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Metal-Organic Framework on Fullerene (MOFOF) Derived Co-
anchored Hierarchical Carbon Nanocomposite for Catalytic 
Nitroarene Reduction 
Biswa Nath Bhadra,*ab Rabindra Nath Acharyya,ac# Sabina Shahi,ac# Katsuhiko Ariga*ad and Lok 
Kumar Shrestha *ae

The catalytic reduction of nitroarenes to anilines is vital in industrial and environmental chemistry for the production of 
pharmaceuticals, dyes, agrochemicals, and polymers. However, traditional catalysts often struggle with issues related to 
activity, stability, and reusability. This study introduces a novel method for synthesizing a Co-anchored hierarchical carbon 
nanocomposite derived from a newly architected metal-organic framework (MOF) on fullerene (MOFOF) composite. The 
method involves in-situ growth of MOF (ZIF-67) on a surface-modified self-assembled fullerene nanotube (FNTox) with 
varying Co2+/C60 ratios (0.5, 1.0, 1.5, and 2.0), followed by pyrolysis under a nitrogen atmosphere. The resulting nanohybrids, 
particularly Co@HC-1.0 derived from MOFOF-1.0 with a Co2+/C60 ratio of 1.0, demonstrated exceptional catalytic 
performance for nitroarene reduction, exhibiting high activity and reusability. Characterization techniques, including SEM, 
XRD, Raman spectroscopy, and nitrogen sorption isotherms, confirmed the structural and morphological stability of the 
composites. The Co@HC-1.0 catalyst demonstrated superior, highly competitive catalytic performance, achieving a reaction 
rate constant of 9.25×10−1 min−1 and a TOF of 486 h−1, with significant retention of performance across multiple cycles, 
highlighting its potential for various synthetic applications.

1. Introduction
Studies have confirmed that nitroarenes are highly detrimental 
to human health and the environment, and thus have been 
designated a priority contaminant by the Agency of 
Environmental Protection.1–4 These toxic nitroarenes or 
nitrophenols can be readily converted to aromatic 
amines/phenols via catalytic reduction.4–7 Consequently, 
catalytic reduction of nitroarenes to anilines is critical for both 
environmental and industrial concerns, playing a pivotal role in 
the synthesis of pharmaceuticals, dyes, agrochemicals, and 
polymers.8–10 However, traditional catalysts often encounter 
limitations in activity, stability, and reusability, necessitating the 
development of advanced catalytic materials to overcome 

these challenges. In this context, carbon-based nanocomposites 
have attracted significant attention due to their high surface 
area, excellent thermal stability, and tunable porosity.

Cobalt (Co) is a transition metal known for its excellent 
catalytic activity and ability to facilitate various redox reactions, 
especially when incorporated into an appropriate support 
material.11–14 Cobalt supported on a carbon matrix can enhance 
the catalyst's overall performance by providing active sites for 
catalytic reactions and improving the material's electronic 
conductivity. The synergy between cobalt and carbon materials 
yields highly efficient and durable catalysts. The fabrication of 
Co-doped carbon nanocomposites involves several critical steps 
to ensure uniform dispersion of cobalt nanoparticles within the 
carbon matrix and to develop a hierarchical structure that 
maximizes catalytic efficiency. Design and synthesis of an ideal 
carbon-cobalt precursor composition is one of the most critical 
steps toward obtaining a cobalt-anchored hierarchical carbon 
nanocomposite with outstanding catalytic properties. 

Metal-organic frameworks (MOFs) are interesting materials 
with unique properties, and their combination with various 
materials has shown promise across many fields.15–25 In 
addition, MOFs and their composites are used as precursors to 
produce functional carbon materials with significant potential 
for applications in energy storage, catalysis, and environmental 
remediation.26–34 To date, cobalt-based MOFs or MOF 
composites have shown promise for producing fascinating 
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metallic cobalt-anchored carbons.35–40 However, ongoing 
research focuses on engineering new precursor compositions to 
create metallic cobalt-anchored hybrid carbons with highly 
fascinating physicochemical features, including porosity and 
dispersion, leading to enhanced catalytic and fascinating 
electrochemical and magnetic properties, even with low cobalt 
loading. For example, ZIF-67 (a typical cobalt MOF) and its 
composites were found to be effective precursors for cobalt-
decorated carbon nanocomposites used in various catalytic 
reactions.36–40 Besides, fullerene nanostructures can be 
transformed into unique carbonaceous materials featuring 
porous architectures enriched in defective and graphitic walls 
through the removal of organic components and structural 
rearrangement during high-temperature treatment.41–46 
Therefore, combining the advantages of ZIF-67 and fullerenes 
into a composite material offers strong potential for producing 
advanced carbon nanomaterials with unique properties and 
functionalities after high-temperature carbonization.

Owing to the complementary physicochemical properties of 
fullerene and ZIF-67, the resulting material represents the first 
example of a Co-anchored nanohybrid supported on two 
distinct carbon matrices. Consequently, the composite exhibits 
superior catalytic activity and selectivity compared to existing 
catalysts, underscoring its strong potential for diverse synthetic 
and catalytic applications.

This paper presents a novel method for synthesizing a 
carbon nanocomposite derived from MOFOF, followed by an 
investigation of its catalytic performance in the reduction of 
nitroarenes and thorough material characterization. Unlike 
conventional ZIF-67-derived carbons, the present MOFOF 
approach uniquely integrates fullerene nanotubes as a 
secondary carbon scaffold, resulting in a dual-carbon 
hierarchical framework. This distinctive architecture enables 
improved dispersion of Co nanoparticles, controlled particle 
size, and enhanced electronic interactions among Co, N-doped 
carbon, and graphitic domains, features that are not attainable 
in traditional single-precursor MOF-derived carbons. Due to the 
fascinating structure and physicochemical properties of 
fullerene and MOF (ZIF-67), the resulting carbon composite 
represents the first example of a Co-anchored nanohybrid 
supported on two distinct carbon matrices. Consequently, the 
composite exhibits superior catalytic activity and selectivity 
compared to existing catalysts, underscoring its strong potential 
for diverse synthetic and catalytic applications.

2. Experimental
2.1 Materials and Methods
The materials used in this study were sourced from commercial 
suppliers and used without additional purification. The 
supporting information comprehensively covers the materials 
list, FNT synthesis methodology, surface modification 
techniques, carbonization procedures, characterization 
methods, and the protocol for conducting catalytic tests. 

3. Results and discussion
3.1 Synthesis and structural characterizations
Fig. 1 illustrates the scanning electron micrographs (SEM) of the 
FNT, acid-treated FNT (FNTox), and MOFOFs with four different 
compositions. The SEM images (Fig. 1a and Fig. 1b) of FNT and 
FNTox show the morphological stability of FNT under ultrasonic 
treatment in a strong acid mixture of HNO3/H2SO4 (1/1). The 
morphology of the FNTox remained unchanged, with a slight 
destruction of some particles even after the successful 
decoration of the ZIF-67 onto the surface of the FNTox. Fig. 1c-f, 
the SEM images, depict almost perfect growth of the ZIF-67 
particles with uniform distribution onto the FNTox, indicating 
successful assembly of ZIF-67-on-FNT composites with different 
ZIF-67 and fullerene ratios. As expected, the density of ZIF-67 
particles can be well controlled; for example, it increased with 
increasing the ZIF-67 precursor ratio. The TEM images (Fig. S1) 
of the selected MOFOF-1.0 confirmed the perfect incorporation 
of the ZIF-67 particles both into the hole and surface of the 
FNTox.

The dried FNTox, pZIF-67, MOFOF-0.5, MOFOF-1.0, MOFOF-
1.5, and MOFOF-2.0 materials underwent pyrolysis at 800 °C for 
4 hours under N2 flow. Subsequently, the resultant materials 
(excluding FNTox-derived carbon (FDC)) underwent HF etching 
(0.2 M) at 60 °C for 12 hours to eliminate soluble impurities 
(e.g., isolated Co species). This process yielded Co@HC-0.5, 
Co@HC-1.0, Co@HC-1.5, and Co@HC-2.0 carbon nanohybrids 
with a consistent gross yield of 22-25 wt% of the precursor 
materials. Conversely, Co@ZDC exhibited a yield of 
approximately 15 wt% after the HF washing.

Fig. 2a presents the XRD patterns of FNTox, ZIF-67, and 
MOFOF-1.0 (the representative composite). The presence of 

Fig. 1. SEM images of (a) FNT, (b) FNTox, (c) MOFOF-0.5, (d) 
MOFOF-1.0, (e) MOFOF-1.5 and (f) MOFOF-2.0.
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characteristic ZIF-67 diffraction peaks in MOFOF-1.0 clearly 
confirms the successful integration of ZIF-67 onto FNTox, 
validating the formation of the composite nanostructures. Fig. 
2b shows XRD patterns of the Co@HC-0.5, Co@HC-1.0, Co@HC-
1.5, and Co@HC-2.0 materials, which obtained from the pristine 
MOFOF-0.5, MOFOF-1.0, MOFOF-1.5 and MOFOF-2.0, 
respectively. Moreover, Fig. S2 represents the XRD patterns of 
the FDC and Co@ZDC (i.e., carbonized FNTox and pZIF-67, 
respectively). The XRD patterns in Fig. 2a and Fig. S2 are entirely 
different from those of the parent FNTox, pZIF-67, and MOFOF-
1.0 composites (Fig. 2b). This indicates that the intrinsic peaks 
of the FNTox, pZIF-67, and MOFOF crystals disappeared and new 
peaks were observed concurrently, demonstrating the 
complete decomposition of FNTox, pZIF-67, and ZIF-67 
crystalline phases in the MOFOF composites upon thermal and 
chemical treatment.  The XRD patterns of Co@ZDC (Fig. S2), 
Co@HC-0.5,  Co@HC-1.0, Co@HC-1.5, and Co@HC-2.0 (Fig. 2b) 
materials showed three new peaks at 26.0°, 44.2°, and 51.6°, 
which are the respective peaks for the 002 plane of graphitic 
carbon phase, 111 and 200 planes of the face-centered cubic 
(FCC) Co crystals.47 The particle sizes of Co were estimated by 
using the Scherrer equation that revealed an increase with 
increasing the ZIF-67 content into the MOFOF precursors; for 
instance, the Co@HC-0.5, Co@HC-1.0, Co@HC-1.5, and 
Co@HC-2.0 materials had particle sizes of 3.3 nm, 5.8 nm, 7.3 
nm, and 9.6 nm, respectively. The particle size of Co@ZDC was 
approximately 20 nm, significantly larger than that of Co@HCs. 

As expected, the Co@HC materials obtained from the lowest 
ZIF-67 content have the smallest Co particles, which increase 
with increasing ZIF-67 content in the precursor MOFOF 
composite.

Fig. S2b and Fig. S2c depict the Raman spectra of the FDC, 
Co@ZDC, Co@HC-0.5, Co@HC-1.0, Co@HC-1.5, and Co@HC-
2.0, where all the materials show two characteristic bands at 
1353 cm-1 and 1587 cm-1, corresponding to the D-band and G-
band with respect to the disordered sp3 hybridized C atoms, and 
sp2 hybridized graphitic C atoms, respectively.48,49 The 
estimated intensity ratio (ID/IG) of the D and G bands (as shown 
in Fig. 2c) follows the order: FDC (1.05) < Co@HC-1.0 (1.32) < 
Co@HC-1.5 (1.37) < Co@HC-2.0 (1.42) < Co@ZDC (1.49). This 
trend indicates that higher ZIF-67 incorporation results in a 
greater degree of graphitization of the carbon phases. Here, the 
metallic cobalt in ZIF-67 enhances graphitization,50,51 thereby 
increasing the ID/IG ratio with higher ZIF-67 content in the 
precursor materials, consistent with the increased intensity of 
the C (002) peak in the XRD patterns (Fig. 2a).

Nitrogen sorption isotherms were recorded to determine 
the surface areas, pore volumes, and pore size distributions of 
the starting materials FNTox, pZIF-67, and MOFOFs (Fig. S3), and 
the resulting materials FDC, Co@ZDC, and Co@HCs after 
pyrolysis (Fig. S4 and Fig. 3). The isotherms are close to type I 
for MOFOFs, indicating primarily microporous structures, while 

Fig. 2. (a) XRD patterns of FNTox, ZIF-67 and MOFOF-1.0; (b) 
XRD patterns of Co@HC-0.5,  Co@HC-1.0, Co@HC-1.5, and 
Co@HC-2.0 materials and (c) Raman spectra of Co@HC-0.5,  
Co@HC-1.0, Co@HC-1.5, and Co@HC-2.0 materials.

Table 1: Surface textural properties of FNTOX, ZIF-67, MOFOFs and Co@HCs.
Sample SBET (m2/g) Smicro (m2/g) Vmicro (cm3/g) Vp (cm3/g) Dp (nm) Wp (nm)

FNTOX 36.9 18.0 0.050 0.118 1.63 1.38
FDC 530.17 461.2 0.338 2.62
ZIF-67 744.7 614.9 0.423 0.535 1.54 0.54
Co@ZDC 194.9 136.4 0.267 0.511 1.95 0.57
MOFOF-0.5 199.3 44.5 0.094 0.19 1.94 1.94
Co@HC-0.5 810.3 711.7 0.687 1.129 1.94 0.29
MOFOF-1.0 306.6 279.6 0.281 0.658 1.94 0.45
Co@HC-1.0 418.7 367.2 0.380 0.705 1.94 0.29
MOFOF-1.5 405.3 331.3 0.321 0.638 1.55 0.45
Co@HC-1.5 381.4 347.9 0.390 0.685 1.95 0.29
MOFOF-2.0 543.9 469.4 0.408 0.611 1.55 0.51
Co@HC-2.0 367.7 266.8 0.323 0.608 1.45 0.25

SBET = BET surface area, Smicro = micropore surface area, Vmicro = micropore volume, Vp = total pore volume, Dp = average pore 
diameter obtained from the BJH analysis, and Wp = average half pore width obtained from the DFT model.

Fig. 3. (a) Nitrogen adsorption-desorption isotherms of 
Co@HC-0.5, Co@HC-1.0, Co@HC-1.5, and Co@HC-2.0 
materials, (b) respective pore size distribution and the 
Barrett–Joyner–Halenda (BJH) model, and (c) 
corresponding pore size distribution profile obtained pore 
size distributions calculated using the DFT method. 
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FNTox shows a type IV isotherm, indicating a nearly non-porous 
structure. Pore-size distribution analyses using the BJH (Fig. 
S3b) and DFT (Fig. S3c) methods, summarized in Table 1, 
indicated bimodal pore architectures in the composites. The 
isotherms for FDC, Co@ZDC, and Co@HCs exhibit Type-I/Type-
IV mixed-type sorption (Fig. 3a), suggesting the formation of 
hierarchical micro- and mesoporous architectures. Large 
nitrogen adsorption at lower relative pressures (P/P0 < 0.05) is 
attributed to micropore filling, while gradual nitrogen 
adsorption at higher pressures with a hysteresis loop is due to 
capillary condensation in mesopores.

Careful observation reveals that nitrogen adsorption at 
lower relative pressures decreases with increasing the Co2+/C60 
ratio in the precursor MOFOFs, suggesting that mesoporosity 
development is influenced by the ZIF-67 content in the MOFOF 
composites during the carbonization. The pore-size 
distributions from the DFT method (Fig. 3b) and the BJH model 
(Fig. 3c) confirm the presence of both micropores and 
mesopores, indicating the hierarchical pore architecture of 
Co@HCs.

The surface textural parameters summarized in Table 1 
show that the Co2+/C60 ratio in the precursor MOFOFs affects 
the surface area and porosity of the samples. The BET surface 
areas and pore volumes follow the order: FDC > Co@HC-0.5 > 
Co@HC-1.0 > Co@HC-1.5 > Co@HC-2.0 > Co@ZDC. The highest 
surface area in FDC is observed with complete carbonization of 
FNTox in the absence of Co2+ or ZIF-67, while Co@ZDC, derived 
from pZIF-67 with the highest Co content, shows the lowest 
surface area and pore volume. Additionally, the surface areas 
and pore volumes of Co@HC materials increase as the ZIF-67 
content in the precursor MOF composites decreases, 
highlighting the influence of ZIF-67 or Co content on the 
porosity of Co@HCs. The hierarchical micro-/meso-pore 

architectures within Co@HC materials are advantageous for 
practical applications, particularly in heterogeneous catalysis.

Fig. 4 illustrates the SEM and TEM analyses of the 
representative Co@HC material, specifically Co@HC-1.0. The 
SEM and TEM images indicate that the morphology of MOFOF-
1.0 remains unchanged after thermal and chemical treatment. 
Additionally, dark spots in the TEM image (Fig. 4c) and white 
spots in the HAADF image (Fig. 4d) confirm the uniform 
distribution of Co nanoparticles within the carbon 
nanocomposite. The interplanar d-spacing values, derived from 
the intensity profiles of the crystal lattice in the HR-TEM image 
(Fig. 4e), are 0.349 and 0.205 nm. These values closely match 
the d-spacings obtained from the SAED pattern (Fig. 4f), which 
are 0.346 nm and 0.205 nm, corresponding to the calculated d-
spacings of 0.336 and 0.206 nm for the 002 plane of graphitic 
carbon52 and the 111 plane of FCC Co crystals, respectively.47,49 
These findings confirm the formation of sp2-hybridized graphitic 
carbon and FCC Co upon the thermal treatment of the MOFOF-
1.0 composite, consistent with the XRD analysis (Fig. 1b).

Fig. 5 presents the X-ray photoelectron spectroscopy (XPS) 
analysis of MOFOF-1.0 (a representative MOFOF) and Co@HC-
1.0 (a representative Co@HC) samples. The survey spectra (Fig. 
5a) show the presence of carbon, oxygen, cobalt, and nitrogen 
in both materials. The atomic compositions observed are 78.3% 
C, 14.8% Co, 1.0% O, and 5.9% N for MOFOF-1.0, and 80.1% C, 
1.5% Co, 16.2% O, and 2.2% N for Co@HC-1.0. The 
deconvoluted C 1s spectrum of MOFOF-1.0 (Fig. 5b) displays 
peaks at 284.1 eV (C=C, sp2), 285.6 eV (C–C, sp3/C–OH), and 
286.4 eV (C–N). For Co@HC-1.0 (Fig. 5b), the C 1s spectrum 
reveals peaks at 284.3 eV (C–C), 285.6 eV (C–OH), 286.3 eV (C–
O/C–N), and 288.7 eV (O–C=O). The O 1s spectra of both 
samples indicate similar C–OH and C–O–C bonding states with 
slight shifts (Fig. 5c). The deconvoluted N 1s spectrum of 
MOFOF-1.0 (Fig. 5d) shows peaks at 400.05 eV (N–H) and 401.0 

Fig. 4. (a) SEM image, (b) STEM image, (c) TEM image, (d) HAADF image, (e) HR-TEM image, lattice fringe and line-scanning 
intensity profile from the area highlighted regions and (f) SAED patterns of the Co@HC-1.0 materials. 
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eV (C–N), while for Co@HC-1.0 (Fig. 5d), the peaks correspond 
to pyridinic N (398.2 eV), pyrrolic N (400.2 eV), and quaternary 
N (401.4 eV).53 The Co 2p spectrum of MOFOF-1.0 (Fig. 5e) 
shows a characteristic Co 2p₃/₂ peak at 781.1 eV accompanied 
by a satellite peak at 785.4 eV, which is attributed to Co2+ 
species coordinated with nitrogen (Co–N), along with Co 2p1/₂  
peak at 796.2 with satellite peak at 802.64 eV, consistent with 
Co2+ sites originating from the ZIF-67. In contrast, Co@HC-1.0 
(Fig. 5e) features peaks at 780.35 eV and 795.95 eV assigned to 
the Co 2p3/2 and 2p1/2 levels of metallic Co0, respectively.54 
Additionally, a peak at 782.4 eV indicates the presence of Co–N 
species, suggesting partial preservation of metal–nitrogen 
coordination after carbonization.
In summary, a MOFOF composite with different compositions 
was successfully developed via a simple, room-temperature in 
situ approach. The resulting MOFOF composites produced 
hierarchically porous carbon nanocomposites with well-
dispersed Co nanoparticles supported on N-doped graphitic 
carbon. These small, well-distributed metallic Co nanoparticles, 
with Co–N bonding states on N-doped graphitic carbon 
supports, offer significant advantages for various catalytic 
reactions, including heterogeneous catalysis and 
electrochemical energy conversion.

3.2 Catalytic activities of the Co@HCs
The synthesized nanostructured hybrid carbons (Co@HCs) 

were utilized in the heterogeneous catalytic reduction of 
nitroarenes, addressing both environmental and chemical 
concerns. This reduction process is significant in organic 
synthesis due to the high value of the resulting aromatic amines 
or amino phenols.55-60 

Fig. 6 shows the performance of the prepared FDC, 
Co@ZDC, and Co@HCs materials for catalytic reduction para 
nitrophenol (4-NP) in the presence of aqueous NaBH4 under UV 
irradiation. Fig. 6a compares the effect of reaction time on the 
reduction of 4-NP over the FDC, Co@ZDC, and Co@HC catalysts, 
indicating that Co@HC-1.0 had the highest conversion 
efficiency, and FDC (without any Co-species) had the lowest 
conversion efficiency. Fig. 6b represents the pseudo-first-order 
kinetic plots over the tested catalysts, and the estimated kinetic 
parameters from the respective plots (Fig. 6b) are summarized 
in Table 2. The correlation coefficients (R2) are very close to 1, 
which validates the successful use of the first-order kinetic 
model for the reduction of 4-NP over the studied catalysts. The 
estimated kinetic constants (k) confirm the highest reactivity of 
the Co@HC-1.0 for the reduction of 4-NP with an order of 
Co@HC-1.0 > Co@HC-1.5 > Co@ZDC > Co@HC-2.0 > FDC. The 

Table 2: Pseudo-first-order rate constants and correlation coefficients of the reduction of nitroarene over Co@HC 
catalysts at room temperature.

Materials
Co-content 
(atom%)a

Nitroarene 
substrate

Rate constant 
K (min-1)

Relative Ka R2 TOF (h-1)

FDC 0 4-NP 6.4×10-2 1 0.998 
Co@HC-0.5 1.2 4-NP 1.63×10-1 2.5 0.998 231
Co@HC-1.0 1.5 4-NP 9.25×10-1 14.5 (1.3b) 0.982 486
Co@HC-1.5 2.3 4-NP 4.16×10-1 6.5 0.998 285
Co@HC-2.0 3.1 4-NP 3.09×10-1 4.8 0.965 142
Co@ZDC 12.8 4-NP 7.24×10-1 11.3 0.997 55
Co@HC-1.0 1.5 4Cl-NB 3.5×10-1  0.998 
Co@HC-1.0 1.5 2-NP 3.5×10-1  0.998 
Co@HC-1.0 1.5 NB 1.02×10-1  0.990 
Co@HC-1.0 1.5 4Me-NM 8.3×10-1  0.995 

aCo-content was analyzed by EDS analysis; bRelative k was estimated by considering the k of FDC as 1; brelative Co@ZDC

Fig. 5. (a) XPS observations of MOFOF-1.0 and Co@HC-1.0 materials. (a) XPS survey spectra, and deconvoluted (b) C 1s, (c) O 1s, (d) N 
1s, and (e) Co 2p spectra. 
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turnover frequency (TOF) values calculated from the 2-minute 
reaction data, summarized in Table 2, further demonstrate the 
superior performance of the Co@HC-1.0 catalyst. 
Consequently, Co@HC-1.0 stands out as a highly competitive 
catalyst among reported Co-based catalysts for the reduction of 
4-NP, both in terms of the rate constant (k) and TOF, as detailed 
in the comparative analysis presented in Table S1. 

Fig. 7 compares the reduction efficiencies of a series of 
nitroarenes with different or no substituents using the Co@HC-
1.0 catalyst in the presence of NaBH4. The effect of reaction 
time on nitroarene reduction (Fig. 7a) and the pseudo-first-
order kinetic plots (Fig.7b) for the tested nitroarene reduction 
over the Co@HC-1.0 show different reactivity in terms of their 
conversion and kinetics (Table 2). The Co@HC-1.0 catalyst was, 
as expected, found to be very effective for the reduction of 
nitroarenes with different substituents, with reactivity varying 
among them.

The metal–N–carbon heterojunction in carbon materials, 
especially those with an enriched graphitic phase and doped 
with Co and N, can significantly enhance charge transfer, 
making them useful for various catalytic oxidation and 
reduction reactions.51–63 Co and N-doped graphitic carbons with 
hierarchical porosity not only facilitate the adsorption of 
reactants but also ensure efficient mass transfer of reactants 
and intermediates/products. Additionally, doping with 
heteroatoms of different electronegativities (higher and lower) 
often produces a synergistic effect among the doped 
heteroatoms, driven by the unique electronic structure of these 
nanohybrid materials.64,65 Therefore, the activity of the 
Co@HCs in nitroarene reduction reactions is likely governed by 
the Co–N coordination sites, Co nanoparticles, hierarchical 
porosity, N-doping, enriched graphitic carbon, and the 
synergistic effect between Co and N heteroatom.66,67

Both the Co–N coordination sites and Co nanoparticles, as 
evidenced by XPS, play a critical role in facilitating electron 
transfer from the reducing agent (here, BH4; the hydrogen 
donor) to the nitro group of nitroarenes. These sites act as 
catalytic centers, while graphitic carbon enhances electrical 
conductivity and electron mobility, and hierarchical porosity, 
and N-doping enhances mass transport, adsorption, and 
stability. Similar synergistic effects of Co–N–C systems have 
been widely reported in catalytic hydrogenation and 
electrochemical reactions.59,60 The Co@HC-1.0 catalyst showed 

the highest catalytic activity for 4-NP reduction, despite having 
lower Co content (the main active sites) than Co@ZDC, Co@HC-
1.5, and Co@HC-2.0, but slightly higher than Co@HC-0.5. 
Additionally, Co@HC-1.0 has higher surface area and pore 
volumes than Co@ZDC, Co@HC-1.5, and Co@HC-2.0, but lower 
than Co@HC-0.5. A detailed comparison of Table 1 and Table 2 
reveals that Co@HC-1.0 achieves an optimal balance between 
Co content (1.5 at%), moderate particle size (~5.8 nm), and 
hierarchical porosity (SBET = 418.7 m2/g). In contrast, Co@HC-
0.5, despite a higher surface area, contains insufficient Co active 
sites, whereas Co@HC-1.5 and Co@HC-2.0 exhibit larger Co 
particles and reduced surface areas, leading to lower catalytic 
efficiency. This demonstrates that catalytic performance is 
governed by a delicate interplay between active site density, 
nanoparticle size, and pore accessibility. These results indicate 
that both the optimal Co content with controlled particle size 
and distribution and the porosity of the Co@HCs are essential 
for achieving high conversion, kinetic rate, and TOF values for 4-
NP reduction, rather than a single parameter.

The observed reactivity order for the reduction of different 
nitroarenes (as illustrated in Scheme 1) is: nitrobenzene (NB) > 
para-nitrophenol (4-NP) > ortho-nitrophenol (2-NP) > para-
methyl nitrobenzene (4Me-NB) > para-chloro nitrobenzene 
(4Cl-NB). NB is the easiest to reduce because it lacks 
substituents that affect the nitro group. 4-NP, despite having an 
electron-donating group, is still relatively easy to reduce due to 

the -OH group in the para position. The ortho -OH group in 2-
nitrophenol introduces steric hindrance, making it harder to 

Fig. 6. (a) Effect of time and (b) plots of the pseudo-first-order 
kinetics for the reduction of 4-NP over the FDC, Co@HC-0.5, 
Co@HC-1.0, Co@HC-1.5, Co@HC-2.0, and Co-ZDC catalysts. 

Fig. 7. (a) Effect of time and (b) plots of the pseudo-first-order 
kinetics for the reduction of different nitroarenes (i.e., 4Cl-NB, 
2-NP, 4-NP, NB and 4M-NB) over the Co@HC-1.0 catalyst. 

Fig. 8. (a) recyclability test results in terms of conversion of 4-
NP over the Co@HC-1.0 catalyst; (b) Nitrogen adsorption-
desorption isotherms of the fresh and recycled Co@HC-1.0 
catalyst.
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reduce. The methyl group in 4-methyl-nitrobenzene, being an 
electron-donating group, makes the nitro group less susceptible 
to reduction. Lastly, the chloro group in 4-chloro-nitrobenzene, 
due to its strong electron-withdrawing inductive effect, makes 
the nitro group the most electron-deficient and hardest to 
reduce.

3.3 Recyclability test
Fig. 8a illustrates the recyclability of the Co@HC-1.0 catalyst 

for the reduction of 4-NP. The results show only a slight 
decrease in reduction performance after five consecutive 
cycles. The catalyst was magnetically separated and 
regenerated by washing with ethanol and vacuum drying. Fig. 
8b compares the N2 adsorption-desorption isotherms of the 
fresh and recycled Co@HC-1.0 catalyst. The isotherms of the 
recycled catalyst (after four cycles) are very similar to those of 
the fresh catalyst, even after several uses, confirming the 
sustainability and recyclability of the developed catalyst. The 
negligible loss in catalytic activity, together with the nearly 
unchanged isotherms, suggests minimal Co leaching and 
excellent structural stability. No significant aggregation or loss 
of active sites was observed, although future ICP analysis could 
further quantify Co leaching. Overall, Co@HC-1.0 exhibits high 
catalytic activity, structural robustness, and excellent 
recyclability, making it a promising candidate for sustainable 
heterogeneous catalysis. Therefore, the precise 
nanoarchitectonics of Co-anchored, N-doped hierarchical 
carbon nanohybrids with controlled composition, distribution, 
and porosity effectively meet the requirements for a highly 
efficient and recyclable catalytic material, particularly for the 
reduction of nitroarenes.

4. Conclusions
In conclusion, we have successfully demonstrated the synthesis 
of hierarchical porous carbon nanostructures anchored with Co-
metals by carbonizing newly developed MOFOF composites 
with well-distributed ZIF-67 on a self-assembled fullerene 
nanostructure. Unlike conventional ZIF-67-derived systems, the 
MOFOF approach incorporates fullerene nanotubes as a 
secondary carbon scaffold, creating a dual-carbon hierarchical 
framework that enhances Co dispersion, controls particle size, 
and strengthens interactions between Co, N-doped carbon, and 
graphitic domains, advantages not achievable in single-
precursor MOF-derived materials. To the best of our 
knowledge, it is the first example of using a nanostructured 
MOFOF composite to get Co@HC materials. The Co@HCs 
possess a well-distribution of atomic level or ultrasmall Co-
nanoparticles wrapped in a graphitic carbon layer on a hybrid 
carbon support with N-doping and hierarchical porosity and 
showed superior catalytic performance in the reduction of 
nitroarene compounds to the respective aromatic amines. The 
Co@HC-1.0 catalyst not only achieves high conversion 
efficiency in terms of kinetics and TOF values, but also superior 
reusability, and retains its structural integrity after multiple 
catalytic cycles. These findings indicate that Co@HC-1.0 is a 
highly effective and recyclable catalyst, with significant 
relevance to pharmaceutical synthesis and environmental 

remediation. Moreover, the hierarchical Co–N–C architecture 
exhibits strong potential for broader applications, including 
energy storage and electrocatalysis (e.g., ORR and CO2 
reduction), due to its high surface area, good conductivity, and 
tunable active sites. Overall, the successful nanoarchitecture of 
Co-anchored, N-doped hierarchical carbon nanohybrids with 
controlled composition and porosity offers a promising strategy 
for developing advanced catalytic materials.
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Scheme 1. Tested nitroarene substrates and their corresponding 
arylamine products obtained after reduction in aqueous medium 
using Co@HC-1.0 as the catalyst and NaBH4 as the reducing agent. 
The corresponding UV–Vis absorption maxima (λmax) of the 
nitroaromatic substrates and their reduced products in aqueous 
solution are also presented.
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