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In this study, we present a facile and direct approach for the synthesis of ordered mesoporous metal—
organic framework (MOF)-derived carbon materials, uniformly adorned with zinc oxide (ZnO), to serve
as electrode materials for supercapacitor applications. The method involves the impregnation of zinc
nitrate into both the as-synthesized (as) and activated low-temperature (lt) forms of the MIL-53(Al)
metal-organic framework, which are subsequently employed as precursors to fabricate ZnO-decorated
carbon structures (ZnO@C) through simultaneous decomposition under thermal treatment in an Ar
resultant ZnO@Cf(as) and ZnO@C(lt) materials exhibit a channel-like carbon
morphology with uniformly distributed ZnO and residual alumina nanoparticles and a bimodal porous
structure with pores approximately 8.5 and 15 nm in size. Additionally, a greater concentration of
carbon-related defect centers was identified in ZnO@Cf(as) relative to ZnO@C(lt), as evidenced by
Raman, and electron paramagnetic resonance spectroscopy. When utilized as electrode materials in

atmosphere. The
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DOI: 10.1039/d5tc00966a both symmetric and asymmetric supercapacitor devices, the ZnO@C materials demonstrated exceptional
performance, achieving energy and power densities of up to 30.5 W h kg™ and 388 kW kg™, respectively,

rsc.li/materials-c and exhibiting coulombic efficiencies exceeding 95% in all instances.

Depending on the charge storage mechanism, SCs are
classified into electrochemical double-layer capacitors (EDLCs),

1. Introduction

The increasing use of renewable energy and the growing
demand for electricity for daily electronic devices have acceler-
ated research on electrochemical energy storage.”” The objec-
tive is not only to store energy but also to efficiently transmit
the stored energy; therefore, the demand for energy storage
devices with high power density is increasing.>* Among the
different devices developed so far, the low power density and
limited charge/discharge cycles of batteries, as well as the low
energy density of conventional capacitors, have limited their
use in advanced technologies, giving rise to the development of
supercapacitors (SCs), which bridge the gap between the former
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pseudocapacitors (PSCs), and hybrid supercapacitors (HSCs).”"°
In the case of EDLCs, the charge is stored electrostatically at the
interface between a solid electrode and an electrolyte, with no
electrons passing between the two.”'>'" High capacitance is
achieved by the use of carbon-based electrode materials, such
as active carbon (AC), graphene oxide (GO), reduced graphene
oxide (rGO), or carbon nanotubes (CNTs), with high surface
area and adequate porosity (pore size distribution and pore
volume)."7'%'>13 For pseudocapacitors, on the other hand,
the charge storage mechanism is based on the faradaic
reaction between electroactive species, resulting in higher
energy density.”** Pseudocapacitors use transition metal oxides
(MnO,, ZnO, NiO, Co;0,), transition metal hydroxides, or con-
ducting polymers (polyaniline, polypyrrole)*'*™"” as electrode
materials, and reach at least one order of magnitude higher
capacitance than EDLCs."” By combining the properties of
EDLCs and pseudocapacitors, hybrid supercapacitors are
obtained, which use both the non-faradaic and faradaic storage
mechanisms to achieve high energy and power density simul-
taneously.'>872°

Regardless of the SC type, the used electrode material is
essential in achieving high electrochemical performance.
Therefore, the SC research focuses on developing efficient

This journal is © The Royal Society of Chemistry 2025
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electrode materials to ensure high energy and power density,
exceptional gravimetric capacitance, and long cycle life.">*!

Metal-organic frameworks (MOFs) have emerged as promis-
ing candidates due to their exceptional properties such as high
surface area, ordered porosity, structural diversity, multiple
redox activity, as well as active sites for charge storage.””** First
introduced by Yaghi*® in 1995, MOFs are highly crystalline
materials obtained by coordination bonds between diverse
metal nodes and organic linkers, leading to structures with
well-defined porosity.

Despite their exceptional textural properties, which make
them attractive for SCs, the direct use of MOFs as electrode
materials is limited due to their usually low electrical conduc-
tivity, as well as their low chemical and structural stability
during the charge-discharge process.'®'" Thus, Diaz et al.**
first reported the use of pristine MOFs for SC devices, that is
Co8-MOF-5, MOF-5 with Zn partially substituted by Co, while
Sheberla et al.'* used (Ni;(HITP),), a MOF with high electrical
conductivity, as the sole electrode material in an EDLC, resulting
in a MOF-based device with an areal capacitance that outper-
forms most carbon-based materials.

Besides their direct use, MOFs can be used as precursors
and templates to obtain derived nanostructured materials by
different thermal treatments. Thus, depending on the chemical
atmosphere during the heat treatment, nanoporous carbon
materials (inert atmosphere) or nanoporous metal oxides (air)
can be obtained, with inherited characteristics from the parent
MOFs and, more importantly, improved electrical conductivity
and electrochemical performance, besides enhanced stability."**>®
Moreover, MOF-derived carbons stand out among the carbo-
naceous materials due to the generally simple synthesis proce-
dure and their ordered porous architecture, which ensures
large surface areas and porosity."*>**’

Due to the large variety of known MOFs as a consequence of
the diversity of employed organic ligands and metals used as
secondary building units, there are numerous reports on the
use of MOF-derived carbon materials for supercapacitors. Thus,
Liu et al. were the first to report the use of MOF-5 with furfuryl
alcohol filled pores to produce nanoporous carbon for
EDLCs,”®* showing specific capacitance of 204 Fg ' at 5 mV s %
Further on, MOFs such as ZIF-8,*° Ui0-66,%" H-KUST-1,*> M-MOF-
74,2 AL-BTC,** MIL-53(Al),>"*>3¢ Al-PCP** subjected to various
thermal treatments resulted in MOF-derived carbons with var-
ious textural and electrochemical properties.

In the present study, MIL-53(Al)-derived carbon decorated
with ZnO was used as electrode material for symmetric and
asymmetric SC devices. MIL-53 metal-organic-frameworks
are flexible three-dimensional materials possessing a unique
porous structure given by the 1D-diamond-shaped channels
formed as a result of the interconnection of corner-sharing
MO,(OH), octahedra (M = Cr** AP**, Fe*") with benzene-
dicarboxylate units.*” Among these MIL-53 metal-organic-
frameworks, the aluminum-based representative has received
more attention due to the affordability of the Al precursors.
However, previous works on MIL-53(Al)-derived carbons as
electrode materials reported complex synthesis procedures in
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dimethyl formamide (DMF) and HCI to obtain the MOF(AI)
precursor, while the alumina-doped nanoporous carbon
obtained after thermal treatment in an inert atmosphere was
subjected to alumina removal by HCI treatment at elevated
temperature.®>*® The novelty of this work is given by the
following ideas: (1) the MOF precursor, MIL-53(Al), was
obtained by an optimized hydrothermal synthesis procedure
previously reported by our group (190 °C, 12 h, under auto-
genous pressure) using only water as solvent;*® (2) both the as-
synthesized (as) and the activated low-temperature (It) forms of
MIL-53(Al) were used as supports for the impregnation with
zinc nitrate, followed by the simultaneous decomposition
under inert atmosphere of Zn(NOj3), to ZnO and of MIL-53(Al)
to Al,O3-decorated C structure; (3) direct use of MIL-53(Al)-
derived carbon structures with the remaining Al,O; from the
pristine MOF after the thermal treatment, avoiding thus any
HCI treatment to remove alumina. Several advantages arise
from this approach. Not only is the synthesis procedure of MIL-
53(Al) green (only water as solvent) and more economical due to
the shorter synthesis time and the lower reaction temperature
employed, but the starting materials are cheap and affordable.
Also, direct use of the as-synthesized form of MIL-53(Al) (with
unreacted benzene-dicarboxylic acid trapped in the pores of the
MOF) as a precursor prevents the tedious activation procedure
to obtain the activated low-temperature form. Moreover,
obtaining ZnO and MIL-53(Al)-derived carbon simultaneously
during the thermal treatment brings an additional economic
advantage.

2. Experimental

All chemicals were used as purchased without further purifica-
tion, and their source and purity are indicated in every case.
The starting MOF, MIL-53(Al), was synthesized by an opti-
mized synthesis procedure as detailed in our previous work.*®
Briefly, a reaction mixture consisting of aluminum nitrate
nonahydrate AI(NO3);-9H,0 (Carl Roth, >98%), 1,4-benzenedi-
carboxylic acid (BDC) (Merck, >98%), and water in the molar
ratio Al: BDC:H,0 = 2:1:160 was hydrothermally treated at
190 °C for 12 h, under autogenous pressure. The as-synthesized
white product (MIL-53(Al)(as)) was filtered and washed thor-
oughly with deionized water and dried at room temperature
overnight. The activated form of the MOF, namely MIL-53(Al)(1t),
was obtained by heating under reflux in dimethylformamide
(DMF, Chempur, >99%) for 24 h, followed by a heat treatment
in air at 300 °C (1 °C min ") for 24 h, to remove the unreacted
BDC trapped in the pores of the as-synthesized MOF. The MOF-
derived ZnO@C samples were obtained in two steps. First, both
the as-synthesized (as) and activated (It) forms of MIL-53(Al)
were impregnated with an aqueous solution of zinc nitrate
(Zn(NO3),-4H,0, Merck, >98%) calculated in such a way as
to give a final ZnO loading of 40 wt% on the MOF-derived C,
and then dried overnight, at room temperature. In the second step,
the white-impregnated MIL-53(Al) samples were thermally treated
in a tubular furnace under Ar flow (Linde Gas, Romania, 99.999%)
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using the following thermal sequence: (a) heating with 0.5 °C
min~" from room temperature to 600 °C, (b) 5 h at 600 °C, and
(¢) cooling down to room temperature under the same Ar flow.
This final temperature was chosen to ensure the decomposition of
the MIL-53(Al) forms to the corresponding C structures decorated
with the remaining Al,O; (as indicated by the TGA profiles
presented in ESL7 Fig. S1). Alongside the formation of the MOF-
derived C during the heat treatment in Ar, Zn(NO;), is also
decomposed to ZnO. As a reference material, ZnO was also
obtained by decomposing Zn(NOjs), under the same heat treat-
ment (600 °C for 5 h, 0.5 °C min~*, under an Ar flow). It should be
emphasized here that although ZnO typically undergoes sublima-
tion at temperatures above 600 °C, the sublimation rate of ZnO
under an inert atmosphere is very low,* as also confirmed by mass
balance performed for each prepared ZnO-based sample. A sche-
matic of the synthesis steps is illustrated in Scheme 1.

Powder X-ray diffraction measurements were carried out on
a Bruker D8 advance diffractometer equipped with a Ge mono-
chromator used to obtain CuKa radiation, LYNXEYE detector,
and the X-ray tube operating at 40 kV and 40 mA. The patterns
were recorded with a scan rate of 0.01° s™' in the 10-85°
20 range.

Nitrogen sorption isotherms were measured on a Sorpto-
matic 1990 apparatus (Thermo Electron). The specific surface
area was calculated in the relative pressure range of 0.01-0.25 p/p,
(BET method), and the total pore volume and pore size distribu-
tion were determined by the Dollimore-Heal method using the
desorption branch. Pretreatment of the samples consisted of
degassing under vacuum at 200 °C for 4 h.

Scanning and transmission electron microscopy (SEM-TEM)
was carried out on a Hitachi HD-2700 STEM microscope
(Hitachi, Japan) operating at 200 kV. Before STEM analysis,
each sample was finely grounded and dispersed in ethanol by
sonication (3 min).

Raman spectroscopy was employed to gain insights into the
lattice dynamics of ZnO nanostructures at the molecular scale.
The measurement utilized a Renishaw Raman InVia System
with a 532 nm green laser.

Fourier transform infrared spectroscopy (FTIR) was used to
analyze the chemistry and functional groups in the synthesized

AlNO;); (2)
BDC (1)
H,0 (160)
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MOF-derived carbon materials. Analyses were carried out using
a Bruker Tensor II spectrophotometer (Germany).

Electron parametric resonance (EPR) spectroscopy was per-
formed on a continuous-wave X-band spectrometer, a Bruker
ELEXSYS E500. The X-band measurements were performed at
9.87 GHz frequency with an X-SHQ 4119HS-W1 Bruker micro-
wave cavity.

The electrochemical properties of the synthesized materials
were characterized using a Biologic (VMP300) electrochemical
workstation. In the two-electrode system, ZnO and ZnO®@C
were employed as electrode materials. A 6 M KOH aqueous
solution was selected as the electrolyte due to its high ionic
conductivity, compatibility with carbon-based electrode materials,
and ability to provide a stable electrochemical environment,
ensuring high coulombic efficiency and long-term cycling stab-
ility.*>*! Whatman glass fiber was used as a separator. Graphite
was used as the secondary electrode in asymmetric designs.
The electrode material was deposited onto a surface area of
0.63 mg cm 2. A circular glass fiber separator with an area of
0.786 cm® was placed between the two electrodes, and 40 uL of
6 M KOH electrolyte was added to ensure proper ionic conductiv-
ity. The electrodes were then assembled with stainless steel
current collectors, which were tightly compressed to form the
supercapacitor device. Also, the electrode area and the integration
of the ZnO@C MOF-derived samples are illustrated in the scheme
provided below (Table 1). The mass loading of the ZnO@C MOF-
derived samples was integrated onto the electrode surface at
0.63 mg cm >, based on our group’s previous studies and
supported by literature data.**** This value was maintained
consistently across all electrochemical measurements. The electro-
chemical characteristics of the prepared SC designs were investi-
gated through potentiostatic electrochemical impedance spectro-
scopy (PEIS), cyclic voltammetry (CV), and galvanostatic cycling
with potential limitation (GCPL) techniques. CV analyses were
conducted at different scan rates ranging from 5 mv s ' to
200 mV s~ ', and the applied potential spanned from 0 V to 1 V.
PEIS analyses were performed with an AC perturbation of 10 mV
across a frequency range of 10 MHz to 1 MHz. GCPL analysis was
carried out over a range of current densities from 0.1 A g to
2.4 A ¢”', maintaining the same voltage range.

b=
‘lm

. i Activation
190°C,12h Cooling - «‘l'DMF_ reflux 24 h)
ﬁ )\ ﬁ
autogenous Filtration, ‘
pressure Drying —
as-synthesized activated low-temperature
MIL-53(Al)(as) MIL-53(Al)(it)

Arflow, 0.5°C/min, 600°C,5h

ZnO@C(as)

Scheme 1 Synthesis route for the ZnO@C samples derived from MIL-53(Al) metal—-organic framework.
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Table 1 SC designs used in this study, with a schematic illustration of
the devices

SC design Electrode 1 Electrode 2 Type
ZnO-sym ZnO ZnO Symmetric
ZnO@C(as)-sym ZnO@C(as) ZnO@C(as) Symmetric
ZnO@C(It)-sym ZnO@C(It) ZnO@C(It) Symmetric
ZnO-asym ZnO Graphite Asymmetric
ZnO@C(as)-asym ZnO@C(as) Graphite Asymmetric
ZnO@C(lt)-asym ZnO@C(It) Graphite Asymmetric

Seperator+Electrolyte

W

--"t-

Electrode I Electrode II

3. Results and discussions

3.1. Characterization of materials

It is known that the thermal treatment of MOFs in an inert
atmosphere (Ar, N,, etc.) leads to the formation of the corres-
ponding metal or metal oxide carbon-based nanomaterials,
depending on the reduction potential of the metal present in
the initial MOF.*>*® Since Al has a reduction potential of —1.66
V, lower than —0.27 V, it is expected that the carbonization of
MIL-53(Al) will produce aluminum oxide decorated carbon-
based materials.*®

On the other hand, since both the as-synthesized (as) and
activated low-temperature (It) forms of MIL-53(Al) were first
impregnated with Zn(NO3), before heat treatment in Ar, the
derived materials thereof will contain C, Al,0;, and ZnO.
However, powder X-ray diffraction analysis of the MIL-53(Al)-
derived ZnO-impregnated samples highlights the mineral form
of ZnO, with no evidence of the corresponding reflections for C
or Al,O; (Fig. 1).

101 ZnO@C(as)
| Zno@c(it)
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- 002
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Fig. 1 XRD patterns of the ZnO@C MIL-53(Al)-derived samples.
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The crystal structure of ZnO belongs to the hexagonal crystal
system, P6s;mc space group with the lattice parameters a =
3.249 A and ¢ = 5.207 A.*” Due to the lower degree of crystallinity
in both MIL-53(Al)-derived ZnO samples, the (004), (202), and
(014) diffraction lines are not visible in the diffraction patterns
of ZnO@C(as) and ZnO@C(It). The average size of crystallites
was evaluated based on the Scherrer formula,*®* and the
obtained values are listed in Table 2. The crystallite sizes in
ZnO®@C(as) and ZnO@C(lt) are comparable, only slightly larger
in the former. On the other hand, for the reference ZnO sample,
it can be noticed that the diffraction peaks are considerably
narrower, which is related to significantly larger crystallite sizes
compared to the ZnO-decorated MIL-53(Al)-derived carbon
samples. For ZnO@C(lt), two diffraction peaks at 26 = 14.8
and 17.3° are also observed, which can be assigned to traces of
MIL-53(Al) left in the sample. The absence of characteristic
diffraction lines for C and Al,O; is attributed to the formation
of small and well-dispersed amorphous phases. Indeed, XRD
patterns of the un-impregnated (as) or (It) MIL-53(Al) carbo-
nized samples presented in Fig. S2 in ESIf reveal the rather
amorphous character of the MIL-53(Al)-derived carbons, with
the low and broad diffraction lines centered at 22 and 43°
corresponding to the (002) and (101) planes of amorphous
graphitic carbon.*

The morphology and microstructure of the ZnO@C MIL-
53(Al)-derived samples were examined by SEM, which revealed
the ordered porous structure of these carbon materials.
The carbon samples obtained by deriving the un-impregnated
MIL-53(Al) forms reveal a channel-like morphology (Fig. S3 in
ESIt), which is preserved to a large extent in the case of the
ZnO-decorated MIL-53(Al)-derived samples (Fig. 2, and Fig. S4
in ESIt). Additionally, TEM images confirm the channel-like
structure of the formed C as a consequence of the carbonization
of the initial MIL-53(Al) with 1D-rhombic-shaped channels.*® EDS
elemental mapping performed during TEM analysis highlights
the uniform distribution of C, Al, and O, confirming the for-
mation of the Al,Os;-doped C structure (Fig. 2). ZnO obtained
during the simultaneous thermal decomposition of the Zn(NOs),
impregnated MIL-53(Al) samples is uniformly distributed within
the MIL-53(Al)-derived C-structure, as demonstrated by the corres-
ponding Zn mapping.

The materials’ specific surface area, pore volume, and pore
size distribution were evaluated from the N, sorption isotherms.
The starting MIL-53(Al) is a microporous material, as indicated by
the type I isotherm given in Fig. 3(a). Indeed, the corresponding
pore size distribution is very narrow, and the average pore size
is around 1.2 nm (Fig. 3(b) and Table 2). The ZnO@C materials
obtained by carbonization of the Zn(NOj), impregnated
MIL-53(Al) (as) and (1t) samples present a type IV isotherm with
a slit-type hysteresis loop, characteristic of mesoporous materi-
als with polydisperse pore size distribution.® Both ZnO@C
samples present two types of mesopores ranging from 8 to
17 nm. This bimodal pore structure is more clearly evidenced in
the case of ZnO@C(It), with pores of 8.5 and 15 nm, while
ZnO®@C(as) shows pores around 10 and 13.5 nm, respectively.
This narrow porosity is also confirmed by the small pores

J. Mater. Chem. C, 2025, 13,10342-10355 | 10345
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Table 2 Textural and structural properties of the prepared samples

Sample Sger (M* g ) Vi (em® g™ Dpore (nm) ZnO content (wt%) dxrp (nm) Inllg
MIL-53(Al)(1t) 1216 0.57 1.2 — — —
ZnO@C(as) 222 0.96 10/13.5 40 25.1 0.98
Zno@C(lt) 168 0.55 8.5/15 40 20.8 0.80
ZnO 0 0 0 100 71.0 —

48, ©

ZnO@C(as) :
-p £ 2

Fig. 2 Scanning and transmission electron microscopy images, with EDS elemental mapping of the ZnO@C samples.

(a)

MIL-53(Al) A
ZnO@C(as) 1!
Zno@c(lt) /1

Adsorbed volume (cm®/g) )

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure, p/p,

Fig. 3

evidenced by the high-magnification SEM images (Fig. S4 in
ESIT). In terms of specific surface area, carbonization of the
Zn(NOj3), impregnated MIL-53(Al) samples (the (as) and (lt)
forms) leads to a decrease of at least 6 times, as compared to
the pristine MIL-53(Al) (see Table 2). However, ZnO@C(as)
shows a larger surface area as compared to ZnO@C(lt)
(222 m* g ', and 168 m* g ', respectively). Interestingly, the
total pore volume is significantly larger for ZnO@C(as) as
compared to the initial MOF scaffold, while ZnO@C(lt) shows
a slightly lower, but comparable value (see Table 2). These
surface area and pore size distribution results are consistent

10346 | J Mater. Chem. C, 2025, 13,10342-10355
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(a) N, sorption isotherms, and (b) pore size distribution for the ZnO@C samples.

with previous reports on MOF-derived carbon materials with
remanent metal oxides from the initial MOF scaffolds.’*>*
Further structural characterization was achieved by Raman
spectroscopy, with spectra illustrated in Fig. 4. The hexagonal
wurtzite (P6;mc) ZnO structure exhibits 12 phonons, with three
being acoustic. A prominent peak at 437 cm ™' corresponds to
the Eyphigr, mode, serving as a distinctive Raman fingerprint for
the wurtzite ZnO. Although the E,,, mode was not detected,
a vibration around 331 cm™' is typically associated with the
second-order Raman process, assigned to the Ejhigh — Eziow
difference mode.>*>® In the wurtzite structure, each cation is

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 First-order and second-order Raman spectra of the ZnO@C samples
(A =532 nm).

encompassed by anions arranged in a tetrahedron, leading to
polar symmetry along the c-axis and resulting in A; mode
oscillation. Due to polarity, the A; and E; modes are further
split into transverse-optical (TO) and longitudinal-optical (LO)
phonons. The E;(TO) and A;(TO) modes exhibit weak peaks
at approximately 408 and 380 cm ™', respectively. TO modes
depend on the incident and scattered light being perpendicular
to the c-axis, while LO phonon modes appear when the incident
and scattered light are parallel to the c-axis.”* The A;(LO) mode
was identified at 583 cm™'. A second-order Raman process
occurs when the material structure contains surface and/or
aggregate defects, resulting in the emergence of combination
bands that influence the total frequencies of the optical
branches. The two-phonon difference modes were observed
within the frequency range of the one-phonon branches. In
contrast, frequencies above ~600 cm " are primarily influenced
by two-phonon sum modes and higher-order multi-phonon
processes, as illustrated in Fig. 4. The broad band spanning
from 1020 to 1200 cm ™" is probably associated with a multi-
photon process, while the wide peak approximately at 1150 cm ™"
might be indicative of 2LO (two-phonon longitudinal-optical)
scattering. Regarding the occurrence of carbon in the structure,
peaks at approximately 1340 and 1598 cm ™' indicate the D and G
bands, respectively.>>>® The manifestation of spectral bands
encompassing the wavenumber range of 1000-1800 cm '
aligns with the existence of sp® hybridized C-C bonds and
the presence of aromatic six-membered sp” carbon clusters,
thus corroborating the carbonaceous phase.> The ratio
between the intensities of the D and G bands is used as a
measure of carbon defects in carbonaceous materials; there-
fore, the higher the Ip/I; ratio, the larger the degree of
disorder.’”® In this regard, given the Ip/lg ratios listed in
Table 2, ZnO@C(as) presents slightly more carbon defects than
ZnO@C(It). On the other hand, since the carbon bands domi-
nate the spectrum, the ZnO peaks were not observed in the
ZnO@C samples, as evidenced in Fig. 4.

This journal is © The Royal Society of Chemistry 2025
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FTIR spectra presented in Fig. S5 (ESIt) indicate the pre-
valence of MIL-53(Al)-derived carbon related functional groups,
with no clear evidence of Zn-related bands, in good agreement
with the Raman spectra previously discussed. Thus, the broad
band around 3450 cm ™" is ascribed to the stretching vibration
of the surface O-H groups, the band at 1630 cm ™" to the C=C
stretching vibration,>® while the band at 1385 cm™ " can be
ascribed to the aromatic C=C."* It may be observed that both
ZnO decorated C materials exhibit an additional band around
1510 cm™ ! attributed to C—=C, as well as a broad and weak
band around 1035 cm™' assigned to C-0.>° The vibrations
due to atmospheric CO, can be observed in all spectra around
2360 cm™ .

The X-band EPR spectrum of the pure ZnO material is
presented in the inset of Fig. 5, showing two distinct signals
attributed to two different defect centers such as Zn vacancies
(Vzn) and oxygen vacancies (Vo), with g = 1.96 and g = 2.002,
respectively.®® To explain the presence of these two signals, a
core-shell model was introduced by Erdem.®’ The model
suggests that the EPR signal at g = 1.96 originates from bulk
defects (core), representing the negatively charged Zn vacancies
(Vz/?) while the resonance signal near g = 2.002 arises from
surface defects (shell), and such defects have been attributed to
the positively charged oxygen vacancies (Vg>").

The EPR spectra of the ZnO containing carbon structures,
ZnO@C(as) and ZnO@C(lt), are depicted in Fig. 5. The above
described ZnO-related EPR signals are barely distinguishable,
superimposed to a sharp, very intense EPR signal originating
from the carbon-related defect centers of the MOF-derived
materials. The EPR signal has a g-value of 2.0064, characteristic
of such defect centers,®” while the intensity of the signals is
slightly different, ZnO@C(as) having a higher EPR signal,
which indicates a higher concentration of defect centers in
the material. These findings are in good agreement with the

g=1.96

g:mnzA /
/4 vV I
Wb oy
! |
M
© meeraton

ZnO@C(as)

300 310 320 330 340 350 360 370 380 390 400

Magnetic Field (mT)

Fig. 5 X-band EPR spectra of the ZnO@C MOF-derived samples. The
inset presents the X-band EPR spectrum of pure ZnO.
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Raman results. The presence of slightly more carbon defects in
the ZnO@C(as) may be attributed to the trapped benzene-
dicarboxylic acid (BDC) in the pores of the as-synthesized
MIL-53(Al), providing in this way an additional source of carbon
in the final composite material.

3.2. Electrochemical characterization results

Various techniques were employed to evaluate the performance
of the ZnO@C electrodes in comparison to ZnO, in both
symmetric and asymmetric SC designs.

Potentiostatic electrochemical impedance spectroscopy
(PEIS), including the circuit model, is an important technique
that facilitates modeling molecular interactions and real trans-
port mechanisms of electrical components, allowing thus a
deeper comprehension of events occurring at the electrode
and electrolyte interface and/or within the electrolyte itself.®®
Fig. 6 depicts the Nyquist curves obtained from PEIS analysis.
Furthermore, each Nyquist curve was fitted using the Z-fit
software, and the calculated parameter values are provided in
Table S1 of ESIL.{

Regarding the value of Ry, both ZnO-sym and ZnO-asym SC
designs show larger values than their C-based counterparts,
implying a decrease in electrical resistance at the electrolyte/
electrode interface when MOF-derived C-based electrodes are

View Article Online
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used. This behavior might be attributed to the large surface
area of ZnO@C composite materials obtained by carbonization
of MIL-53(Al), as evidenced by the BET analysis (Table 2). The
interfacial resistance in a SC is related to the transmission
resistance between the electrode material and the electrolyte.
Therefore, electrodes with a high surface area often facilitate
enhanced interfacial communication, potentially reducing
the resistance between the electrode and electrolyte, thereby
contributing to an overall performance enhancement of the SC.
In addition, when the R, values are examined, an increase in
the resistance value of the ZnO@C-based electrodes is observed
compared to the ZnO ones (ZnO-sym and ZnO-asym), indicat-
ing that the EDLC capacitance resistance of the SC increases
when ZnO@C-based electrodes are used. Essentially, this is to
be expected because, after 10 000 cycles, the electrodes in the
SC can deteriorate due to repeated charge/discharge cycles
or exposure to harsh operating conditions. This degradation
could increase the resistance at the electrode-electrolyte inter-
face, resulting in a higher R, value, which is compatible with
the capacitance retention value calculated as a result of the
GCPL analysis. Compared to the ZnO designs (ZnO-sym
and ZnO-asym), the capacitance retention values of the MOF-
derived carbon-based electrodes decreased, albeit partially,
after 10 000 cycles.
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Fig. 6 Experimental PEIS and fit results of the designed SC devices: (a)—(c) symmetric, and (d)—(f) asymmetric designs.
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When examining the Nyquist plots of the designed SC con-
figurations, no semicircles are observed in the high-frequency
region. Therefore, this absence suggests low charge transfer
resistance at the electrode and electrode/electrolyte interface,
indicating a high ion diffusion rate. Furthermore, the Nyquist
plots of the symmetric designs of MOF-derived carbon ZnO
electrodes (ZnO@C(as) and ZnO@C(lt)) exhibit an almost linear
form in the low-frequency region, meaning a low equivalent
series resistance (ESR) in these designs.®* Upon reviewing
Table S1 (ESIt) it is evident that, compared to asymmetric designs,
the symmetric designs possess lower ESR, that is, R, values.
Moreover, considering the —Z;,, values, it can be inferred that
ZnO@MOF-derived carbon electrodes attain higher impedance
values in both symmetric and asymmetric designs, indicating an
increased presence of reactive components within the electrode.®®
The increased surface reactance due to the larger BET surface area
and the highly defective carbon structure, evidenced by EPR and
Raman analysis, significantly contribute to this outcome.

Cyclic voltammetry (CV) is frequently employed to investi-
gate the electrochemical properties of adsorbed materials on
electrodes and explore molecular species’ reduction and oxida-
tion processes.’® In Fig. 7, the CV curves acquired at various
scan rates for the SCs prepared using ZnO and ZnO@MOF-
derived carbon electrodes are presented, exhibiting nearly
rectangular shapes, which indicates that the utilized electrodes
manifest an EDLC behavior. This implies that the charge
storage occurs by forming electric double layers (EDLs) at the
electrode/electrolyte interface.®”

The appearance of a fusiform shape in the CV curve obtained
at the highest scan rate of 200 mV s~ * can be attributed to the
limitations in ion transport and adsorption processes within
the EDL under such ultrafast scanning speeds. At high scan
rates, the time available for ions to diffuse and adsorb at the

View Article Online
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electrode-electrolyte interface during the CV cycle becomes
limited. As a result, the charge storage and release rate at the
electrode surface is accelerated, leading to a higher current
response in the CV curve.®® When the applied voltage reaches
approximately 0.9 V, the voltage at which the employed KOH
electrolyte undergoes decomposition, deviations from the rect-
angular shape occur in the CV curves.®® Furthermore, in the
case of ZnO@MOF-derived carbon, the current values slightly
decrease at higher scan rates. This reduction suggests a faster
depletion of reactants during the electrochemical reaction. The
simultaneous decrease in the electrode/electrolyte interface
resistance and the equivalent series resistance for the ZnO@C
designs might contribute to the accelerated consumption of
reactants.”’

The GCPL graphs of the fabricated symmetric and asym-
metric SCs are given in Fig. 8. The GCPL data were determined
using 0.1 A g~ " after 10 000 cycles. Upon examining the specific
capacity data concerning the applied potential, a specific
capacity increase is observed for the symmetric and asymmetric
designs when using ZnO@MOF-derived porous carbon as an
electrode. The charge and discharge capacities for all SC designs
are summarized and provided in Table 3. This table presents the
specific capacity of the SC designs under the specified operating
conditions, providing a comprehensive overview of their charge
storage and release capabilities performance. The large surface
area and the augmentation of pore diameter and volume have
enhanced the specific charge storage capacity per unit mass.
This is attributed to the fact that a higher surface area facilitates
the adsorption of more ions and enhances the ion diffusion rate.
Furthermore, the utilization of graphite as a second electrode in
the asymmetric designs also contributes to this enhancement
due to its carbon-based nature, high surface area, and conduc-
tivity. Additionally, upon examining Fig. 10, it is evident that the
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Fig. 7 CV curves of the symmetric and asymmetric SC devices obtained at different scanning rates.
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Fig. 8 GCD profiles of the symmetric and asymmetric SCs at a current
density of 0.1 A gL,

designed SC configurations do not exhibit a distinct voltage
plateau in the GCPL curves. This absence signifies the domi-
nance of non-faradaic capacitive behavior.”*

Fig. 9(a) and (b) illustrate the variation in Coulombic effi-
ciency and capacitance retention values for ZnO and ZnO®@
MOF-derived carbon-based electrodes over 10000 cycles. Cou-
lombic efficiency is a crucial parameter for assessing the per-
formance of electrochemical energy storage systems and enhan-
cing efficiency in energy storage/indicator applications.”” It may
be observed that the coulombic efficiencies of the prepared SCs
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range between 95.0% and 99.9% even after 10000 cycles. This
indicates the successful energy conversion and electron transfer
in the anticipated chemical reactions occurring at the electrolyte/
electrode or electrolyte interfaces. As a consequence of larger
surface area and porosity, the ZnO@C(as)-based SC design
demonstrates the ability to store more energy per unit mass
facilitating enhanced electron interactions and electrochemical
reactions. Furthermore, the presence of paramagnetic centers in
these materials has been confirmed through EPR spectroscopy,
revealing a significant concentration of C-related defect centers.
These defect centers also significantly impact the material’s
electrical properties, improving the supercapacitive Coulombic
efficiency. Capacitance retention refers to the ability of a capa-
citor or SC to maintain its capacitance over time or after under-
going certain operating conditions. It measures how well the
device retains its charge storage capacity relative to its initial or
maximum capacitance value. As depicted in Fig. 9(b), the capa-
citance retention values of all SCs are nearly above 100%.
Maintaining high cyclic stability in all SCs even after 10 000 cycles
is desirable for energy storage systems. This is because chemical
reactions occurring throughout the entire charge/discharge pro-
cess and potential disturbances can adversely affect the cyclic
stability of electrodes.

The time-dependent potential graphs of the prepared SCs at
0.1 Ag " are presented in Fig. 10(a) and 10(b) for the symmetric
and asymmetric SC devices, respectively. According to Fig. 10,
it is evident that both SC designs experience approximately a
threefold increase in charge/discharge time when MOF-derived
carbon-based electrodes are employed. The total charge/dis-
charge time for ZnO-sym is 0.25 s, extending to 0.35 s in the
asymmetric design. In the case of ZnO@MOF-derived carbon-
based designs, these times are prolonged to approximately
0.66 s in the symmetric design and up to 1.22 s in the
asymmetric designs. The utilization of high surface area porous
graphite is believed to contribute to this increase in the asym-
metric design. On the other hand, the rise in the symmetric
design can be attributed to the reduction in equivalent series
resistance, which leads to enhanced and faster ion transfer,
consequently resulting in an elongated charge/discharge time.

As a result of the conducted PEIS, CV, and GCPL analyses,
some crucial electrochemical parameters have been provided in
Table 3. Accordingly, specific capacitance, energy, and power
density values have significantly changed in the case of ZnO@
MOF-derived carbon-based designs. The specific capacitance of

Table 3 Charge (c) and discharge (d) capacity, Coulombic efficiency (Ce), specific capacitance (C,), energy density (Ep), and power density (Pp) of the

proposed SC devices

Capacity (WA h g™")

SC design Charge Discharge Ce (%) Cy(Fg™h Ep (W hkg™) Pp (kW kg™
ZnO-sym 2.8 2.6 95.2 64.6 9.0 264
ZnO@C(as)-sym 9.3 9.2 98.7 146.6 20.4 219
Zno@C(It)}-sym 2.4 2.4 99.9 88.5 12.3 388
ZnO-asym 1.3 1.3 98.8 30.2 4.2 86
ZnO@C(as)-asym 5.5 5.2 95.0 105.1 14.6 261
ZnO@C(lt)-asym 1.1 10 97.5 219.3 30.5 186
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Fig. 10 Potential vs. time graphs of the designed SCs at the 1st cycle (current density of 0.1 A g~3): (a) symmetric designs, and (b) asymmetric designs.

the ZnO-sym design is approximately 65 F g ', whereas it
reaches around 147 F g ' in the ZnO®@C(as)-sym design.
Similarly, while the specific capacitance of ZnO-asym is mea-
sured at 30.2 F g~ ', the ZnO@C(It)-asym design shows an
approximate value of 220 F g~ '. The energy and power density
values also show a similar increasing trend. It is a well-
established fact that the relationship between surface area,
defect structure, and specific capacitance strongly affects the
storage capacity of electrodes. As per the results of the surface
area measurements (see Table 2), ZnO@C(as) has a surface area
of 222 m? g~ ', which is larger than for ZnO@C(It), having a
surface area of 168 m> g~ '. A higher surface area electrode
provides more electrochemical interactions and more active
material. Additionally, the bimodal pore structure of the mate-
rials should be recalled, with ZnO@C(as) exhibiting pore sizes
around 10 nm and 13.5 nm, and ZnO@C(1t) showing pore sizes
around 8.5 nm and 15 nm (Table 2). This bimodal distribution
enhances the electrochemical performance of the materials by
combining the advantages of smaller pores, which increase
the surface area for charge storage, and larger pores, which
improve ion diffusion and electrolyte accessibility. Hence, the
specific capacitance of the SC prepared using ZnO@C(as) as
electrode material in the symmetric design is higher than for

This journal is © The Royal Society of Chemistry 2025

the other designs. However, upon analyzing Table 3, it becomes
apparent that utilizing the ZnO@C(lt) sample in the asym-
metric design results in a much higher specific capacitance.
Despite having a higher surface area, the specific capacitance of
ZnO@C(as) decreases when using graphite as a secondary
electrode due to possible diffusion limitations. This is because
an increase in surface area can only reach a limited capacity ata
certain point; the electrode’s surface may become completely
covered with active material, and the higher surface area does
not enhance the specific capacitance. This may result in a
decline in specific capacitance. Given these constraints, the
ZnO®@C(It) asymmetric construct, which exhibits a reduced
surface area, is projected to have a superior specific capaci-
tance. The electrochemical test results showed that the MOF-
derived porous carbon-based electrodes increase the ion trans-
fer rate and the surface area of the electrodes, ensuring a more
active region. Furthermore, the reduction in equivalent series
resistance and diffusion resistance has led to an increase in
both energy and power density.

The ZnO@C materials synthesized in this study exhibit
remarkable energy and power densities, positioning them as
competitive candidates among MOF(Al)-derived carbon materials
used in supercapacitors (see Table 4). For instance, the symmetric
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Table 4 Comparative performances of MOF(Al)-derived C-based supercapacitor devices

Cp Efficiency Ep Py

Electrode/SC system Starting MOF Electrolyte (Fg™") I(Ag™") (%) (Whkg™) (kWkg") Ref.
SPC (spindle-like porous  Al-BTEC (1,2,4,5-benzenetetracarboxylic 6 M KOH 173 1.0 95 15.3 0.336 52
carbon)/(2 electrodes, sym) acid)
CPC (coin shaped porous  Al-BDC (1,4-benzenedicarboxylic acid) = KOH/PVA  117.2 0.2 88.5 36.5 0.165 21
carbon)/(2 electrodes, sym)
CPMD/(3 electrodes) AlI-BDC (1,4-benzenedicarboxylic acid) 6 M KOH 391 0.5 — — — 36
CPMD-Zn/(2 electrodes, Al-BDC (1,4-benzenedicarboxylic acid) 3 M ZnSO, 335 0.1 92.2 150.3 0.090 36
asym)
AMUPC (3 electrodes) Al-BDC (1,4-benzenedicarboxylic acid) 6 M KOH 355 0.5 88.2 20.1 225 35
DHTAC-2/(3 electrodes) Al-DHTA (2,5-dihydroxi-1,4- 6 MKOH 298.8 1.0 — — — 53

benzenedicarboxylic acid)
ZnO@C(as) Al-BDC (1,4-benzenedicarboxylic acid) 6 M KOH  146.6 0.1 98.7 20.4 219 This
(2 electrodes, sym) work
ZnO@C(1t) Al-BDC (1,4-benzenedicarboxylic acid) 6M KOH  219.3 0.1 97.5 30.5 186 This
(2 electrodes, asym) work

supercapacitor device based on ZnO@C(as) achieved an energy
density of 20.4 W h kg™" and a power density of 219 kW kg™,
while the asymmetric device based on ZnO®@C(It) reached
an energy density of 30.5 W h kg™ and a power density of
186 kW kg~ '. These values not only align with but in some
cases surpass those reported for MOF-derived carbon materials
and transition metal oxide-based supercapacitors, which typi-
cally achieve energy densities of 10-25 W h kg~ ' and power
densities of 100-200 kW kg™ ™.

As highlighted in Table 4, the ZnO@C(lt)-asym device
demonstrates a significantly higher energy density (30.5 W h kg™ )
compared to spindle-like porous carbon (SPC), which achieves
15.3 W h kg~ ".%? Similarly, the ZnO@C(as)-sym device delivers a
power density of 219 kW kg™, placing it among the highest
values reported for MOF(Al)-derived carbon materials. This
superior performance can be attributed to the synergistic
effects of the channel-like carbon morphology, uniform dis-
tribution of ZnO nanoparticles, and the defect-rich carbon
structure, which collectively enhance ion transport, charge
storage, and electrical conductivity.

4. Conclusions

Supercapacitor (SC) devices incorporating ZnO-decorated car-
bon derived from MIL-53(Al) have been engineered, utilizing
MIL-53(Al) metal-organic frameworks as a precursor for the
synthesis of carbon-based electrode materials. In summary,
both the as-synthesized and activated low-temperature variants
of MIL-53(Al) underwent impregnation with zinc nitrate, fol-
lowed by a concurrent decomposition via thermal treatment
in an inert atmosphere, transforming Zn(NOs), into ZnO and
MIL-53(Al) into an Al,Os-decorated carbon structure. Compre-
hensive analyses of the ZnO@C materials revealed a well-
defined channel-like configuration in the produced carbon
with surface areas reaching approximately 220 m* g~ . Electron
paramagnetic resonance (EPR) spectroscopy identified the
presence of paramagnetic centers in these materials, demon-
strating a high concentration of carbon-related defect centers,
which significantly influence the electrical properties of the
materials. The electrical characteristics of these materials

10352 | J Mater. Chem. C, 2025, 13,10342-10355

indicate enhanced energy and power densities, achieving up
to 20.4 W h kg™' and 219 kW kg™ ' in the most efficient
symmetric SC device, and 30.5 W h kg™" and 186 kW kg™ in
the most efficient asymmetric device utilizing a graphite sec-
ond electrode. The efficiency of all SC devices exceeded 95%.
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