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Abstract: Supercapacitors hold promise for energy storage due to their exceptional power density
and fast charge/discharge cycles. However, their performance hinges on the electrode material.
Zeolitic imidazolate frameworks (ZIFs) are attractive options due to their tailorable structure and
high surface area. But traditional ZIF synthesis relies on toxic solvents derived from fossil fuels,
hindering their envisioned environmental benefit. This study explores using bio-derived solvents for
a greener and potentially superior approach. The researchers employed anodic electrodeposition
to synthesise cobalt-based ZIFs (Co-ZIFs) as supercapacitor electrode materials. Two linkers (2-

™ and y-valerolactone

methylimidazole and benzimidazole) and two bio-derived solvents (Cyrene
(GVL)) were investigated. X-ray diffraction analysis revealed that bio-derived solvents enhanced
the crystallinity of Co-ZIFs compared to traditional solvents. Notably, Cyrene™ promoted better
crystallinity for Co-bIM/Co-mIM structures. The Full Width at Half Maximum (FWHM) analysis
suggests Cyrene™ promotes Co-bIM/Co-mIM crystallinity (lower FWHM). Co-mIM in Cyrene™
exhibits the best crystallinity (FWHM = 0.233) compared to other ZIF samples. Scanning electron
microscopy confirmed these findings, showing larger and well-defined crystals for bio-derived
solvent-synthesised ZIFs. The choice of solvent significantly impacted the final ZIF structure. While
2-methylimidazole consistently formed ZIF-67 regardless of the solvent, benzimidazole exhibited
solvent-dependent behaviour. GVL yielded the highly porous Co-ZIF-12 structure, whereas DMF
(N,N-dimethylformamide) and Cyrene™ produced the less porous ZIF-9. This work reports the first-
ever instance of ZIF-12 synthesis via an electrochemical method, highlighting the crucial interplay
between solvent and precursor molecule in determining the final ZIF product. The synthesised
binder-free Co-ZIF electrodes were evaluated for supercapacitor performance. The capacitance data
revealed GVL as the most effective solvent, followed by DMF and then CyreneTM. This suggests
GVL is the preferred choice for this reaction due to its superior performance. The ZIF-12-based
electrode exhibits an impressive specific capacitance (Csp) of 44 F g™, significantly higher than
those achieved by ZIF-9-Cyrene (1.2 F g~ 1), ZIF-9-DMF (25 F g~ 1), ZIF-67-GVL (35 F g~ 1), ZIF-67-
Cyrene (6 F g_l), and ZIF-67-DMF (16 F g_l) at1l A g_l. This surpasses the Cgp of all other ZIFs
studied, including high-performing ZIF-67(GVL). ZIF-12(GVL) maintained superior Cs, even at
higher current densities, demonstrating exceptional rate capability. Among the bio-derived solvents,
GVL outperformed Cyrene™. Notably, the Co-bIM in the GVL sample exhibited a ZIF-12-like
structure, offering potential advantages due to its larger pores and potentially higher surface area
compared to traditional ZIF-67 and ZIF-9 structures. This work presents a significant advancement
in Co-ZIF synthesis. By utilising bio-derived solvents, it offers a more sustainable and potentially
superior alternative. This paves the way for the eco-friendly production of Co-ZIFs with improved
properties for supercapacitors, gas separation, catalysis, and other applications.
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1. Introduction

Environmental concerns, like ozone depletion, global warming, and resource deple-
tion, pose a significant threat on a global scale. The increasing number of climate emergency
declarations worldwide underscores the urgency of addressing this crisis [1,2]. Along with
the environmental crisis, chemical industries rely heavily on solvents for major synthesis
processes, but many traditional solvents are derived from petroleum products, which
are finite resources [3,4]. These petroleum-based solvents can pose health and environ-
mental risks [3,5]. Thankfully, in recent years, more focus on environmental health and
safety has grown among researchers and scientists [4]. Green chemistry, a sustainable
approach to chemical processes, is gaining significant attraction [6-8]. As environmental
awareness rises, the principles of green chemistry are finding wider applications across
various fields [4,7,8]. Bio-based options like bioethanol, glycerol, dihydrolevoglucosenone
(CyreneTM), and vy-valerolactone (y-GVL) offer alternative replacements for fossil fuel-
based solvents [9,10]. The toxicity of traditional fossil fuel-based solvents like N-methyl-
2-pyrrolidone (NMP) and N,N-dimethylformamide (DMF) has led to their inclusion on
the restricted substances list, significantly restricting their industrial use [4]. Although
dimethyl sulfoxide (DMSO) offers a safer alternative to these, it still poses potential health
risks [4-6]. Dihydrolevoglucosenone (Cyrene™) and y-valerolactone (y-GVL) emerge as
the most promising bio-based substitutes for dipolar aprotic solvents [11,12]. Choosing a
solvent for organic synthesis involves balancing cost with performance. While GVL (GBP
121/L) and Cyrene™ (GBP 207/L) are pricier than DMF (GBP 60/L), their recyclability
(high boiling points) and potentially lower consumption per reaction (less evaporation)
could offer long-term economic benefits [4]. Additionally, their lower toxicity might sim-
plify downstream processing. However, to quantify these advantages, research is needed
to assess cost savings across various reactions compared to traditional solvents.

Supercapacitors, on the other hand, are rapidly gaining traction as attractive en-
ergy storage solutions due to their exceptional power density, enabling rapid charge and
discharge cycles and extended lifespans [13,14]. However, their performance hinges on
the selection of suitable electrode materials. Metal-organic frameworks (MOFs) have
emerged as promising candidates for supercapacitor electrodes [15-18]. Metal-organic
frameworks (MOFs), particularly a subgroup known as zeolitic imidazolate frameworks
(ZIFs), are materials that rely on unsustainable solvents during synthesis, including N,N-
dimethylformamide (DMF), dichloromethane (DCM), and benzene. These solvents are
often toxic and volatile and contribute to environmental problems [19]. MOFs are con-
structed from metal ions, or clusters of metal ions, linked together by organic molecules
containing heteroatoms [20,21]. These strong coordination bonds create intricate, three-
dimensional structures with well-defined pores [22-24].

MOFs are revolutionising the world of supercapacitors due to their unique properties.
Unlike traditional capacitors with limited storage, MOFs boast exceptional porosity and
high surface area. This allows for efficient storage of electrolyte ions, the workhorses of
supercapacitance. Moreover, MOFs offer unparalleled control over pore size and shape.
These customisable pores can be precisely tailored to match the size of the electrolyte ions,
maximising their accessibility and leading to faster charging and discharging cycles [25,26].
This exceptional material versatility is another key advantage. MOFs can be constructed
like intricate molecular building sets. Scientists can choose from a vast library of organic
linkers and metal centres to create MOFs with specific functionalities. This allows for
the creation of MOFs specifically designed to enhance supercapacitor performance. For
instance, certain metal centres can promote faster electron transfer within the MOF, leading
to improved conductivity and overall performance. With these combined advantages,
MOFs are poised to become the next-generation supercapacitor material, bridging the gap
between conventional capacitors and batteries by offering superior energy storage with
faster charging and discharging capabilities [27].

Metal-organic frameworks (MOFs) boast exceptional properties, making them ideal
candidates for supercapacitors. However, MOFs must be incorporated as electrode coatings
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to realise their full potential. In this configuration, their unique characteristics directly
translate to enhanced supercapacitor performance. To achieve this, we employ electrochem-
ical synthesis, a technique that delivers MOFs in a form perfectly suited for supercapacitor
testing. Electrochemical synthesis stands out for its advantages in creating supercapacitor
electrodes. Unlike traditional methods that require additional steps to form electrodes after
MOF synthesis, this technique deposits MOFs directly onto a metal electrode in a single
step. This not only simplifies the process but also ensures a robust connection between the
MOF and the electrode.

Furthermore, electrochemical synthesis offers precise control over the morphology, or
shape and size, of the MOF film. This allows for fine-tuning of crucial factors like pore
accessibility and surface area, both of which significantly impact supercapacitor performance.
By employing this technique, we aim to create MOFs in their ideal form for supercapacitor
testing, paving the way for a new generation of energy storage devices [28-30].

Traditionally, MOF synthesis relies on solvents like N,N-dimethylformamide (DMF),
which pose significant health and environmental risks [31,32]. Bio-derived solvents offer a
compelling alternative as they are biodegradable and less harmful [33]. Additionally, these
eco-friendly solvents can influence the morphology and crystallinity of MOFs, potentially
leading to improved performance in electrochemical applications [27]. Also, the previous
study suggests that the larger bio-solvent molecules might influence the final MOF structure
during synthesis [27]. This study focuses on the anodic electrosynthesis of cobalt-based
ZIFs (ZIF-67, ZIF-9, and ZIF-12) for supercapacitor electrodes, specifically exploring the use
of bio-derived solvents (Cyrene™ and GVL) as greener alternatives to DMF. Our primary
goals are to minimise the environmental footprint by adopting bio-derived solvents and to
investigate the potential enhancement of electrode performance through their influence on
ZIF morphology and crystallinity.

Building upon the advantages of electrochemical synthesis for MOF electrode forma-
tion, this study further investigates the viability of replacing conventional, toxic solvents
derived from fossil fuels with more sustainable alternatives. We evaluate the performance
of the MOFs synthesised using these bio-based solvents as electrode materials for energy
storage devices. This study explores bio-derived solvents (Cyrene™ and y-valerolactone)
as a sustainable alternative to traditional solvents in the electrochemical synthesis of Co-
ZIF materials for supercapacitor applications. We investigate the performance of these
bio-derived MOFs as electrode materials and compare them to those synthesised using
conventional methods. This research addresses the environmental concerns associated
with traditional solvent use while exploring the potential of bio-derived alternatives for
high-performance supercapacitors.

2. Materials and Methods
2.1. Materials for Synthesis

To synthesise Co-ZIFs in an electrochemical cell setup, the Co metal foil (99.9%) was
bought from Advent Research Materials Ltd., Eynsham, Oxford, England and the materials
2-methyl imidazole (mIM) (99%), ethanol (HPLC grade), Cyrene™, (HPLC grade), GVL
(HPLC grade), water (HPLC grade), N,N-dimethylformamide (DMF) (HPLC grade) were
bought from Fisher Scientific, Loughborough, Leicestershire, United Kingdom and used
throughout the process without any further purification. Furthermore, the supporting
electrolyte tributylmethylammonium methyl sulphate (TBMAMS) (>95%) was purchased
from Santa Cruz Biotechnology, Dallas, Texas, United States. For electrochemical testing,
potassium hydroxide and Whatman Grade 1 Qualitative Filter Paper were purchased from
Fisher Scientific, Loughborough, Leicestershire, United Kingdom and coin cell (CR2032)
and hydraulic crimper were purchased from MTI Corporation, Richmond, California, USA.

2.2. Electrochemical Synthesis of Co-ZIF MOF Coating

Various Co-ZIF MOF coatings were synthesised electrochemically via the anodic
deposition method. The setup consists of two metal foils (Co) submerged into an electrolyte
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solution containing TBMAMS (0.06 mol dm~?3) as an electrolyte and 2-methylimidazole
as a linker (3 mol dm~3) to synthesise Co-mIM ZIFs. For Co-bIM ZIFs, the linker was
replaced by benzimidazole (0.12 mol dm~3) in the homogenous solution. The electrodes
were ~10 cm? in area, held ~4 cm apart, and kept in a homogenous solution. An Autolab
potentiostat (PGSTAT204, AUT50093) from Metrohm, Runcorn, Cheshire, United Kingdom
was used to apply a fixed potential of 2.5 V between the two metal electrodes for a specified
time and at a relevant temperature (°C) (Table 1), generating a Co-ZIF coating on the
surface of the anode. After completion of the reaction time, the final coated electrodes
were thoroughly rinsed and washed with ethanol to remove excess and unreacted linkers
and electrolytes present on the surface of the electrode. Then, the electrodes were left
for room drying for 24 h. Table 1 summarises the conditions used to form the Co-ZIF
coatings utilising the DMF and bio-derived solvents Cyrene™ and GVL, respectively.
Various optimisation conditions, such as linker concentration, organic solvent-to-water
ratio, reaction temperature, and reaction time were evaluated. This rigorous optimisation
process was conducted to obtain a quality coating of the MOF on the Co electrode.

Table 1. Summary of conditions for synthesis of Co-ZIF coating with DMF, CyreneTM, and GVL
using bIM and mIM as a linker. The common parameters included metal electrode = cobalt, MT-
BAMS = 0.06 mol dm 3, organic solvent/H;O = 75/25 (Vol%), time = 180 min.

Linker Concentration

(mol dm-3) Solvent Temperature (°C)
g%[ DMF 85
B%I Cyrene™ 100
B.Ii\;.[ GVL 85
H;H(;/I DMF 85
rr;lg/l Cyrene™ 100
rr;ﬂ(;/[ GVL 85

2.3. Characterisation of MOF Coatings

The crystallographic information of the MOF coatings was obtained via X-ray diffrac-
tion (XRD) using a Rigaku Miniflex X-ray diffractometer (Rigaku Europe SE, Neu-Isenburg,
Germany). The XRD patterns were acquired from the coatings formed on top of the an-
ode surface using Cu radiation at 40 kV and 15 mA in the range 3-35 20°. Data were
backgrounded using the inbuilt background removal tool within the Smart Lab Studio
software (version: 4.4.241.0) to remove the influence of the underlying metal electrode on
the diffraction patterns. Scanning electron microscopy (SEM) analyses were conducted
using a Quattro SEM (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The operat-
ing parameters used for the study were high vacuum mode with an acceleration voltage
of 10 kV and a spot size of 3, and the images were captured with a secondary electron
detector.2.4. Preparation of the Electrodes and Electrochemical Measurements

A two-electrode configuration was used for all electrochemical measurements. The
coated ZIFs (ZIF-67, ZIF-9, and ZIF-12) from the above synthesis were used as binder-
free supercapacitor electrodes. Electrochemical measurements were conducted in sealed
CR2032 coin cells with a symmetrical configuration. The electrodes were separated by
Whatman Grade 1 Qualitative Filter Paper in an aqueous 6 M KOH electrolyte solution,
which was employed for all cells. All the electrochemical tests were carried out in an Auto
lab potentiostat (PGSTAT204, AUT50093). Cyclic voltammetry was carried out between
0 and 1.0 V potential range at various scan rates between 1 mV s~! and 1000 mV s~ 1.
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Galvanostatic charge—discharge (GCD) was carried out between various applied currents
between the voltage range from 0-1 V.

The gravimetric capacitance, Csp (F g™ 1), can be inferred from the CV plots using
Equation (1):

1
Copl(CV) = 5o / Idv 1)

where L is the current (A), V is the voltage (V), s is the sweep rate of the cyclic voltammogram
(Vs71), AV is the voltage range the sweep is carried within (V), and m is the mass of the
electrode materials (g).

Using the GCD technique, the specific capacitance of each electrode was calculated by
using Equation (2):

I-At

m-AV @
where Csp, I (A), At (s), m (g), and AV are the specific capacitance, discharge current,
discharge time, the mass of the active material, and the total potential window, respectively.

Csp(GCD) = 4-

3. Results
3.1. Synthesis of Co-mIM ZIFs Using Various Solvents

Different Co-mIM ZIFs were synthesised following the synthesis condition reported
in Table 1 using an anodic electrodeposition method. A uniform thin film coating was
obtained on each cobalt electrode using three different solvents. The coated electrodes were
further characterised by using X-ray diffraction (XRD) and scanning electron microscope
(SEM). Crystallographic analysis of the prepared samples was performed using XRD to
assess their crystallinity and phase purity. Figure 1A—C represent the XRD patterns of the
Co-mIM ZIFs synthesised in three different solvents in the presence of an mIM linker. The
XRD pattern of the synthesised three MOFs coating exhibits the same crystalline phase
ZIF-67, which is further confirmed by comparing the peak positions in the XRD patterns
with predicted values from reference materials [34,35]. The XRD patterns exhibit diffraction
peaks at 20 values of 19.05°, 32.42°, 37.9°, and 38.9°, corresponding to (00 1), (100),(101)
and (1 0 2) planes of hexagonal phase [35].

Co-mIM (Experimental data)

Co-mIM (Experimental data)
| Predicted peak position for ZIF-67

| Predicted peak position for ZIF-67

DMF Cyrene
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Figure 1. XRD patterns of Co-mIM ZIF coatings obtained using (A) DMEF, (B) CyreneTM', and (C) GVL.

The scanning electron microscope (SEM) images in Figure 2A-C largely support the obser-
vations made from the XRD analysis for the Co-mIM ZIFs (Figure 1A-C). Figure 2A—C show that
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the SEM images reveal Co-ZIF coatings obtained using different solvents (traditional and
bio-derived) on the underlying electrode. While the SEM images suggest a more uniform
and ordered arrangement of particles in MOF coatings prepared with GVL compared
to DMF, they do not definitively show the same trend for Cyrene™. This observation
aligns with the XRD data (Figure 1), where only GVL exhibited a lower FWHM value
(potentially indicating better crystallinity) than DMFE. The unique properties of bio-derived
solvents like GVL may influence the MOF crystallisation process, promoting a more ordered
arrangement of particles.
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Figure 2. SEM image of Co-mIM ZIF coatings obtained using (A) DMF, (B) CyreneTM, and (C) GVL.

3.2. Synthesis of Co-bIM Using Various Solvents

Like the Co-mIm ZIF synthesis, Co-bIm ZIFs were synthesised by replacing the linker
mIm with bIm in the reaction. The exact synthesis condition is mentioned in Table 1.
Co-bIm ZIFs were synthesised in three different solvents (traditional (DMF) and bio-
derived solvents (CyreneTM and GVL)) to obtain the final coating on the cobalt electrode.
Each solvent offers distinct advantages and disadvantages. Amongst various properties,
viscosity plays an important role. Cyrene™ (45 mPa-s (at 25 °C)) has a higher viscosity
than GVL (2.2 mPa-s (at 20 °C)) and DMF (0.79 mPa-s (at 20 °C)). Also, viscosity influences
the ion transport processes during the reaction. For efficient ion transport movement,
the temperature of Cyrene™ is raised to promote diffusion and ion transport processes
during the reaction, potentially mitigating the limitations imposed by its higher viscosity
compared to GVL and DME. The final coated thin film ZIF electrodes were characterised
using XRD and SEM for further analysis. From the synthesis, a uniform coating was
observed for each of the electrodes from the reaction. Figure 3A shows that the XRD
patterns are ZIF-9 for DMF, and Figure 3B shows the mixed pattern of ZIF-9 and ZIF-12 for
Cyrene™, respectively.

Interestingly, for the GVL-based Co-bIM ZIF coating, an entirely different crystalline
phase compared to traditional solvent and Cyrene™ is observed. This is evident from the
previous report; in the case of Zn and bIM, rather than forming the SOD (sodalite) phase
ZIF-7, the RHO phase ZIF-11 was obtained with high purity [36]. In the case of Co and
bIM in GVL, rather than forming the SOD phase ZIF-9, the RHO phase ZIF-9 was obtained
with high purity, which was previously reported by Doung et al. as ZIF 12 [37]. FWHM
analysis of the XRD data suggests Cyrene™ as the most effective solvent for promoting
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crystallinity in the ZIF-67, ZIF-9, and ZIF-12 frameworks. Lower FWHM values were
consistently observed for samples synthesised in Cyrene™ compared to DMF and GVL.

Intensity (a.u) -

Co-bIM (Experimental data)
Predicted peak position for ZIF-9|

DMF

-

I Predicted peak position for ZIF-9

I Co-bIM (Experimental data)
Predicted peak position for ZIF-12
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i
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et
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LT LT e fing
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Predicted peak position for ZIF-12

GVL

Intensity (a.u) O

5 10 15 20 25 30 35
2 Theta (Degree)
Figure 3. XRD patterns of Co-bIM ZIF coatings obtained using (A) DMF, (B) CyreneTM, and (C) GVL.

Conversely, DMF resulted in the broadest peaks for all frameworks, indicating po-
tentially lower crystallinity. GVL showed mixed effects, promoting better crystallinity
for ZIF-12 but performing less favourably for ZIF-67 and ZIF-9 than Cyrene. Among all
samples, ZIF-67 synthesised in Cyrene™ exhibited the sharpest peak (FWHM = 0.233),
suggesting it possesses the highest crystallinity and potentially the most well-defined
crystal structure.

The SEM images of these coatings (Figure 4A—C) correlate with much of what was
observed in the XRD data (Figure 3A—C). The observed crystal morphologies in Figure 4C
are entirely different from those observed when using the same reactants with DMF and
Cyrene™ as the solvent. Using GVL significantly improved the overall crystal quality of
the MOF products. SEM analysis revealed the formation of well-faceted octahedral crystals
with sharper edges for MOFs synthesised with GVL. This contrasts with the less defined
morphologies observed in MOFs prepared using a conventional solvent. The use of GVL
improved the overall crystal quality in two different MOF products, exhibiting clearly
defined crystals with discernible morphologies in this case. From the SEM images, the
average particle sizes were determined as follows: Co-mIM in DMF (2.18 pm), Cyrene™
(3.97 um), and GVL (1.3 um), and Co-bIM in DMF (2.03 um), CyreneTM (7.94 um), and GVL
(2.60 um). Generally, GVL yielded the smallest particles for both Co-mIM and Co-bIM,
followed by DMF and then Cyrene™. This suggests that GVL promotes the formation of
smaller crystallites during synthesis.
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Figure 4. SEM image of Co-bIM ZIF coatings obtained using (A) DMF, (B) Cyrene™, and (C) GVL.

3.3. Cyclic Voltammetry

The synthesised electrodes were tested as an electrode material for supercapacitors
using a two-electrode system in an alkaline electrolyte (6M KOH). Cyclic voltammetry (CV)
is a powerful technique to understand the charge storage mechanisms of synthesised Co-
ZIF electrode materials for supercapacitors. This study used the CV technique to investigate
the electrochemical behaviour of ZIF-67, ZIF-9, and ZIF-12 electrodes. The two electrodes
were scanned across a voltage range from 0 to 1.0 V at varying scan rates from 1.0 to 100 mV
s~! to access the active sites in the ZIFs. The cyclic voltammetry (CV) curves presented in
Figure 5A-F provide insights into the charge storage mechanisms of the synthesised ZIF
materials. Figure 5A-C depicts the CV profiles of ZIF-67 electrodes prepared using DMF,
Cyrene™, and GVL as solvents. Similarly, Figure 5D,E shows the CV profiles for ZIF-9
electrodes synthesised with DMF and Cyrene™. Finally, Figure 5F presents the CV profile
of the ZIF-12 electrode prepared using GVL.

Notably, redox peaks in the CV curves for all six ZIF systems at lower scan rates (1 mV
s to 5 mV s7!) are a vital observation (Appendix A: Figure A1). The observed redox
peaks in the CV curves likely correspond to the conversion of Co(II) to Co(IIl) within the
ZIF framework, a well-established faradaic process reported in the previous literature for
cobalt-based ZIFs [38]. These peaks indicate faradaic processes, where electron transfers
occur between the ZIF framework and electrolyte ions. The redox peaks likely correspond
to the intercalation/deintercalation of OH™ ions from the 6 M KOH electrolyte solution
into the ZIF structure [39,40]. Lower scan rates allow for sufficient time for electrolyte
ions to penetrate the porous structure of the ZIF electrodes and interact with the accessible
active sites. This interaction facilitates ions’ reversible adsorption/desorption, contributing
to the overall capacitance. However, redox peaks fade significantly across all ZIF systems
at higher scan rates (50 mV s~! to 100 mV s~!). This fading suggests a limitation in
the ion diffusion kinetics at faster scan rates. The electrolyte ions likely lack sufficient
time to fully access and interact with the active sites within the ZIF electrode framework.
This phenomenon highlights the interplay between scan rate and ion diffusion kinetics,
significantly impacting the overall charge storage performance.

Interestingly, the ZIF electrodes derived from bio-derived solvents (Cyrene™ and
GVL) exhibit a distinct advantage (Figure 5B,C,E,F). These electrodes demonstrate a more
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pronounced retention of redox behaviour even at higher scan rates than those synthesised
using DMF (Figure 5A,D). This observation can be attributed to the influence of bio-derived
solvents on the structural properties and purity of the obtained MOF crystals. These
solvents might promote the formation of highly crystalline and defect-free ZIF structures
(ZIF-67 and ZIF-9) with well-defined pores. Such optimised structures offer improved
pathways for electrolyte ion diffusion, even at faster scan rates, leading to better utilisation
of active sites and enhanced rate capability.
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Furthermore, the ZIF-12 electrode, which possesses a different topological structure
(RHO-type), stands out among the studied materials. While all ZIFs display redox be-
haviour, ZIF-12 exhibits a particularly enhanced electrochemical response (Figure 5F).
This observation suggests that the intrinsic framework topology of ZIF-12 might play a
crucial role in facilitating ion transport and promoting faradaic reactions. The RHO-type
structure of ZIF-12 might offer inherent advantages in pore connectivity and accessibility,
leading to superior electrochemical performance compared to the other synthesised ZIFs.
Bio-derived solvents provide a promising approach for tailoring the structural properties
of ZIFs, leading to improved rate capability by promoting electrolyte ion diffusion kinetics.
Additionally, the framework topology plays a significant role, with ZIF-12 exhibiting en-
hanced electrochemical performance due to its intrinsic structural characteristics. These
findings pave the way for designing and developing ZIF-based electrode materials with
optimised charge storage properties for high-performance energy storage applications.

Figure 6A-F presents the capacitance profiles of the synthesised Co-ZIF electrodes
evaluated in an alkaline electrolyte. This analysis complements the insights gained from
the cyclic voltammetry (CV) measurements (Figure 5) and sheds light on the charge storage
capabilities of the materials. Here, the capacitance is plotted against the operating voltage
using equation.

Similar to the structural organisation in Figure 5, Figure 6A—C depict the capaci-
tance profiles for ZIF-67 electrodes prepared with DMF, Cyrene™, and GVL, respectively.
Likewise, Figure 6D-E show the profiles for ZIF-9 electrodes synthesised with DMF and
Cyrene™. Finally, Figure 6F presents the capacitance profile of the ZIF-12 electrode pre-
pared using GVL. A key observation from Figure 6 is the generally enhanced capacitance
exhibited by ZIF electrodes, and the experimental data suggest an ordering of solvent
effectiveness, with GVL (y-valerolactone) exhibiting the greatest efficiency, followed by
DMF (N, N-dimethylformamide) and Cyrene™ being the least effective. This trend in-
dicates that GVL may be the preferred choice for the investigated reaction due to its
superior performance.

This trend aligns with the observations from the CV analysis (Figure 5), where bio-
derived solvent-based ZIFs displayed better retention of redox peaks at higher scan rates,
suggesting improved ion diffusion kinetics. Figure 6F further highlights the exceptional
performance of the ZIF-12 electrode, which exhibits a larger capacitance area at higher
operating potentials than other ZIFs. This observation can be attributed to the unique
RHO-type topology of ZIF-12. This framework structure might offer inherent advantages
regarding pore connectivity and accessibility. The arrangement of pores within the ZIF-12
framework might provide more favourable pathways for electrolyte ion diffusion, even at
higher scan rates (as observed in the CV analysis).

Additionally, the specific geometry of the RHO-type structure could promote faradaic
reactions to a greater extent, further contributing to the enhanced capacitance observed
for ZIF-12. The findings from the capacitance analysis (Figure 6) are consistent with the
observations from the CV measurements (Figure 5). Both data sets emphasise the crucial
role of solvent choice and framework topology in influencing the charge storage behaviour
of Co-ZIF electrodes. Bio-derived solvents present a promising strategy for tailoring ZIF
structures to achieve improved capacitance by promoting well-defined pore structures and
potentially facilitating faradaic reactions. Furthermore, the intrinsic framework topology
plays a significant role, with ZIF-12 demonstrating superior performance due to its RHO-
type structure, which likely enhances ion transport and faradaic processes.
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Figure 6. Specific capacitance vs. applied potential profile for Co-mIM ZIFs in (A) DMF, (B) CyreneTM,
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3.4. Galvanostatic Charge-Discharge

Understanding the interplay between material properties and electrochemical perfor-
mance is crucial for optimising supercapacitor electrodes. Galvanostatic charge—discharge
(GCD) measurements provide valuable insights into these materials’ practical energy stor-
age capabilities by directly evaluating their specific capacitance (Csp) under various current
densities. From the galvanostatic discharge curve, the specific capacitance is calculated by
using Equation (2).

This study presents a comparative analysis of the GCD performance for a series of
Co-ZIF (ZIF-67, ZIF-9, and ZIF-12) electrodes synthesised using different solvents (N,N-
dimethylformamide (DMF), CyreneTM, and y-valerolactone (GVL)). The results reveal a
remarkable enhancement in Csp for ZIF-12(GVL) compared to other ZIFs, highlighting the
combined effect of solvent and framework on charge storage performance.
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Impact of Solvent on ZIF-67 Electrodes:
The GCD data for ZIF-67 electrodes showcase a significant influence of the solvent
employed during synthesis (Figure 7A-C). ZIF-67 synthesised with GVL (denoted as ZIF-
67(GVL) in Figure 7C) exhibits the highest Csp values across all tested currents (1 A g’l to
15 A g~ 1) compared to those prepared with DMF and Cyrene™ (denoted as ZIF-67(DMF)

and ZIF-67(Cyrene), respectively). Notably, ZIF-67(GVL) demonstrates a maximum C
of 39 Fg~!lat1 A g, which is nearly 2.4 times greater than ZIF-67(DMF) (16 F g

h

and over six times higher than ZIF-67(Cyrene) (6 F g~!). This trend persists at higher
current densities, with ZIF-67(GVL) maintaining a Cs, of 10 F g~ ! at 15 A g1, exceeding
ZIF-67(DMF) (5.5 F g 1) and ZIF-67(Cyrene) (2.5 F g 1), respectively.
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The observed enhancement in Cs, for ZIF-67(GVL) can be attributed to the potential
influence of the bio-derived solvent GVL on the ZIF-67 framework formation. Bio-solvent
(GVL) might promote the development of highly crystalline structures with well-defined
and interconnected pores. These optimised structures offer a larger effective surface area
for efficient electrolyte ion adsorption and charge storage. This aligns with the previous
report [12,27] suggesting that bio-derived solvents can influence the crystallisation process
of metal-organic frameworks (MOFs), improving porosity and enhancing electrochemi-
cal performance.

Performance of ZIF-9 Electrodes:

The GCD analysis for ZIF-9 electrodes reveals a generally lower Cs, to ZIF-67
(Figure 7D,E). ZIF-9(DMF) exhibits the highest Cs, among ZIF-9 electrodes, reaching
a maximum of 2.5 F g~ at 1 A g~!. Like ZIF-67, ZIF-9 electrodes synthesised with
Cyrene™ display lower Csp values than DMF and GVL counterparts. This observation
suggests that the intrinsic framework structure of ZIF-9 might inherently offer a lower
capacitance to ZIF-67. The ZIF materials exhibited a clear correlation between surface
area and capacitance. ZIF-67, with a significantly higher surface area (1700 m? g~1) [41]
compared to ZIF-9 (413.0 m? g~ 1) [42], displayed superior capacitive performance. This
observation aligns with supercapacitor storage performance, where a larger surface area
provides more accessible sites for electrolyte ion adsorption, leading to increased charge
storage capability [43,44]. The enhanced capacitance in ZIF-67 can be attributed to its highly
porous structure, allowing for efficient electrolyte penetration and maximising its accessible
surface area.

ZIF-12: The Outperformer with RHO-Type Topology:

The ZIF-12 electrode prepared with GVL (denoted as ZIF-12(GVL)) stands out amongst
all studied ZIFs, demonstrating exceptional Csp values throughout the tested current range
(Figure 7F). ZIF-12(GVL) delivers a maximum Csp of 44 F g~ ! at 1 A g~!, which is superior
to the best-performing ZIF-67(GVL) and significantly surpasses the Csp of all other ZIF-9
and ZIF-67 variants under similar conditions. Even at higher current densities, ZIF-12(GVL)
retains a superior Cgp, with a 15 F g ! value at 15 A g~ This represents a performance
enhancement compared to ZIF-67(GVL) (10 F g’l) and ZIF-67(DMF) (2.5 F g’l), respectively.
ZIF-12 possesses a high specific surface area (1810 m? g~! [45]), exceeding those of ZIF-67
and ZIF-9. This characteristic likely contributes to its enhanced supercapacitor performance
by providing more accessible sites for electrolyte ion adsorption and promoting efficient
charge storage.

From the CV and GCD profile, the initial cycles, especially at lower currents, can
cause slight asymmetries in electrochemical profiles due to minor, somewhat irreversible,
material changes and internal cell resistances. High average coulombic efficiency (>50% at
low current, >95% at high) indicates good overall reversibility despite these initial effects
(Figure A2). It reflects balanced charge exchange over many cycles, with minimal losses
despite potential initial asymmetries. Also, the rate performance of the sample ZIF-12 is
evaluated by conducting a cycling test (number of cycles vs. capacitance retention) of the
supercapacitor cell. It was observed that the ZIF-12-based supercapacitor exhibits a very
good cycling performance upon 1000 charge—discharge cycles with 99% of capacitance
retention and also 99% coulombic efficiency (Figure A3).

4. Discussion

This study investigates the influence of solvent choice on the supercapacitor perfor-
mance of various cobalt ZIFs synthesised using different linkers and solvents. Six cobalt
ZIF samples were synthesised using cobalt metal electrodes and two linkers: methylimi-
dazole (mIM) and benzimidazole (bIM). Three different solvents were employed for the
synthesis: N,N-dimethylformamide (DMF), Cyrene™ (dihydrolevoglucosenone), and
y-valerolactone (GVL). These samples were then evaluated as electrode materials for super-
capacitors in a 6 M KOH electrolyte. The choice of linker and solvent plays a crucial role
in determining the ZIF structure and its properties. In this study, the samples synthesised
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with mIM as the linker are likely to exhibit the ZIF-67 structure, and those with bIM as
the linker are likely to exhibit the ZIF-9 structure. However, the cobalt ZIF with bIM in
GVL has a different structure, ZIF-12. The solvent selection can potentially influence the
morphology and porosity of the ZIFs. The solvent must affect factors like particle size, pore
size distribution, and the overall crystallinity of the ZIFs. These morphological variations
could, in turn, influence the electrochemical performance of supercapacitors.

Interestingly, the sample synthesised with bIM in GVL demonstrated the highest
capacitance value among the tested electrodes. This finding suggests that combining the
bIM linker and GVL solvent might be favourable for achieving enhanced supercapacitive
performance. It is particularly noteworthy that the sample exhibits a ZIF-12-like structure,
which belongs to the RHO phase. Compared to the more common ZIF-67 (Co-mIM) and
ZIF-9 (Co-bIM) structures, ZIF-12 offers potential advantages for supercapacitors due to
its larger pore size and potentially higher surface area. These factors can facilitate better
electrolyte ion accessibility and enhance the overall capacitance. This study’s use of bio-
derived solvents (Cyrene™ and GVL) holds promise for developing more sustainable MOF-
based supercapacitors. Future research could explore the potential of these bio-solvents
for synthesising other high-performance cobalt ZIFs for supercapacitor applications. GCD
measurements revealed a strong influence of solvent on ZIF-67 capacitance. ZIF-67(GVL)
displayed the highest specific capacitance (Csp) of 39 F g1 at 1 A g~1, 2.4 times greater than
ZIF-67(DMF) and over six times higher than ZIF-67(Cyrene). ZIF-9 electrodes exhibited a
lower Csp compared to ZIF-67 across all solvents. Remarkably, ZIF-12(GVL) achieved an
exceptional Csp of 44 F g1 at 1 A g1, surpassing all other ZIFs. These results highlight the
crucial role of solvent and framework topology in optimising ZIF electrode performance
for supercapacitors.

5. Conclusions

The present study demonstrates the influence of linker selection (mIM and bIM) and
solvent choice (DMF, Cyrene™, GVL) on the structure and supercapacitor performance
of cobalt ZIFs. Notably, the ZIF-12 structure obtained with bIM in GVL delivered the
highest capacitance among the tested electrodes. This suggests the potential of this spe-
cific combination for achieving enhanced supercapacitive performance, likely due to the
larger pore size and potentially higher surface area offered by the RHO structure. ZIF-12
emerged as the supercapacitor electrode, achieving a remarkable specific capacitance (Csp)
of 4 Fg~lat1 A g !. Even at higher current densities, ZIF-12(GVL) maintained supe-
rior Csp, demonstrating a high-rate capability of the ZIF-12 electrode, respectively. The
combined effect of solvent choice (GVL) and the unique RHO-type topology of ZIF-12
likely contribute to this exceptional energy storage performance. Further investigations
are necessary to elucidate the structure-performance relationship at a deeper level. The
successful utilisation of bio-derived solvents also opens exciting avenues for developing
sustainable MOF-based supercapacitors. Exploring the potential of these green alternatives
for synthesising high-performance cobalt ZIFs is a promising direction for future research.
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