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Designing few-layered graphitic carbons with
atomic-sized cobalt hydroxide by harnessing
hollow metal-organic frameworks¥
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Graphitic carbon exhibits distinctive characteristics that can be modulated by varying the number of carbon
layers. Here, we developed a method to control the growth of graphitic carbon layers through pyrolysis of
zeolitic imidazolate frameworks (ZIFs). The key is to pyrolyze hollow-structured ZIF-8 containing Co ions to
simultaneously obtain an amorphous carbon source for graphitic carbons and Co metal nanoparticles for
catalyzing graphitization of amorphous carbons. Owing to sparsely distributed Co ions within ZIF-8, Co
nanoparticles are formed, which leads to localized graphitization. The graphitic carbon obtained
contained two to five layers, unlike carbonized ZIF-67. The few-layered graphitic carbon was subjected
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Co nanoparticle egress and OH™ ion movement. Our strategy does not involve any highly corrosive

DOI 10.1039/d4na00203b process for catalyst leaching and can even be used to produce atomic-sized Co(OH), with few-layered
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Introduction

Carbon-based materials, such as graphene and carbon nano-
tubes, that are chemically stable and lightweight, and have
structural versatility have emerged as promising materials in
energy-related applications." Among these materials, graphitic
carbon, predominantly composed of well-ordered sp> bonded
carbon atoms, offers unique advantages such as high electrical
and thermal conductivity and remarkable mechanical
strength.>® These properties are highly influenced by the
number of graphitic carbon layers. Therefore, the accurate
control of the number of graphitic carbon layers, spanning from
a few layers to multiple layers, is of utmost importance as the
properties of graphitic carbons can be modulated.

Atomic layer deposition (ALD) is a technique used for fabri-
cating graphitic carbons.*® It involves gas-phase atom
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deposition and facilitates the molecular-level control and the
production of layer-controlled graphitic carbon.®’

However, this technique is costly and time-consuming, and
these drawbacks limit its feasibility for mass production.
Another approach, namely catalyst-assisted graphitization of
amorphous carbon, is more efficient and relatively inexpensive,
and it provides a high yield. It typically involves multiple steps,
including the loading of transition metal catalysts on an
amorphous carbon and subsequent high-temperature treat-
ments, and the removal of the residual catalysts.

Structurally well-defined metal-organic frameworks (MOFs),
formed by repeated coordination between organic linkers and
metal nodes, are an attractive precursory material for catalyst-
assisted thermal treatment due to their dual role: they provide
a rich carbon source from their organic linkers and act as
metallic catalysts through their metal nodes during
carbonization.** During the high-temperature treatment, the
metallic catalysts play an important role in reducing the acti-
vation energy required for the rearrangement of the carbon
atoms into a crystalline structure. Nevertheless, the use of
carbonized MOFs for producing graphitic carbon has draw-
backs: the complete removal of catalyst residues from the
produced graphitic carbon is challenging, and the highly
corrosive process for removing the metallic catalysts can
potentially deform the carbon structure. Furthermore, the
number of carbon layers often amounts to several tens of layers,
and hence, they obstruct the transportation of ions through the
interlayer space during electrochemical operation. In this study,
to overcome the limitations, we produced few-layered graphitic
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carbons through the carbonization of hollow MOFs. The key
observation was that the sparse distribution of the catalyst
precursor within the hollow MOFs led to the generation of
nano-sized catalysts, resulting in localized graphitization on the
catalysts."* These combined attributes—few-layered graphitic
carbons and nano-sized catalysts—make our approach allow
complete removal of catalysts and stabilization of atomic-sized
active materials within graphitic carbon layers.

Results and discussion

We used zeolitic-imidazolate frameworks (ZIFs), which are
a subfamily of MOFs. The entire process of producing few-
layered graphitic carbons with atomic-sized Co(OH), is shown
in Fig. 1. During pyrolysis at 900 °C, ZIF-8 composed of Zn ions
and 2-methylimidazole transforms into porous amorphous
carbon by Zn vaporization and structural rearrangements
(Fig. 1a). ZIF-67, composed of Co ions and the same ligands as
ZIF-8, promotes the formation of multi-layered graphitic
carbons. This is attributed to the catalytic properties of Co metal
particles, which facilitate the graphitization process around the
large Co metal particles. These results suggest that while ZIF-8
provides a carbon source devoid of heavy metal ions, ZIF-67
contributes catalysts essential for the graphitization of the
amorphous carbons derived from ZIF-8. We employed a core-
shell structured MOF(ZIF-67@ZIF-8), and then deformed its
internal ZIF-67 part, resulting in Co(OH), embedded hollow
ZIF-8 (hZIF-8). The process used to synthesize hZIF-8 was pre-
sented in our previous paper.*> Upon pyrolysis of hZIF-8 (c-hZIF-
8) at 900 °C, the sparsely distributed Co(OH), were reduced to
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Co nano-particles, converting amorphous carbon into graphitic
carbon. This process produced few-layered graphitic carbon,
predominantly in the range of 2-5 layers (Fig. 1b). Subsequent
KOH treatment transformed the Co nano-particles into atomic-
sized Co(OH), while simultaneously removing the Co nano-
particles, uniformly distributed within the few-layered
graphitic carbon of ¢-hZIF-8 (Co(OH), C c-hZIF-8).

In XRD patterns of carbonized ZIF-67 (c-ZIF-67) heat treated
at 900 °C, the distinctive patterns of ZIF-67 vanished and the
presence of Co metal (PDF Card no. 00-015-0806) particles was
observed (Fig. 2a)."* At a high temperature, 2-methylimidazole
undergoes thermal decomposition, breaking down into its
fragmented structure. Thus, the crystallinity of ZIF-67 is dis-
rupted. Simultaneously, the large Co particles catalyze the
rearrangement of the carbon atoms into a graphitic carbon
structure.'*** Transmission electron microscopy (TEM) and
scanning electron microscopy(SEM) images showed the growth
of graphitic carbons on the surface of Co metal particles, whose
size ranged from 20 to 100 nm, indicating complete structural
transformation from ZIF-67 into c-ZIF-67 (Fig. 2b and S1-S47).
However, using pristine ZIF-67 as the precursor has a drawback:
its high Co ion concentration leads to the formation of large Co
metal particles.*® This is because the Co ions tend to agglom-
erate because of frequent collisions, resulting in the formation
of large Co metal particles.” The large Co metal particles
facilitate the production of graphitic carbons because of their
catalytic ability. This chain of events leads to the formation of
graphitic carbon shells containing more than 10 layers
(Fig. S51). Consequently, the extraction of the Co metal particles
requires the use of strong acids, which inevitably damage the
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Fig.1 Schematic illustration of the synthesis process of few-layered graphitic carbon with atomic sized Co(OH),. (a) The structural arrangement
of carbon produced after pyrolysis of ZIF-8 and ZIF-67. (b) The entire processes used to produce Co(OH), Cc-hZIF-8. (c) After KOH treatment,
Co nanoparticles subsequently transformed into atomic-sized Co(OH), while uniformly distributing them within the few-layered graphitic
carbon of c-hZIF-8 (Co(OH),Cc-hZIF-8).

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 5646-5653 | 5647


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00203b

Open Access Article. Published on 16 September 2024. Downloaded on 10/17/2025 5:30:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

ol Co metal
- c-ZIF-67
3 | —2zIF-67 |
s 1
& \
7] — A |
[
2
£
—
10 20 30 40 50 60 70
20 (degree)

€ [ —cometal
p— c-hZIF-8
3 | —hziF-8
& 1
2
@
g 2nm
E

o N Y

10 20 30 40 50 60 70
20 (degree) c-hZIF-8 |
e f
c-hZIF-8 chZIF-8 | 2D,
- - c-ZIF-67 - 2
3 A 3
s . i s
,§‘ D band Ji G band E‘
7] AL S # 7}
c o X c
2 ’/\ \ \‘ ) — 2
£ /i \ £
1000 1400 1800 2200 2500 2600 2700 2800 2900

Raman shift (cm™) Raman shift (cm™)

g -

ZIF-67@ZIF-8

Fig. 2 Structural characteristics of ZIF-67, c-ZIF-67, ZIF-67@ZIF-8,
hZIF-8, and c-hZIF-8: (a and c) XRD diffraction pattern, (b and d) TEM
and EDS images, (e and f) Raman spectra with the position of the G
band, D band, and 2D band, and (g) SEM images revealing entire
graphitization processes of c-hZIF-8.

graphitic carbon structure. This results in uncontrollable
properties, such as the generation of arbitrary defects and the
disruption of electron conduction pathways. We hypothesized
that limiting the supply of Co ions could result in the formation
of smaller Co metal particles, which would produce few-layered
graphitic carbons. Removal of Co metal particles would then be
easier, and Co-based active materials could possibly be
produced within the graphitic carbons due to the availability of
better ion transport pathways.

Based on the hypothesis, Co(OH),-embedded hZIF-8 was
used since (1) its carbonization provides amorphous carbon
without heavy metal particles owing to Zn vaporization at 900 °C
and (2) the controllable amount of Co sources supplied from
sparse Co(OH), governs the growth of Co metal particles. In line
with the procedures described in our previous paper,'” selective
destruction of the ZIF-67 core resulted in the production of
hZIF-8 and the autogenous formation and stabilization of
Co(OH), within micropores of hZIF-8.
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The XRD patterns of hZIF-8 showed high crystallinity, while
those of carbonized hZIF-8 (c-hZIF-8) showed the disappearance
of the crystallinity of ZIFs and two strong peaks at 44.2° and
51.5° (Fig. 2c). The peaks were attributed to metallic Co, and
they indicated that Co metal particles were formed by the
reduction of Co(OH),. Remarkably, a TEM image of c-hZIF-8
showed Co metal nanoparticles surrounded by graphitic
carbons containing only a few carbon layers, ranging from 2 to 5
layers, and a lattice spacing of 0.355 nm (Fig. 2d, S6 and S7t).*®
Compared with c-ZIF-67, the formation of smaller Co metal
particles in the case of c-hZIF-8 resulted in the formation of
fewer graphitic carbon layers. SEM images of ZIF-67@ZIF-8,
hZIF-8, and c-hZIF-8 showed the entire process used to
produce c-hZIF-8, and they highlighted the preserved
morphology (evidenced by visible holes on the surfaces in
Fig. 2e and S8-S12t). The preserved morphology showed that
the graphitization of hZIF-8 occurred under conditions where
amorphous carbon was supplied by the thin shell of hZIF-8 and
that Co metal nanoparticles catalyzed the graphitization.” The
FT-IR spectrum of hZIF-8 showed that the bonds formed were
similar to those observed in ZIF-8, indicating an identical
structure (Fig. S131). However, the c-hZIF-8 spectrum showed
distinct peaks below 1500 cm™*, unlike the hZIF-8 spectrum,
indicating complete structural transformation from hZIF-8 into
c-hZIF-8. A peak at 1637 cm ™, corresponding to C=C bonding,
suggested that the organic ligands underwent significant
structural rearrangement during pyrolysis.** Raman spectros-
copy was employed to assess the degree of graphitization
(Fig. 2e) and the number of carbon layers in both c-hZIF-8 and c-
ZIF-67 (Fig. 2f). The spectra of the two samples exhibited char-
acteristic peaks at 1580 em™' (G band) and 1350 em™" (D
band).** The Ip/I; signifies the intensity ratio of the D band to
the G band.?* Its value for c-hZIF-8 was calculated to be 0.74,
while for c-ZIF-67, its value was 0.92. This indicates that c-ZIF-67
had more defects and structural distortions than c-hZIF-8.* The
number of carbon layers was evaluated through the convolution
of the ~2700 cm ™" peak (2D band). The peaks for c-hZIF-8 and
¢-ZIF-67 show distinct components labeled as 2D;4 and 2D,,,>*
at 2668 cm ™' and 2703 cm ™, respectively. For c-hZIF-8, the 2D,
band is more prominent than the 2D,, band. In contrast, c-ZIF-
67 exhibits a more prominent 2D,, band at a higher wave-
number. For graphite, the peak at higher wavenumbers is
stronger than those at lower wavenumbers (Fig. S14%), sug-
gesting that graphite has more carbon layers than c-hZIF-8 and
c-ZIF-67. This result indicates that c-hZIF-8 has fewer carbon
layers than c-ZIF-67 and graphite, implying few-layered carbon
structures of c-hZIF-8.

The N, physisorption isotherms of ZIF-67 and hZIF-8 showed
type I curves, which indicated the presence of only micropores
in their crystalline structures (Fig. S15t). By contrast, the
isotherms of c¢-ZIF-67 and c-hZIF-8 exhibited type IV curves
characterized by a hysteresis loop. The isotherm of c-hZIF-8
showed distinct adsorption at low relative pressures and
a more prominent hysteresis loop than that of c-ZIF-67
(Fig. S167).*® These different isotherm profiles showed the
different pore restructuring processes occurring in the graphitic
carbons. The specific surface areas of ZIF-67, c-ZIF-67, hZIF-8,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and c-hZIF-8 were estimated to be 1685, 154, 1063, and 197 m>
g™, respectively (Table S17). The smaller specific surface areas
of c-ZIF-67 and c-hZIF-8 were attributed to the destruction of
micropores.”® Although the number of micropores was signifi-
cantly reduced due to the destruction, the Co metal particles left
behind cavities after the sintering process, leading to the
formation of more prominent micropores in c-hZIF-8 because
of its smaller Co metal particles compared with c-ZIF-67.
Furthermore, the multilayered graphitic carbons in c-ZIF-67
hindered the removal of Co metal particles, resulting in a low
surface area and pronounced hysteresis being caused by the
mesopores (Fig. S171). The volume ratio of the micropores to
mesopores (Viicro/ Vimeso) Of ¢-ZIF-67 and c-hZIF-8 was estimated
to 1.02 and 0.94, respectively. This result implied that c-hZIF-8
possesses mesopores derived by Co nano-particles than that
of ¢-ZIF-67 (Fig. S187). *

When c-hZIF-8 came into contact with the highly alkaline
KOH electrolyte upon electrochemical activation, a corrosive
reaction led to the formation of Co(OH), (Co(OH), C c-hZIF-8).
The few-layered graphitic structure of c-hZIF-8 provided
a pathway for the transport of OH™ ions and did not hinder the
egress of Co metal particles. Upon electrochemical activation,
Co metal particles were oxidized and lost electrons, while OH™
ions from KOH were reduced and gained electrons; the process
culminated in the formation of Co(OH),. XRD patterns of
Co(OH), C c-hZIF-8 showed weak and broad Co(OH), peaks
(PDF Card no. 00-001-0357), suggesting the production of
atomic-sized Co(OH), and the absence of Co metal particles
(Fig. 3a).”® On the other hand, XRD patterns of Co(OH), C c-ZIF-

— Co metal
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67 indicated the presence of both Co metal particles and
Co(OH),. The persistence of Co metal particles in Co(OH),Cc-
ZIF-67 suggests that their extraction from c-ZIF-67 is more
challenging compared with their extraction from Co(OH),Cc-
hZIF-8, owing to the numerous layers of graphitic carbon in c-
ZIF-67 obstructing their extraction. TEM and EDS images
clearly showed the disappearance of Co metal particles, but
indicated the presence of atomic-sized Co(OH), in Co(OH),Cc-
hZIF-8 (Fig. 3b). This was supported by SEM images, which
showed the presence of bulk Co(OH), in Co(OH), C c-ZIF-67, but
not in Co(OH), C c-hZIF-8 (Fig. S19 and S207). The TEM image
confirms the preservation of the few-layered graphitic carbons
after KOH treatment (Fig. S217). It shows the formation of
atomic-sized Co(OH), without any residual Co metal particles
within the few-layered graphitic carbons in c-hZIF-8.

XPS deconvolutions elucidated the transition from Co metal
particles to Co(OH), (Fig. S22-S247). The Co 2p XPS spectrum
(Fig. 3¢) of hZIF-8 indicated the Co®*/Co’" ratio to be 3.05; thus,
Co”" was predominant, and the amount of Co** was very small
(because of the presence of stabilized Co(OH), in micropores).*?
In the Co 2p XPS spectrum of c-hZIF-8, the ratio was significantly
lower (1.88) because of the transformation of Co®" ions into larger
Co metal particles. The Co metal particles were easily oxidized
upon exposure to air, and the oxidized surface of Co metal
particles, along with Co ions adsorbed on graphitic carbons,
appeared as Co>", Co**, and N-Co**, instead of metallic Co. This
result differs from the XRD patterns, which indicate the presence
of Co metal particles.?>** In the spectrum of Co(OH), C c-hZIF-8,
the Co** peaks were predominant consistent with the Co** peak
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Fig. 3 Chemical characteristics of hZIF-8, c-hZIF-8, and Co(OH), cc-hZIF-8. (a) Comparison of XRD patterns of Co metal and Co(OH), for
Co(OH), cc-ZIF-67 and Co(OH), Cc-hZIF-8. (b) STEM and EDS images of Co(OH), Cc-hZIF-8. (c—e) Co 2p, N 1s, and C 1s XPS core level spectra

of the as-synthesized hZIF-8, c-hZIF-8, and Co(OH), Cc-hZIF-8.
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of pristine Co(OH),. The Co®>" peak disappeared, suggesting that
Co®" species were transformed into Co(OH),. Compared with
the N 1s XPS spectrum of hZIF-8, the N 1s XPS spectra of c-hZIF-8
and Co(OH),Cc-hZIF-8 showed three types of N, namely
graphitic, pyrrolic, and pyridinic N (Fig. 3d).** The strong N peak
at 397 eV corresponded to the 2-methylimidazole organic linkers,
but the presence of graphitic and pyrrolic N showed the struc-
tural transformation of N-doped carbon structures.*” The similar
ratio of the three N types in the spectra of c-hZIF-8 and
Co(OH), C c-hZIF-8 indicated that N in graphitic carbons was not
affected by KOH. The C 1s XPS spectrum of Co(OH), C c-hZIF-8
showed the disappearance of the oxidized C (C-O, C=0, or O-
C=0) peak, and the appearance of a distinct peak corresponding
to graphitic carbon (C=C) (Fig. 3e).** The disappearance of the
oxygenated carbon peak suggested that KOH removed the
oxygen-containing functional groups from the carbon surface.
The emergence of the C=C peak, which was also apparent in the
FT-IR spectrum, suggested that some carbons in c-hZIF-8 were
reordered to form a graphitic C=C structure (Fig. S251). These
results show that KOH treatment produced Co(OH), on few-
layered graphitic carbons while removing oxygenated carbons
and absorbed Co ions, apart from promoting additional graphi-
tization of the remaining amorphous carbons.

The electrochemical performance of Co(OH), C c-hZIF-8 and
Co(OH), C c-ZIF-67 was investigated using a three-electrode cell
and 1 M KOH electrolyte. Co(OH), provides advantageous
properties including improved redox activity, superior chemical
stability, rapid ion transport, and cost efficiency.**** During the
long-term cycling test, the specific capacitance initially
increased as a result of the KOH activation process, reached
a peak, and then decreased (Fig. S267). At the beginning, the
corrosion reaction transformed Co metal nanoparticles into
Co(OH),, leading to a temporary increase in the specific
capacitance up to 60 cycles. As evident from the KOH activa-
tions, the CV curves of Co(OH), C c-hZIF-8 showed an oxidation
reaction occurring at around 0.28 V, and the conversion of Co
metal nanoparticles to Co>* was observed, which involved the
reaction Co + 2 OH~ — Co(OH), + 2 e~ (Fig. S277).% After the
complete conversion of Co metal nanoparticles into Co(OH),,
only a single redox reaction occurred in Co(OH),C c-hZIF-8.*
Compared with the case of Co(OH), C c-ZIF-67, the shape of the
CV curve remained largely unchanged, with only slight peak
shifts being observed (Fig. S28 and S297%). The specific capaci-
tance retention plot showed that Co(OH), C c-hZIF-8 retained
80.1% after 10000 cycles, which was much higher than the
value of 38.2% for Co(OH), C c-ZIF-67 (Fig. 4a). The enhanced
stability implies that the integrated structure of Co(OH),Cc-
hZIF-8 remained intact for 10 000 cycles, without any defor-
mation or detachment of Co(OH),. The CV curves of
Co(OH), C c-hZIF-8 (Fig. 4b) show the redox behavior after every
2000 cycles (Co(OH),Cc-ZIF-67 is shown in Fig. S307). The
oxidation of Co** to Co®*" occurred at a potential of 0.51 V, and
the reduction reaction occurred at 0.39 V. At 10 000 cycles, redox
reactions occurred at 0.53 and 0.38 V. The relatively constant
potential difference indicates the high reversibility of the elec-
trochemical reactions. As the scan rate increased, the redox
peak showed a slight potential shift (Fig. S31 and S327), but the
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Fig. 4 Electrochemical characterization of Co(OH),Cc-hZIF-8. (a)
The specific capacitance retention rate of Co(OH),Cc-hZIF-8 and
Co(OH), Cc-ZIF-67 after a 10 000-cycle test at 50 mV s~ (b) Cyclic
voltammetry curves. The change in the CV curve shape was monitored
every 2000 cycles. (c) Galvanostatic discharge profiles. (d) The varia-
tion of the specific capacitance with the current density for
Co(OH),cc-hZIF-8 and Co(OH), Cc-ZIF-67.

shape of the curve remained similar to that observed at lower
scan rates. These results showed that the redox profiles were
consistent irrespective of the scan rate, indicating high rate
performance.*® The results also indicated that Co(OH),Cc-
hZIF-8 not only exhibited stable performance but also showed
good reversibility over 10 000 cycles in the potential window of
0-0.6 V. The galvanic discharge profiles of c-hZIF-8 at different
current densities showed a voltage plateau at approximately
0.39 'V, as shown in CV curves (Fig. 4c, S33 and S347). In the CV
curves, Co(OH),Cc-hZIF-8 shows minimal changes in the
position and shape of the oxidation-reduction peaks over 10 000
cycles, whereas Co(OH), C c-ZIF-67 exhibits significant changes
in both the position and shape of the peaks after just 1000
cycles. These contrasting results indicate that Co(OH), C c-hZIF-
8 undergoes minimal structural change. This behavior indi-
cated pseudocapacitive characteristics associated with the
presence of Co(OH), (ref. 39) in Co(OH),Cc-hZIF-8 and
Co(OH), Cc-ZIF-67. Although the specific capacitance
decreased as the current density increased, Co(OH), C c-hZIF-8
exhibited a higher specific capacitance than Co(OH), C c-ZIF-
67 (Fig. 4d, Tables S2 and S3t). Tables S2 and S3f show
a high capacitance of 257.2 Fg~"at 1 Ag~ " for Co(OH), C c-hZIF-
8; this is superior to the capacitance of 169.2 Fg ' at 1 Ag " for
Co(OH), Cc-ZIF-67 by about 65.8%. This is attributed to the
structural features of Co(OH),Cc-hZIF-8, such as Co(OH),
being atomic sized, the presence of few-layered graphitic
carbon, and both micropores and mesopores being present,
that resulted in enhanced performance.

Conclusions

In this study, we synthesized few-layered graphitic carbons and
subsequently produced and stabilized atomic-sized Co(OH),
within the few-layered graphitic carbons. For this, we used Co

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ion embedded hollow ZIF-8 as the precursor material, which
served as a source of Co metal nanoparticles and amorphous
carbons. Upon carbonization at 900 °C, the chemical structure
of hZIF-8 was initially amorphized and Zn ions were vaporized.
Subsequently, Co metal nanoparticles were produced from the
sparsely distributed Co precursors, and the amorphous carbons
were graphitized in the vicinity of the Co nanoparticles. Notably,
the resulting graphitic carbon layers were few in number—in
the range of 2-5 layers—owing to the use of nanosized Co
catalysts; the number of layers was significantly lower than that
in multilayered graphitic carbons produced through pristine
ZIF-67. After graphitization, the remaining Co nanoparticles
were completely converted to Co(OH), via electrochemical KOH
activation. These findings show that limiting the supply of the
catalyst precursor promotes the formation of nanosized
metallic catalysts, which facilitate the formation of few-layered
graphitic carbon structures. In particular, our strategy can be
used to simultaneously produce and stabilize atomic-sized
active materials in few-layered graphitic carbons. The produc-
tion of atomic-sized Co(OH), in few-layered graphitic carbons
enhances capacitance retention by 80.1% after 10 000 cycles
and results in a high specific capacitance of 257.2 F g ' at
1 Ag . This study unveils a potential strategy to manipulate the
number of graphitic carbon layers used as supporting materials
and to facilitate the production of atomic-sized materials used
as active materials.

Experimental

Materials

Cobalt(n) nitrate hexahydrate (Co(NO3),-6H,0, 98+%), zinc(u)
nitrate hexahydrate (Zn(NO3), - 6H,0, 98+%), 2-methylimidazole
(2-mim, 99%), polyvinylpyrrolidone (PVP, mol. wt. 10 000),
methanol (99.9+%), ethanol (99.5+%), poly(tetrafluoroethylene)
(PTFE, 1 pm), and Ni foam were purchased from Sigma-Aldrich.
Ethylene glycol (EG, 99%) was purchased from Daejung
Chemicals and Metals Co. Ltd, deionized (DI) water was ob-
tained from a water purifying system, and Ketjen Black (KB, EC
300 JD) was purchased from Pyunghwa Co. Ltd

Synthesis of ZIF-67@ZIF-8. To prepare the precursor solu-
tions, Co(NO;), was dissolved in deionized water at a concen-
tration of 95 x 107> M. Additionally, 2-methylimidazole (2-
mim) and Zn(NO3), were mixed in methanol at concentrations
of 800 x 103 M and 30 x 10~* M, respectively. The mixture was
then sonicated for 30 min. Polyvinylpyrrolidone (PVP) (5 g) was
mixed with 200 mL of methanol. For the preparation of ZIF-67
seeds, 6.6 mL of 800 x 10~* M 2-mim solution and 7.8 mL of
the PVP solution were mixed with 3.0 mL of the Co(NO;),
solution and kept for 1 h at room temperature. The mixture was
centrifuged at 8500 rpm for 10 min, and the collected purple
powder was used to prepare ZIF-67@ZIF-8. For this, 15 mL of 30
x 107* M 2-mim solution was added to the powder in a conical
tube, and the mixture was sonicated for 10 min and then mixed
with 15 mL of 30 x 10> M Zn(NQ,), solution. The mixture was
kept for 3 h at room temperature, and the resulting precipitate
was collected through centrifugation at 600 rpm for 10 min and
washed thrice with methanol.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of hZIF-8. To synthesize hZIF-8, we first took
744 mL of pure ethylene glycol (EG) in a 1 L HDPE Nalgene
bottle. Subsequently, 56 mL of deionized water was added, and
the solution was sonicated for 10 min. Next, 100 mg of as-
synthesized ZIF-67@ZIF-8 was mixed with the EG-water solu-
tion, and the resulting mixture was sonicated for 6 h. The
solution was transferred into a 1 L beaker and stirred at room
temperature for 6 h. The resulting mixture was then filtered
using a membrane filter, and the powder on the membrane was
dried in a vacuum oven at 75 °C for 24 h.

Synthesis of c-hZIF-8. The compound hZIF-8 synthesized as
mentioned above was loaded into a tube furnace and subjected
to vacuum stabilization for at least 6 h. Subsequently, the tube
furnace was heated to 900 °C and held at that temperature for
2 h.* The tube furnace was then turned off, and the sample was
allowed to cool to room temperature naturally.

Synthesis of Co(OH),C c-hZIF-8. Electrochemical deposi-
tions of atomic-sized Co(OH),Cc-hZIF-8 onto supports were
conducted using cyclic voltammetry.** The depositions took
place in a standard three-electrode system, with a Pt wire
serving as the counter electrode, an Hg/HgO electrode as the
reference electrode, and Ni foam loaded with c-hZIF-8 as the
working electrode. The deposition process occurred within the
voltage range of 0.1 V to 0.7 V in 1 M KOH, with a scan rate of
50 mV s~ . This process was repeated for fewer than 100 cycles,
involving the reaction Co + 2 OH™ — Co(OH), + 2 e~ on Co
nanoparticles in c-hZIF-8. Following the depositions, atomic-
sized Co(OH), was successfully deposited onto the few layered
graphitic carbon of c-hZIF-8.

Preparation of the electrode

The catalyst ink preparation method was used, and it is as
follows: c-hZIF-8, KB, and PTFE in an 8:1:1 ratio were mixed
and used as the electrode sample. The mixing was achieved
using ethanol, and the resulting ink was uniformly coated onto
a nickel foam substrate during the electrode fabrication
process. The electrode was dried in a vacuum oven at 75 °C for
12 h, and it was washed once with acetone. Subsequently, it was
dried in a vacuum oven at 75 °C for 24 h.

Structural characterization

X-ray diffraction (XRD) patterns were obtained using a Bruker
D8 Advance diffractometer at 40 kV and 40 mA, with Cu Ko
radiation. TEM images were obtained using a JEM-2100F
(JEOL) that was operated at an acceleration voltage of 200
kv. SEM images were obtained using a JSM-7600F (JEOL). FT-
IR spectra were measured using a Nicolet IS50 FTIR spec-
trometer (Thermo Fisher Scientific) with powder-pressed KBr
pellets in the wave number range of 4000 to 400 cm™ . The BET
specific surface area and pore size distribution were measured
using a BELSORP MINI X (MicrotracBEL), and XPS measure-
ment was performed with a K-Alpha XPS system (Thermo
Fisher Scientific). Raman measurements were conducted
using an XperRAM-S (NANOBASE) and a laser (A = 532 nm)
excitation source.
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Electrochemical characterization

To evaluate the supercapacitor characteristics of the prepared
electrodes, we performed CV and GCD tests with a three-
electrode cell configuration by using a potentiostat (VSP, Bio-
Logic). The fabricated electrodes were used as working elec-
trodes. A platinum wire, a Hg/HgO electrode (saturated KOH),
and 1 M KOH were used as the counter electrode, reference
electrode, and electrolyte, respectively. The CV and GCD
experiments were performed in a voltage window between 0 and
0.6 V. CV was performed at scan rates of 0.5 to 50 mV s~ *, and
GCD tests were performed at current densities from 1 to
10 A g~ '. Additionally, CV for examining capacitance retention
was performed in a voltage window between 0.1 and 0.7 V at
a scan rate of 50 mV s~ .

The specific capacitance (F g ') was calculated from the GCD
curves by using the following equation. **

iy [Vdt
Ve

i

ol
V2

Here, i, = I/m (A g ') is the current density, where I is the
current and m is the mass of the active material. [Vdt is the
integral current area, where V is the potential with initial and
final values of V; and V;.
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