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Solar energy is a crucial and sustainable resource, necessitating material optimization for efficient use in solar-driven applications,
particularly photocatalysis. Mixed-metallic nanocomposites, notably those derived from metal-organic frameworks (MOFs), have
emerged as promising functional materials for environmental remediation and electrochemical energy storage. MOFs provide
unique platforms for synthesizing diverse nanostructures, incorporating metals, oxides, sulfides, and nitrides within a porous
carbon matrix. These resulting nanocomposites exhibit high crystallinity, retained morphologies, and tunable textural features.
This study focuses on synthesizing a MOF-derived Ni/Zn nanocomposite (i.e., MD-Ni/Zn) from a bimetallic MOF to exploit
its potential in photocatalytic pollutant degradation and electrochemical energy storage. Under UV irradiation, the MD-Ni/Zn
nanocomposite efficiently degrades 98% of mixed (RhB + CV) dye within 60 minutes. This remarkable photocatalytic
performance is attributed to the occurrence of mixed phases in the MD-Ni/Zn nanocomposite, minimizing the recombination
efficiency of photoinduced e-/h+ through the p-n heterojunction mechanism. Electrochemical analysis reveals outstanding
capacitance in the MD-Ni/Zn nanocomposite, reaching 1002 F/g at 5A/g, emphasizing its suitability for enhanced
electrochemical energy storage.

1. Introduction

The environment faces an unprecedented crisis, wrought by
the relentless impact of human activities compounded by the
relentless march of industrialization. This relentless industri-
alization, coupled with an excessive reliance on fossil fuels to
satiate our insatiable energy needs, casts a dark shadow over
our future. Researchers worldwide have recognized the

urgent need to address this looming environmental catastro-
phe, making environmental remediation and energy crisis
mitigation paramount global priorities [1]. The salvation of
our ecosystem demands concerted and sustainable efforts.
In this quest for environmental preservation, photocatalytic
degradation has emerged as a powerful, economical, and
widely embraced approach for treating contaminated waste-
water. Its appeal lies in its remarkable capacity to transform
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toxic organic dyes into environmentally benign compounds,
including carbon dioxide and other carbonaceous products.
Recent scientific investigations have shed light on a promis-
ing avenue for enhancing this process—the development of
nanocomposite materials possessing band gap energies com-
patible with solar light and a propensity for minimizing the
recombination of photoinduced electron-hole pairs [2–7].
For instance, Paul et al. [8] reported the impressive UV
light-driven MB dye degradation efficiency of 74.87%
achieved by a NiO-ZnO composite within 120 minutes of
irradiation. Similarly, Far et al. [9] demonstrated that a
NiO/Fe2O3/PVA composite achieved nearly 100% efficiency
in MB dye degradation within just 90 minutes, attributed to
the synergistic effects of mixed metal oxides. These findings
underscore the promise of nanocomposite materials in
advancing the effective removal of synthetic dyes through
photocatalysis, marking a significant stride in our efforts to
address the environmental challenges at hand.

The exponential expansion of advanced technologies and
industrial sectors has precipitated a relentless pursuit of alter-
native green energy solutions, driven by the imperative to
address energy storage and conversion challenges [10]. In this
context, supercapacitors have emerged as a pivotal contender,
offering the potential to bridge the energy and power gap and
thereby presenting a promising avenue for green energy pro-
duction. Their applications span diverse domains, including
transportation, portable electronic devices, and smart grid
systems. However, despite their numerous advantages, the
intrinsic limitation of low energy density has thus far pre-
vented supercapacitors from fully supplanting traditional bat-
teries in the market [10, 11]. Consequently, significant
research endeavors are currently underway to engineer flexi-
ble and lightweight electrodes for hybrid supercapacitors,
amalgamating capacitive and battery-like characteristics, with
the overarching aim of enhancing device performance and
commercial viability.

MOFs, renowned for their porous nature, have gar-
nered substantial attention across the disciplines of phys-
ics, chemistry, biology, and material science [12–15].
These crystalline porous materials boast a well-defined
interrupted network construction, made through the self-
association and building of inorganic metal centers and
organic ligands. MOFs offer a host of advantages, includ-
ing high functionality, substantial surface area, precise
pore dimension control, and exceptional porosity. Their
tunable features and myriad metal/ligand conformations
render them invaluable in applications spanning adsorp-
tion, catalysis, and electrochemical energy storage. MOFs
offer easily tailored surface properties and well-ordered
pore structures, serving as ideal precursors for versatile
porous carbon materials. Notably, mixed metal-MOFs have
emerged through the simultaneous incorporation of mixed
metal species with organic ligands [16, 17]. These materials
offer distinct advantages over conventional templates, pri-
marily due to the molecular-level mixing of metal species
within MOFs, the ability to maintain homogeneous mor-
phologies, and enhanced structural integrity that minimizes
undesired aggregation or framework collapse during thermo-
lysis [18, 19].

Recent research demonstrates the efficient conversion of
MOFs into metal oxide/porous carbon composites through
inert atmosphere pyrolysis. This process leverages the regu-
lar coordination bonds formed between metal ions and
organic ligands within MOF crystals, facilitating the uniform
and orderly dispersion of metal/metal oxides within the
resulting composite carbon materials. As a result, nanocom-
posites derived from MOFs are acknowledged as potent
adsorbents for purging wastewater pollutant. For example,
Jin et al. [20] reported the successful preparation of MOF-
derived Ni/porous carbon-CNT composite via carboniza-
tion, exhibiting a maximum RhB dye absorption capacity
of 395mg/g, with the added benefit of regenerability through
ethanol washing. Likewise, Li et al. [21] demonstrated that a
Co3O4-Bi2O3 composite exhibited remarkable peroxymono-
sulfate activation activity, leading to nearly 100% degrada-
tion of RhB within just 30 minutes, attributed to the
enhancing influence of bi species on the activation capacity
of Co3O4 within the composite. Additionally, Wang et al.
[22] reported the synthesis of an MOF-derived C-doped
ZnO/TiO2 composite, which exhibited exceptional photocat-
alytic degradation efficiency, achieving a 94% degradation of
RhB under simulated solar light irradiation. These findings
collectively underscore the remarkable potential of MOF-
derived nanocomposites in advancing diverse environmental
and energy-related applications, marking a significant stride
in our quest to address pressing challenges.

Recent advancements in materials science have revealed
the potential for enhancing the photocatalytic activity of
mixed metal oxide composite photocatalysts by constructing
heterojunctions between NiO and other metal oxides with
appropriately aligned band positions or doping approach
[23–25]. The creation of p-n junctions and the establishment
of an internal built-in electric field have been recognized as
highly effective strategies for promoting the efficient separa-
tion of photoinduced charge carriers [26, 27]. Li et al. [28]
reported that the p-n heterojunction designed in the NiO-
CeO2 nanocomposite significantly enhanced the removal
efficiency of MO dye under UV irradiation, resulting in a
2.6-fold improvement compared to bare NiO. This enhance-
ment was endorsed to the favorable features of p-n hetero-
junctions for efficient charge separation and rapid transfer
of electron-hole pairs. Furthermore, MOF-derived materials
have proven instrumental in addressing environmental
issues, particularly in the realm of photocatalytic pollutant
degradation. Lei et al. [29] demonstrated that an MOF-
derived hollow CuO/ZnO composite achieved an impressive
87% degradation of tetracycline hydrochloride under visible
light irradiation within 60 minutes.

Beyond their environmental applications, MOF-derived
metal oxides have also shown great promise in the field of
electrochemical energy storage [30]. Supercapacitors, known
for extended cycling, high power, ecofriendliness, safety, and
conductivity, are vital energy stores. Pseudocapacitors, in
particular, leverage the reversible redox reactions of metal
oxides or sulfides to deliver impressive energy storage capac-
ities. Mixed metal-metal oxide-based electrodes, which cap-
italize on the synergy of mixed metal species to enhance
electrical conductivity and surface area compared to
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monometallic oxides, have become a common choice for
supercapacitor electrode preparation. These electrodes facil-
itate increased charge pathways for energy storage. For
instance, Yang et al. [31] developed a NiCo2O4/NiO com-
posite derived from the pyrolysis of Ni/Co-MOF, achieving
a remarkable electrochemical storage capability of 726 F/g
at 1A/g, with remarkable working stability, retaining
91.4% of its capacity over 5000 cycles. Aghazadeh and For-
atirad [32] reported that a Ni2-xZnx (OH)2@C electrode
demonstrated impressive capacities of 545mAh/g at 5A/g,
with 91.8% retention over 6000 cycles. Tang et al. [33]
reported Ni/ZnO nanosponges from MOF derivatives with
807 F/g capacitance at 1A/g and 86% retention over 5000
cycles.

In this study, we present the synthesis and characteriza-
tion of a bimetallic MOF-derived Ni/Zn (MD-Ni/Zn) com-
posite via pyrolysis in an air environment. We explore the
photocatalytic efficiency of the MD-Ni/Zn composite by
evaluating its performance in degrading mixed (RhB + CV)
dye in aqueous solutions. Furthermore, our investigation
reveals remarkable electrochemical activity, with the MD-
Ni/Zn composite exhibiting a capacitance of 1002 F/g at
5A/g. These findings underscore the mixed faceted potential
of MOF-derived materials in addressing critical environ-
mental and energy-related challenges.

2. Experimental Details

Nickel (II) nitrate hexahydrate and zinc nitrate hexahydrate
from Daejung, trimesic acid (BTC) from Sigma-Aldrich, and
N,N-dimethylformamide (DMF) from Alfa Aesar are used
as received. The preparation procedure of the Ni-MF, Zn-
MF, and Ni/Zn-MF was discussed in reported literature
[10] with slight modifications. In details, equal volumes of
DI water, DMF, and ethanol solutions (totaling 210mL)
are prepared. Each of 137mg of Ni(NO3)2.6H2O and
Zn(NO3)2.6H2O are added to 80mL of above stock solution,
stirred at 200 rpm for 10min, and then added dropwise of
103mg of BTC in 130mL solution. The resulting mixture
is transferred to a Teflon autoclave reactor and kept at
170°C for 6 h. Finally, the precipitate is separated via centri-
fugation at 8000 rpm, washed repeatedly with methanol, and
kept at 100°C for 10 h. To synthesize Ni-MF and Zn-MF, we
repeat the procedure without the Ni or Zn precursor. To
obtain the NiO, ZnO, and NiO/ZnO composites, the mate-

rials obtained above are subjected to calcination at 400°C
for 6 h, resulting in MOF-derived NiO (i.e., MD-NiO),
MOF-derived ZnO (i.e., MD-ZnO), and MD-Ni/Zn com-
posites (Figure 1).

The materials’ structural and crystalline properties were
examined through XRD (XRD-6100, Shimadzu, Japan) with
CuKα radiation. Surface morphology and microstructure
analyses were conducted using SEM, Hitachi, S-4100 and
HRTEM, Tecnai G2 F20 S-Twin at an acceleration voltage
of 200 kV. The elemental composition on the sample surface
was determined by HRTEM-EDS. Additionally, the chemi-
cal states of the materials were analyzed using Thermo Sci-
entific XPS with Al Kα radiation.

The photocatalytic performance of all catalysts was
evaluated by simulating the decolorization of a mixed
dye solution (RhB + CV, 1 : 1) under UV light irradiation.
Specifically, 50mg of each sample was mixed in 100mL
of the RhB + CV aqueous solution. Prior to irradiation,
the solution was left in the dark for 30min. Subsequently,
UV light was applied. At specified time intervals, 5mL of
the solution was extracted, and the sample was separated
by centrifugation. Spectral measurements were conducted
on the supernatant after centrifugation using a UV-Vis
spectrophotometer (Neo-D3117, Neogen).

The electrochemical performance of the samples was
evaluated using a conventional three-electrode cell. A satu-
rated Hg/HgO reference electrode and a platinum mesh
counter electrode were employed. The working electrode
was prepared as a slurry by combining active materials, car-
bon black, and PVDF in a mass ratio of 90 : 5 : 5 in NMP.
The slurry mixture was then drop-cast onto Ni foam and
dried in an oven at 80°C for 2 h. CV tests were conducted
at various scan rates within a potential window of 0.0V to
0.6V. GCD tests were carried out in the range of 0–0.5V
vs the Hg/HgO reference electrode at altered current densi-
ties. EIS measurements were performed over a frequency
range of 200 kHz to 100Hz. All electrochemical experiments
were conducted in a 1.0M KOH using a Biologic SP-200
electrochemical system.

3. Results and Discussion

XRD profiles of all the samples (Figure 2) exhibit a high
degree of compatibility with one another, and the sharpness
of the respective peaks serves as evidence of the inherent

Zn2+

Ni2+

BTC
400°C, 6 h170°C, 6 h

Solvothermal Ni/Zn MOF
NiO/ZnO nanocomposite

H2O, DMF, EtOH

Figure 1: Schematic representation of synthetic procedure of the MD-Ni/Zn composite.
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crystallinity of these materials. In the case of the Ni-MF
sample, a prominent peak at 12.4° corresponds to the (110)
plane of Ni-MOF [34]. In contrast, the Zn-MF and Ni/Zn-
MF samples display three major peaks located at 12.56°,
33.35°, and 59.27°, which align well with the reported litera-
ture [35–37]. Furthermore, the XRD pattern of Ni/Zn-MF
aligns consistently with that of Zn-MF samples, featuring a
characteristic peak of Zinc MOF at 10.5° [38]. It is worth
noting that the MOF structures can vary under different syn-
thesis conditions. After undergoing oxidizing calcination at
400°C, both the Ni-MF and Zn-MF samples exhibit XRD
patterns that closely match those of pure NiO (JCPDS no:
03-65-6920) and ZnO (JCPDS no: 01-079-2205). This align-
ment signifies the complete removal of organic ligands from
the MOF samples and the conversion of Ni/Zn species into
oxide phases. However, it is worth noting that in the Ni/
Zn composite, there is a reduction in the intensity of the dif-
fraction peaks, which can be attributed to lattice distortion
[39]. In contrast, in the Ni/Zn-MF sample, distinct peaks
corresponding to NiO and ZnO phases are observed in the
oxidized sample, resulting in the formation of the NiO-
ZnO composite.

The photocatalytic and electrochemical activities of
nanomaterials are well-established to be closely correlated
with their morphology, particle size, and the presence of
active sites. The morphologies of MOF materials undergo
significant changes during the calcination process, primarily

due to the removal of guest molecules and the decomposi-
tion of organic components as a result of the heat treatment
process. As depicted in Figures 3(a) and 3(b), the FESEM
images of MD-NiO reveal a distinctive structure resembling
clustered pocky sticks, composed of agglomerated NiO and
ZnO nanoparticles. Conversely, MD-ZnO (Figures 3(c) and
3(d)) displays relatively agglomerated particles that are dis-
persed in a random order. Notably, the MD-Ni/Zn compos-
ite, as illustrated in Figures 3(e)–3(h), showcases a distinct
egg-yolk-like structure composed of mixed oxide materials.
In comparison to MD-NiO, a notable porous structure is
evident on the surface of MD-Ni/Zn, suggesting that the
ZnO particles are uniformly distributed and loaded onto
the surface, achieving the desired egg-yolk-like configura-
tion. This highly dispersed surface structure is of paramount
significance as it leads to an increased abundance of active
sites and expanded surface area. Furthermore, the synergy
effect ascending from the combination of mixed metal
oxides within the composite further amplifies its suitability
for catalytic applications. This synergy arises from the
unique interplay of mixed metal oxides, resulting in
enhanced catalytic performance beyond what would be
achievable with individual components alone. The egg-
yolk-like architecture, along with the synergistic effects,
establishes the MD-Ni/Zn composite as a promising candi-
date for various catalytic applications, owing to its excep-
tional surface characteristics and catalytic potential.
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Figure 2: XRD patterns of Ni-MF, Zn-MF, Ni/Zn-MF, MD-NiO, MD-ZnO, and MD-Ni/Zn composite.
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Figure 3: FESEM images (a, b) MD-NiO, (c, d) MD-ZnO, and (e–h) MD-Ni/Zn composite.
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Figure 4: (a) HRTEM images, (b) SEAD pattern, (c) combined elemental mapping, and (d–f) individual elemental mapping of MD-Ni/Zn
composite.
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Figure 5: XPS spectra of MD-Ni/Zn composite (a) Ni 2p, (b) Zn 2p, and (c) O 1s spectra.
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Figure S1 (a, b) and Figure 4 present HRTEM images of
the MD-Ni/Zn composite. In Figure 4(a), the MD-Ni/Zn
composite exhibits an egg-yolk-like structure composed of
aggregated nanoparticles. The lattice stripes of ZnO (101,
0.247 nm) and (110, 0.162 nm), as well as NiO (001,

0.241 nm) planes with their respective lattice spacings, are
clearly distinguishable. These images provide a detailed
view of the composite’s internal structure, highlighting the
presence of well-defined boundaries between the core and
shell components. Figure 4(b) displays a SAED pattern,
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characterized by ring and dot patterns. This pattern serves
as clear evidence of the coexistence of mixed metal oxides
within the composite, further confirming its mixed-metallic
nature. Figure 4(c) exhibits combined elemental mapping of
the MD-Ni/Zn composite. These images unequivocally
validate the purity of the sample, showcasing a homogenous
distribution of constituent elements. To further corroborate
this, individual elemental mapping of Ni, Zn, and O
elements is depicted (Figures 4(d)–4(f)), and as observed,
these elements are homogeneously dispersed in the
composite. Additionally, EDX spectra of the MD-Ni/Zn
composite (Figure S1c) provide quantitative information
about the elemental composition. These spectra align with
the elemental mapping results, further confirming the
presence and even distribution of Ni, Zn, and O elements
within the composite. Collectively, these characterizations
underscore the structural integrity, purity, and mixed-
metallic nature of the MD-Ni/Zn composite, establishing
its suitability for various applications. The formation
mechanism of the MOF-derived NiO-ZnO oxide
composites can be elucidated through the following
sequential processes: (i) Initially, protons generated
through the hydrolysis of Zn2+ ions readily interact with
Ni2+ ions, leading to the liberation of bimetallic ions; (ii)
concurrently, a portion of the liberated Ni2+ ions undergo
oxidation, transitioning into Ni3+ ions due to the presence
of dissolved O2 and NO3

- in the solution. These Ni3+ ions
then coprecipitate with Zn2+ ions, resulting in the
formation of the composite, wherein they become
integrated with the BTC ligands, and (iii) furthermore,
during the subsequent calcination process, the guest
molecules that serve as linkers within the MOF structure
vaporize. This vaporization process contributes to the
formation of the NiO-ZnO matrix. This multistep process
underscores the intricate yet controlled formation of the
NiO-ZnO oxide composites, with each step playing a
crucial role in shaping the final composite structure.

Figure 5 illustrates the XPS spectrum of the MD-Ni/Zn
composite, providing valuable insights into its elemental
composition and chemical states. In the Ni 2p XPS profile
(Figure 5(a)), two distinct component peaks are evident,
corresponding to the Ni 2p3/2 (853.5 eV) and Ni 2p1/2
(872.1 eV) spin-orbit planes of NiO. These peaks unequiv-
ocally confirm the presence of Ni2+ states within the com-
posite. Furthermore, the characteristic satellite features of
Ni3+ are also observed at 860.4 and 879.2 eV [40], offering
additional evidence of the coexistence of Ni3+ ions. From
Figure 5(b), the Zn 2p XPS spectrum reveals two distinct
peaks positioned at 1021.8 eV and 1044.8 eV, which can
be endorsed to Zn 2P3/2 and Zn 2p1/2, respectively. These
findings approve the presence of Zn2+ states within the
composite [41]. Lastly, in Figure 5(c), the O1s XPS profile
of the MD-Ni/Zn composite is presented, revealing a well-
resolved spectrum comprising distinct peaks at 528.9 and
530.5 eV; these findings align with prior literature reports
[42]. Overall, the XPS analysis provides comprehensive
evidence regarding the chemical states and elemental com-
position of the MD-Ni/Zn composite, further supporting
its suitability for various applications.

Figure 6(a) presents the UV-Vis-NIR absorption spectra
of MD-NiO and MD-ZnO samples, revealing high UV
absorption characteristics. Additionally, Figure S2 presents
a comparison of the optical performance between MD-NiO,
MD-ZnO, and MD-Ni/Zn composite materials. The
prominent absorption peaks are endorsed to the respective
band gaps of these samples. However, when comparing
MD-NiO to MD-ZnO, it is apparent that MD-ZnO exhibits
weaker absorption, suggesting an impact of large size of
nanoparticle on the optical characteristics of MD-ZnO.
This effect is corroborated by high-magnification HRTEM
images (Figure 4). Figure 6(b) shows plots of αhν 2 vs hν,
yielding band gap (Eg) values of approximately 2.98 eV and
3.21 eV for MD-NiO and MD-ZnO samples, respectively.
On the other hand, the MD-Ni/Zn composite exhibited a
band gap of 3.14 eV (Figure S2).

To assess the photocatalytic properties of the composite,
the photodegradation of mixed (RhB + CV) dyes was
studied, with a 30-minute dark absorption period to
reach adsorption-desorption equilibrium. UV-Vis absorp-
tion spectra were recorded over varying irradiation times,
as depicted in Figures 7(a)–7(c). Figure 7(d) shows the pho-
tocatalytic activity over the MD-NiO and MD-Ni/Zn com-
posite of the mixed dye degradation under UV irradiation.
A blank test of mixed (RhB + CV) dyes revealed no signifi-
cant removal, indicating the absence of photodegradation
without a photocatalyst. Under UV light irradiation, the pho-
tocatalytic degradation rates of mixed (RhB + CV) dyes over
MD-NiO and MD-Ni/Zn reached 99% and 98% within 100
minutes and 60 minutes, respectively. These results highlight
the significantly enhanced photocatalytic capacity of MD-Ni/
Zn composite compared to MD-NiO. This improvement is
endorsed to the mixed metal interface effect within the MD-
Ni/Zn composite. Furthermore, the apparent reaction rate con-
stant (k) was estimated using the equation ln C/Co = kt,
where C and Co refer to the initial and operating time (t) con-
centrations of the mixed dye, and k is the rate constant.
Figure 7(e) reveals that the degradation of themixed dye follows
a pseudo-first-order kinetic characteristic. The estimated k
values for MD-NiO and MD-Ni/Zn composite are 0.021 and
0.038min-1, respectively. The shorter reaction time observed
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Figure 8: Trapping test results over different scavengers.
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for theMD-Ni/Zn composite is endorsed to the p-n heterojunc-
tion features, facilitating rapid charge transfer and improved
separation efficiency during the photocatalytic process, ulti-
mately enhancing the photoactivity of the MD-Ni/Zn compos-
ite [43]. Figure 7(f) presents the working stability of theMD-Ni/
Zn composite during three recycling runs for mixed dye
removal. These results demonstrate negligible changes in the
degradation of mixed dye, underscoring the robust and stable
performance of the MD-Ni/Zn composite over multiple cycles.

We utilized various scavengers (IPA, BQ, and EDTA-
2Na) to probe the roles of ·OH, O2

-, and h+ radicals
(Figure 8). The addition of scavengers led to a significant
reduction in the degradation rates of mixed dye, dropping
from 98% to 31.56%, 19.87%, and 42.34% in the attendance
of BQ, IPA, and EDTA-2Na, respectively. This observation
indicates that ·OH is the primary reactive species, while
·O2

- and h+ radicals also play important roles in mixed dye
degradation. The reaction can be approximately character-
ized by the following equations:

NiO⟶NiO e− + h+ ,

ZnO⟶ ZnO e− + h+ ,

NiO e− +O2 ⟶NiO + ·O2
−,

ZnO e− +O2 ⟶ ZnO + ·O2
−,

NiO h+ + H2O⟶NiO + ·OH + h+,

ZnO h+ + H2O⟶ ZnO + ·OH + h+,

RhB + CV + ·O2
−, h+, ·OH ⟶ CO2 + H2O + other products

1

Taking into account the experimental results and rele-
vant literature, the photocatalytic mechanism of the NiO/
ZnO composite is schematically represented in Figure 9.
When bimetallic Ni/Zn MOF undergoes calcination, it
forms a p-n heterojunction between p-NiO and n-ZnO,
establishing a built-in electric field at the interface. This elec-
tric field induces a negative charge in the p-NiO region and a
positive charge in the n-ZnO region for charge equilibrium

(Figure 9(a)). Under UV irradiation (Figure 9(b)), electrons
become excited, moving from the VB to the CB in NiO and
then to the CB of ZnO due to the built-in electric field. Con-
currently, holes migrate from the VB of ZnO to the VB of
NiO. The photoinduced electrons react with O2 molecules
adsorbed in the dye to form ·O2

- radicals [44]. Conversely,
holes transported as of the VB of n-ZnO to that of p-NiO
interact with the water in the dye to generate ·OH radicals
[45]. Consequently, the recombination of photoinduced e-/
h+ is significantly inhibited. The ·O2

- and ·OH radicals work
in tandem to degrade the dye into nonpolluting products,
including CO2 and H2O. Thus, the heterojunction between
NiO and ZnO plays a pivotal role in suppressing the recom-
bination of photoinduced e-/h+ pairs and enhancing the
photocatalytic activity.

We conducted a comprehensive investigation into the
electrochemical activity of MOF-derived samples, specifi-
cally MD-NiO and MD-Ni/Zn composites, and performed
a comparative analysis. As depicted in Figures 10(a) and
10(b), the CV profiles of MD-NiO and MD-Ni/Zn compos-
ite electrodes were examined across a range from 1 to
20mV/s. Analyzing the CV curves reveals that at low scan
rates, the MD-Ni/Zn composite exhibits more prominent
redox peaks compared to MD-NiO. Remarkably, the MD-
Ni/Zn composite exhibits the largest integrated area in the
CV profile, signifying superior specific capacitance and
heightened redox activity. With increasing scan rates, both
electrode types maintain distinct redox peaks. Furthermore,
noticeable shifts in oxidation and reduction peaks suggest
typical pseudocapacitive behavior [46]. In both cases, the
electrodes display distinct redox peaks corresponding to
the pseudocapacitance behavior of NiO and NiO/ZnO. The
intensity of these peaks increases with higher scan rates,
affirming that both electrode materials possess pseudocapa-
citance activity. Among them, the MD-Ni/Zn composite
electrode exhibits the highest peak current, indicating
enhanced electrochemical performance. The increased peak
current observed in the MD-Ni/Zn composite electrode
can be endorsed to the synergy effect resulting from the
combination of NiO and ZnO within the composite elec-
trode [47–49]. This enhanced electrochemical performance
can be explained by considering the conceivable reaction

n-type 
ZnO

p-type 
NiO

(a)

p-NiO
Heterojunction
interface

e– e– e– e– e– e– e– e– e–

e–

e– e– e– e– e– e– e– e– e–

h+ h+ h+ h+ h+ h+ h+ h+

h+ h+ h+ h+ h+ h+ h+ h+ h+

n-ZnO
+ O2 ·O2

–

H2O +·OH

CO2 + H2O·O2
– + ·OH + ········ + RhB/CV

CB
h�

h�

VB

Built-inelectric field

(b)

Figure 9: (a, b) Proposed photocatalytic mechanism of MD-Ni/Zn composite.
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Figure 10: CV curves of (a) MD-NiO and (b) MD-Ni/Zn composite, anodic/cathodic peak current vs square root of scan rate of (c)
MD-NiO and (d) MD-Ni/Zn composite, (e) detailed breakdown of capacitive and diffusive contributions, and (f) a comparative analysis
of the total contribution and capacitive contribution for the MD-Ni/Zn composite electrode.
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mechanisms associated with the intercalation/deintercala-
tion of K+ ions into the MD-Ni/Zn electrode. These reactions
can be elucidated as follows:

MD −
Ni
Zn + K+ + e− ⟷ K −MD −

Ni
Zn surface,

MD −
Ni
Zn + K+ + e− ⟷ MD −

Ni
Zn K

2

These equations illustrate the adsorption of K+ ions onto
the surface of electrode and/or the intercalation/deintercala-
tion of K+ cations from the electrolyte at the MD-Ni/Zn com-
posite and electrolyte interface. During the charging process,
K+ ions from the electrolyte insertion into theMD-Ni/Zn elec-
trode surface. Conversely, through discharge, K+ ions are

removed from the MD-Ni/Zn composite and diffuse back into
the aqueous media, completing the electrochemical cycle.

In Figures 10(c) and 10(d), the association between peak
current and the square root of scan rates ranging from 1 to
20mV/s is presented. For 1 to 20mV/s, the peak current dem-
onstrates a consistent increase, displaying a linear correlation
with the square root of the scan rates. This behavior indicates
that the kinetics of the electrode redox reaction are governed
by the interplay between the surface-diffusion reaction of
OH- ions and the adsorption/desorption processes occurring
on the electrode surface. Figure 10(e) illustrates the separation
of surface-controlled and diffusion-controlled processes,
revealing the capacitive and diffusive contributions of the
MD-Ni/Zn composite electrode at different scan rates. It is
perceived that the diffusive contribution becomes more prom-
inent as the cumulative scan rate increases (1-10mV/s). Spe-
cifically, the percentage of capacitive contribution gradually
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Figure 11: GCD profiles of (a) MD-NiO, (b) MD-Ni/Zn composite, (c) comparison of MD-NiO and MD-Ni/Zn composite electrodes, and
(d) specific capacitance vs current density of MD-NiO and MD-Ni/Zn composite electrodes.

11International Journal of Energy Research



rises within the range of 40.71-68.46%, while the diffusive con-
tribution diminishes within the range of 59.28-31.53%. To
gain a deeper understanding, we further analyzed the diffusion
contribution to the total contribution by deconvolving the CV
profile at a sweep rate of 5mV/s, revealing a capacitive contri-
bution of 60.56%. This finding underscores the role of K+ ion
intercalation within the electrode as a significant aspect of the
electrochemical process (Figure 10(f)).

To comprehensively evaluate the charge storage capacity
of the MD-Ni/Zn composite electrode, we conducted GCD
analysis at several current densities (CD) within a 0-0.5V
potential range (Figures 11(a) and 11(b)). As the CD
increased, the discharge time decreased, resulting in nar-
rower plateaus in the discharge curves. This phenomenon
is endorsed to the limited contact time between the electro-
lyte ions and the MD-Ni/Zn composite electrode, particu-
larly noticeable at 10A/g. A comparison of the GCD
curves for MD-NiO and MD-Ni/Zn composite electrodes
(Figure 11(c)) underscored the superior electrochemical
storage capacity of the MD-Ni/Zn composite. Additionally,
Figure 11(d) depicted the specific capacity of the MD-Ni/
Zn composite at various CD, revealing capacitance values
of 1002, 739, 323, and 110 F/g at 5, 6, 8, and 10A/g, respec-
tively. Notably, the specific capacitance decreased from 1002
to 110 F/g as from 5 to 10A/g, consistent with typical elec-
trochemical behavior. Table S1 offers an extensive analysis
of the electrochemical attributes of the MD-Ni/Zn
composite electrode in comparison to its MOF-based
counterparts. The information contained within the table
emphasizes the remarkable energy storage potential of the
MD-Ni/Zn composite electrode.

In Figure 12(a), we present the EIS plots obtained for both
MD-NiO and MD-Ni/Zn composite electrodes, and related
equivalent circuit is presented in Figure S3. The slope of the
EIS plot for the MD-Ni/Zn composite electrode exceeded
45°, indicating that the overall capacitance primarily results

from ion diffusion [50]. In comparison to the diffusion-
limited charge storage process observed in MD-NiO, the
interior structure of the MD-Ni/Zn composite electrode
appears to enhance the accessibility of OH- ions to
electroactive sites, resulting in a higher available capacitance
[51]. The estimated solution resistance (Rs) values were
determined to be 3.53 and 3.141Ω, while the charge transfer
resistance (Rct) was found to be 28.56 and 6.71Ω, with
Warburg constants of 0.631 and 0.788 for MD-NiO and
MD-Ni/Zn composite electrodes, respectively. This suggests
improved ion mobility and higher electrochemical activity in
the MD-Ni/Zn composite electrode, consistent with the
observations mentioned earlier.

To assess electrode stability, cyclic performance tests
were conducted at 10A/g for 5000 cycles (Figure 12(b)).
The MD-Ni/Zn composite electrode exhibited a capacitance
retention of 51.1%. The initial drop in specific capacitance
during the primary cycles is endorsed to the incomplete acti-
vation and utilization of the active material enclosed within
the electrode. As electrochemical reactions progress, the
internal electrode material progressively undertakes reac-
tions, releasing energy and maintaining specific capacitance,
followed by a gradual discharge-specific capacitance decline;
this behavior aligns with previous reports [52]. Compared to
the MD-NiO electrode, the MD-Ni/Zn composite electrode
displays notable enhanced capacitance, which can be
endorsed to the beneficial synergy effect of mixed oxide
composite with their unique egg-yolk-like structure. This
structure facilitates the penetration and transport of OH-

ions, contributing to the enhanced performance and stability
of the composite electrode.

4. Conclusion

In this study, we investigated the photocatalytic and electro-
chemical characteristics of MOF-derived NiO-ZnO oxide
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Figure 12: (a) EIS spectra of MD-NiO and MD-Ni/Zn composite electrodes and (b) cycling stability of MD-Ni/Zn composite electrodes.
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composites (MD-Ni/Zn). Our results revealed that the MD-Ni/
Zn composite exhibited notable photocatalytic performance,
degrading mixed dyes (RhB + CV) by 98% in 60min under
UV irradiation. The photocatalytic mechanism was elucidated,
highlighting the type-II heterojunction between NiO and
ZnO, which efficiently prevented the recombination of photoin-
duced e-/h+ pairs, leading to boosted photoactivity. Addition-
ally, the MD-Ni/Zn composite electrode displayed notable
electrochemical activity compared to MD-NiO, with a higher
specific capacitance and redox activity. This enhancement was
endorsed to the synergy effect of NiO and ZnOwithin the com-
posite electrode. Furthermore, the MD-Ni/Zn electrode dem-
onstrated admirable stability during cyclic performance tests,
showcasing a retention efficiency of 51.1% after 5000 cycles.
EIS analysis designated that the enhanced performance of
MD-Ni/Zn was because of improved ion diffusion and lower
charge transfer resistance. These findings suggest that the
MD-Ni/Zn composite holds promise for applications in
energy storage and wastewater treatment due to its excep-
tional electrochemical and photocatalytic properties.
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