the “direct room temperature mixing approach”, a fast
synthesis method yielding bulk quantities of MOF. Ni doping
of MOF-S (MOF-Sy;) has been previously reported by Li et
al>* and Yang et al® using the solvothermal method, but not
by the direct room temperature mixing approach. In this report,
the concentration of the doping content of Ni is based on the
starting concentration of the precursor as the concentration of
Ni in the filtered solution after the MOF had crystallized was
negligible.

3.2. Characterization of Ni Doping of MOF-5 and
Composite Formation with rGO. SEM micrographs (Figure
la,b and Figure S2, Supporting Information) reveal that Ni
doping did not alter the flake-like morphology of MOF-5. The
flake dimensions in the longitudinal direction were in the range
of 100—300 nm. Even the presence of rGO had little change on
the overall morphology of the MOF crystals (Figure lc—f).
Discrete rGO nanosheets at low concentrations of rGO grew
into continuous interconnected sheets (shown by arrows) at
high concentration (~50%) of rGO (Figure 1f). A TEM
micrograph (Figure 2b) providing clearer insight into the
morphology of MOF-Sy;s0% :gosow shows that MOF crystals
were randomly distributed on the rGO sheets. The EDX
analysis (Figure S3c, Supporting Information) of the MOF
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crystals showed presence of both Ni and Zn in the MOF
framework (Supporting Information, section S5).

Surface area and pore textural characterization suggested that
rGO addition decreases the surface area of MOF (Table S1,
Supportin§ Information), which is consistent with the
literature.”” The pore volume was marginally increased due to
rGO addition (Table S1, Supporting Information), which can
be attributed to the formation of new pore spaces at the MOF/
rGO interfaces.”" Details of the surface area and pore textural
properties are reported in the Supporting Information (section
S6).

XRD spectra of MOF-S (Figure 3a) is analogous to
simulated MOE-5 reported by Li et al.** and other
reports,””**3* but the intensity of the peak at 6.9° (d spacing,
12.8 A)*® is small in comparison to the peak at 9.7° (d spacing,
9.1 A).* Prior reports have also demonstrated this anomaly in
MOE-5 crystals.””**3>3¢ Absence of any additional diffraction
peak (Figure 3a) in MOF-Sy; suggests it is iso-structural with
MOF-5, which implies that Ni is incorporated into the
framework by partial substitution of Zn ions in the [Zn,0]%*
clusters. This observation is consistent with the previous studies
related to metal (Ni, Co) doping of MOE-53**% In the
composite with rGO, the presence of rGO did not change the
peak positions of MOF-Sy;50; (Figure 3b), indicating that rGO
did not hinder the formation of linkages between metal centers
and organic ligands.*® This also may suggest the formation of
composites of rGO and MOF via weak electrostatic interaction
in addition to other dispersive forces.”" The peak around 26.5°
arising from (002) plane of rGO coincides with a peak of MOF.
However, Raman spectra of the MOF-Sy;504 :go composites
confirmed the presence of rGO (Figure 3c). Graphitic
structures including rGO (Figure 3c) are characterized by the
G peak (~1590 cm™) assigned to the E,, phonon of the sp”
hybridization and the D peak (~1350 cm™), which is the
breathing mode of k-point phonons of Alg symmetry.”>*®
MOF-5y;500, is also Raman active due to the presence of
terephthalic acid ligands with characteristic peaks at 1615, 1428,
1181, and 1138 cm™" associated with the in-plane vibrational
modes of the aromatic rings, while the peaks at 863 and 630
cm™" correlate to C—H stretching or out-of-plane vibrational
modes of the aromatic rings.*” The characteristic peaks of both
rGO and MOF-5y504 Were present in MOF-Sy;s00 rgo at their
respective wave numbers, which further strengthens the
formation of composites between rGO and MOF-5y;. We can
see that rGO is more Raman active than MOF-Sy;59, which is
attributed to the larger number of aromatic rings in its
structure, and as a result, a clear trend of the intensity of
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Table 1. Comparison of the Electrochemical Characteristics of MOF Electrodes in 1 M KOH

charge transfer

charge/ dischar§e

electrode capacitance resistance (m<) cyclability (%
MOEF-5 90 F/g 184
MOF-Syis006 380 F/g, 0.54 74 195
F/cm
MOF-Syison igososs 758 F/g, 1.28 6 214
F/cm

cycles required for
complete activation energy density power density
260 19 Wh/k%, 267 X 10 114 W/kg, 0.16
Wh/cm mW/cm?
65 37.8 Wh/kg, 6.41 X 10~ 226.7 W/kg, 0.4
Wh/cm? mW/cm?

graphitic peaks with rGO content is not observed. However,
the peak at 863 cm™ from MOF-Sy;sos, decreases in intensity as
the content of rGO increases. We also draw attention to the
presence of a broad 2D band in these composites; the 2D-to-G
ratio of graphene layers is 0.2 + 0.02, which corresponds to 3—
4 layers of rGO.* This suggests that rGO in the composite is
nicely exfoliated and, to a large extent, protected from
restacking by the MOF crystals as these rGO sheets form a
thin membrane like structure on which the MOF crystals were
distributed (Figures lc—f and 2b).

3.3. Effect of Ni and rGO on Electrochemical Proper-
ties of MOF-5. We have restricted our studies to Ni doping
concentration of 50% as higher concentrations are likely to
change the crystal structure of the parent MOF-5. The
capacitance of MOF-S measured from CV plots (Figure S8a,
Supporting Information) increased with increasing Ni doping
concentrations (Figure 4a), which is not surprising given the
increase in the number of redox sites. The capacitance ~380 F/
g at 50% Ni doping concentration is similar to Co based MOF
(~206.76 F/g) in 0.5 M lithium hydroxide (LiOH))'” but
larger than Co doped MOF S (3.5 F/g) in TBSPF, in
acetonitrile'® highlighting the consequence of participation of
redox active metal centers. Even the areal capacitance of MOF-
Snisose (534 mF/cm?) was significantly higher than recent
reports of nHKUST-1 MOF (0.324 mF/cm? in 1 M
tetraethylammonium tetrafluoroborate) reported by Choi et
al>* These results suggest that doping existing MOFs with
redox active metal centers engaged in reversible redox reactions
is a practical approach for increasing the charge storage in
MOFs. Charge storage capability further improved when
composites were formed with rGO (Figure 4b). The impact
of rGO addition on capacitance (calculated from Figure S10a,
Supporting Information) is minimal at low concentration of
rGO (S and 10%), but increases dramatically with increasing
rGO (30 and 50%). Maximum capacitance as high as 758 F/g
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was achieved in case of MOF-Syiso% rGosons aS at a
concentration of 50%, rGO starts forming an interconnected
membrane-like structure (Figures 1f and 2b). When these
values are converted to areal capacitance (~1.28 F/cm?) the
metrics are seemingly larger than most published reports of
MOF rGO composites.”*

3.4. Comparison of MOF-5;500, and MOF-5ys0. rGo50%-
Although various compositions were prepared and studied,
here, we will compare and contrast two representative
compositions: MOF-Sy;s0s and MOF-Sysos rcoson- Redox
peaks with distinguishable cathodic and anodic peaks separated
by ~122 mV were observed in MOF-5y;50y, whereas MOEF-
Sniso% rGosow Shows an anodic peak and a broad cathodic
response (Figure Sa). The broad cathodic response is
suggestive of double layer charging behavior from the rGO
nanosheets which masks the Faradaic response. In Figure Sb,
we highlight that the measured capacitance of MOF-
Sxisow rosow (758 F/g) is around 3 fold higher than the
algebraic sum of the constituents (224 F/g), if one considers
equal contributions from electrical double layer charging in
rGO and Faradaic reactions in MOF-5y;504. This can be
attributed to a synergetic interaction between rGO and
MOF** and not merely a physical composite as evidenced
by the enhanced current response of the Faradaic anodic peak
in MOF-Syis00 rGososs. A broad overview of the electrochemical
properties of relevant materials is shown in Table 1.

3.5. Mechanism of Redox Reactions in Ni-Doped MOF
5 and Cyclability. In general, significant morphological and
chemical changes occur in electrodes undergoing Faradaic
redox reactions, which often results in limited cyclability,** but
Table 1 reports the unusually large cyclability (>100%) for our
MOF materials. This raises the questions: What are the possible
redox reactions occurring from Ni doping? Are these reactions
reversible? What chemical and morphological changes occur
due to these reactions? To answer these questions, we
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investigated MOF-Sy;500, electrodes by SEM and XRD right
after the oxidation peak and again right after the reduction peak
(represented by the stars in Figure Sa) after five cycles of CV at
a scan rate of 1 mV/s. The surface of the electrode after
oxidation was covered with oxide particles (Figure 6b), but they

(d) ——asprepared MOF electrode
=2 fter oxidation peak
——after reduction
—after S00 CV cycles

n\

N ll A A

5 25 45 65
2 O (degree)

Figure 6. SEM images of MOF-Sy;5os electrode morphologies; (a) as
-prepared, (b) after oxidation, and (c) after reduction. (d) XRD shows
the prominent Ni(OH), peaks after oxidation and their disappearance
after reduction.

disappeared after reduction (Figure 6c) and resembled the
parent electrode (Figure 6a). XRD spectra (Figure 6d) of the
electrode collected after oxidation had distinct peaks at 14.4,
24.5, 28.8, 34.4, and 39.5° and confirmed the presence of nickel

hydroxide, Ni(OH),, (PDF No. 0.38-0.715 and PDF No. 014-
0117),** which vanished after reduction. The XRD spectrum
of the original MOF is therefore restored in agreement with the
morphological changes shown in Figures 6a—c. We propose
that Ni metal centers in MOEF-S undergo a 2-electron redox
reaction based on existing reports on Faradaic redox reactions
at Ni surface in alkaline electrolytes.***’

Ni + 20H™ < Ni(OH), + 2e”

In a reversible redox reaction, the potential difference between
the redox peaks is 59 mV n~L, where n is the number of
electrons involved.*®*° Astonishingly, the redox peak separation
is ~122 mV (Figure Sa) which strongly reinforces the two
electron mechanism. Unlike the Ni surfaces in alkaline
electrolytes the reaction is highly reversible (Figure S9a,
Supporting Information) because the Ni sites are stabilized in
the MOF structure by the terephthalic acid ligands and reverts
back to the parent MOF structure after redox cycling is
completed. We believe this efficient two-electron redox reaction
at the Ni sites of doped MOEF-5 distinguishes our composite
material from the rather extensively studied Ni oxide/hydroxide
pseudocapacitors*"*® which undergo a one-electron transfer
between Ni(OH), and NiO(OH) phases. Furthermore, little
change in the XRD spectra (Figure 6d) of the as-made MOF-
Sisos electrode and one collected after S00 cycles of CV along
with the recurring CV plots (Figure S9a, Supporting
Information) reinforces the reversibility of Ni doped MOF-S
system. Galvanostatic charge/discharge cycling of MOF-Sy;504
and MOF-Syi50% rgosos in Figure 7a shows that the specific
capacitance of MOF grows with increased cycling and the
capacitance reaches a plateau as the electrolyte slowly and
steadily diffuses through the highly porous MOF structure to
gradually activate the redox active sites.”" This behavior has not
been observed in Ni(OH),/rGO composite® and in part
explains the larger than 100% cyclability.
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Figure 7. (a) Excellent specific capacitance retention for MOF-Sy;s0 rGosos and MOF-Sy;sox- (b) Slower discharge rate with a smaller iR drop from
rGO addition to MOF-Sy;s0. (c) Nyquist plots and (d) magnified view of the boxed section of (c) showing the charge transfer resistance.

3661

DOI: 10.1021/am508119¢c
ACS Appl. Mater. Interfaces 2015, 7, 3655—3664


http://dx.doi.org/10.1021/am508119c

ACS Applied Materials & Interfaces

Research Article

3.6. Effect of Decrease in Charge Transfer Resistance
from Electron Conducting rGO. The nonlinear discharge
plots (Figure 7b) are typical of those reported*>*>*** for
systems undergoing crystallographic transformations from
Faradaic redox reactions.*’ Addition of rGO in this system
clearly decreases the resistive iR drop (Figure 7b) in the
discharge curves for MOF-Sy;s05 rgosos (~2 mV) over MOF-
Snisoe (~60 mV) in direct agreement with the electrical
conductivity measurements (Figure SS, Supporting Informa-
tion).

The enhanced charge transport kinetics due to rGO addition
observed from CV and galvanostatic charge/discharge experi-
ments is elucidated by electrochemical impedance spectroscopy
(EIS) as shown in Figures 7c,d. The employed electrical
equivalent circuit (EEC) consists of two time constants
connected in series (Figure S11, Supporting Information),
each comprising of a constant phase element (Q) and a
resistance (R). The first time constant represents the charge
transfer processes, while the second time constant represents
mass transfer. The fitting procedure, comparison of the
simulated, and the experimentally obtained impedance data,
related error plots and the calculated parameters (Rs, Q;, R;, Q,,
and R,) are elaborated in the Supporting Information (sections
$3.2 and S12). Charge transfer resistance (R;) determines the
charge transport kinetics at the electrode/electrolyte interface,
and a decrease in the charge transfer resistance would lead to an
enhanced electrochemical response of the system.> The charge
transfer resistances of ~184 m€ for MOF-S and ~74 m<Q for
MOEF-5ys500 highlight the heightened charge transfer by
Faradaic reactions of Ni and corroborate with enhanced
currents in the CV measurements. The charge transfer
resistance of ~6 mQ for MOF-Sy;sox rcosos 1S more than 1
order of magnitude smaller than MOF-5y5¢q, as charge transfer
is facilitated through the electronically conducting graphene
nanosheets, which act as efficient conduits by connecting the
distributed redox species in the MOF crystals. Given that the
Nyquist plot (Figure 7d) and CV (Figure Sa) indicate that
electrochemical double layer charging are also at play in MOEF-
Sniso% rGosows the charge transfer mechanism in MOF-
Snisos rGosow 1S complex and involves double layer charging,
Faradaic reactions and efficient transport of redox generated
charges. Additions of Ni and rGO, however, do not change the
mass transfer resistance (Table S2, Supporting Information,
column R,) of MOF-S highlighting that the mesoporous
structure is not significantly modified by our two-pronged
strategy. The lowered charge transfer resistance without adverse
effects on the mass transfer resistance from rGO inclusion
roughly doubles both the energy and the power density in
MOF-Snis0% rcosos Over MOF-Syiso0, as shown in Table 1. An
estimation of the energy and power densities with a view to
assess the potential of MOF-Syis0% rGoso% as an energy storage
material reveals energy density of 37.8 Wh/kg (6.41x 107°
Wh/cm?) at a power density of 227 W/kg (0.4 mW/cm?),
which is comparable to Ni-hydroxide-based pseudocapacitors.>

4. CONCLUSIONS

Incorporation of Ni ions in the MOF-$ framework via partial
substitution of Zn ions in the [Zn,0]%" clusters introduces
efficient, reversible, two-electron Faradaic redox reactions in the
presence of an alkaline electrolyte. The reaction reported here
for the first time dramatically improves the charge storage
capability of the MOF. The addition of a conductive phase in
the form of rGO significantly reduces the charge transfer
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resistance, decreases the ESR, improves the power delivery, and
enhances the electrochemical capacitance of the system. The
capacitance of this composite is almost 3 times larger than the
algebraic sum of contributions from the Faradaic capacitance of
Ni-doped MOF-5 and double-layer capacitance of rGO. An
efficient charge transfer process from the synergy between the
interconnected graphene nanosheets and distributed Ni centers
in the MOEF-S realizes materials with energy density of 37.8
Wh/kg at a power density of 226.7 W/kg and large stability
during cycling. These metrics are comparable to current
literature standards in Ni-hydroxide-based supercapacitors.*®
Further improvements are possible through the incorporation
of multiple dopant ions to participate in redox reactions across
a larger voltage range. Our study establishes a general two-
pronged strategy through transition metal doping and
incorporation of conductive phases to transform a prototypical
MOF to a high-performance energy storage material. These
results will instigate further research across the wide family of
MOFs known today as tunable energy storage and delivery
materials.
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