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Graphene-like materials and metal-organic framework (MOF) materials hold significant promise for ad-
vanced energy systems. However, the accumulation of two-dimensional (2D) material and the low con-
ductivity of MOF have seriously affected their practical application. The universal method for synthesizing
homogeneous nitrogen-doped graphene-like carbon/metal-organic framework (N-GLC/MOF) composites,
including N-GLC/MOF-74, N-GLC/ZIF-8, N-GLC/Cu-BTC, and N-GLC/FeCo-PBA was presented. Thanks to the
synergistic effect of the two components, the N-GLC/MOF-74 composite exhibits a specific capacitance of
470.18 F/g at 1A/g and maintains a coulombic efficiency of 95.04% at 5A/g over 5500 cycles. Our work
lays a solid foundation for the design and synthesis of N-GLC-based composites. We anticipate that this

MOF research will furnish valuable insights for the advancement of N-GLC/MOF composites, with a primary

Graphene-like materials
Nanocomposites

focus on enhancing supercapacitor performance.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic frameworks (MOFs) are formed by the self-
assembly of organic ligands with metal ions or clusters [1-3].
They go by the names of inorganic-organic hybrid materials, metal-
organic coordination polymers, and porous coordination polymers
[4]. MOFs are characterized by their large surface area, variable
pore diameters, ultra-high porosity, and abundant redox-active
metal centers [5-8]. As a result, MOFs have found extensive use
in the fields of chemical sensing, gas storage, drug delivery, catal-
ysis, and energy conversion [9,10]. Nevertheless, traditional MOFs
exhibit suboptimal electrical conductivity, limiting their develop-
ment in energy storage. Fortunately, the integration of MOFs with
functional materials has emerged as a promising strategy that has
greatly broadened the range of applications of MOFs [11]. More-
over, composites can retain the inherent advantages of a single
component while exhibiting new physical and chemical properties
that cannot be achieved with a single component.

Graphene-like materials, as versatile alternatives to graphene,
have gained significant attention from researchers due to their
unique characteristics [12]. They have an extremely high specific
surface area, which allows supercapacitor to store more charge,
thus improving the energy storage capacity [13]. Meanwhile, ex-
cellent electrical conductivity enables rapid transfer of charge,
thereby increasing the power density of the supercapacitor [14].
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More importantly, the structure and properties of graphene-like
materials can be fine-tuned by adjusting the synthesis condi-
tions and material compositions. By controlling the doping process,
heteratom-doped graphene-like materials exhibit improved elec-
trochemical properties, making them promising candidates for en-
ergy storage applications [15-17].

The combination of graphene-like materials with MOF in en-
ergy storage presents a synergistic approach aimed at enhanc-
ing electrochemical performance. This combination is driven by
several factors and underscores its necessity for advancing en-
ergy storage technologies [18-20]. Firstly, the exceptional electri-
cal conductivity of graphene-like materials provides a high-speed
electron transport pathway within the composites. This, in turn,
reduces internal resistance and allows for more efficient charge
and discharge processes in energy storage devices [21]. Secondly,
MOFs are renowned for their exceptional surface area and porosity,
making them ideal candidates for supercapacitor electrodes. When
combined with graphene-like materials, this high surface area is
further optimized for improved ion adsorption and desorption. As
a result, the energy storage capacity of supercapacitor is signif-
icantly increased, and rapid energy release becomes more feasi-
ble [22-24]. Additionally, MOFs’ tunable chemical properties can
be harnessed to design custom-tailored supercapacitor materials
with enhanced energy storage and charge-discharge characteris-
tics [25-27]. Thirdly, the structural flexibility of MOFs, when inte-
grated with the mechanical strength of graphene-like materials, re-
sults in mechanically robust composites. This mechanical stability
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Fig. 1. Schematic of the synthesis of (a) N-GLC/MOF-74, (

is crucial for the long-term performance of energy storage systems,
as it mitigates the risk of structural degradation during charge-
discharge cycles. Hence, the integration of graphene-like materials
with MOFs in energy storage is essential to harness the synergistic
benefits of enhanced electrical conductivity, improved gas adsorp-
tion, and mechanical stability [28,29]. These advantages collectively
contribute to more efficient and durable energy storage systems,
addressing the growing demand for advanced and sustainable en-
ergy technologies.

Herein, our work introduces a versatile synthesis method
for composites, capitalizing on the straightforward production
of nitrogen-doped graphene-like carbon (N-GLC). This method
demonstrates broad applicability, particularly for materials with
negatively charged surfaces. Thanks to the advantages of MOF and
N-GLC, the properties of the composite have been greatly im-
proved. Consequently, the N-GLC/MOF-74 electrode achieves a spe-
cific capacitance of 470.18 F/g at 1A/g. Even after 5500 cycles at
5A/g, the coulombic efficiency of N-GLC/MOF-74 remains 95.04%.
Our study establishes a robust framework for designing and creat-
ing N-GLC-based composites, offering the adaptability to customize
their structures for specific applications.

Typically, N-GLC is synthesized through the pyrolysis of a mix-
ture of dicyandiamide and glucose in a nitrogen atmosphere. The
introduction of dicyandiamide serves as a sacrificial template. Dur-
ing the initial heating stage, it leads to the formation of layered
graphitic carbon nitride (g-C3N4), which subsequently combines
with the aromatic carbon intermediates present in glucose. Even-
tually, under high-temperature conditions, these multilayered, cor-
rugated N-GLC nanosheets are produced. The 2D morphology of
N-GLC has been confirmed through scanning electron microscopy
(SEM) (Fig. S1a in Supporting information) and transmission elec-
tron microscopy (TEM) (Fig. S1b in Supporting information). Addi-
tionally, selected area electron diffraction patterns indicate a rel-
atively low degree of crystallinity throughout the carbon frame-
work (Fig. S1c in Supporting information). Powder X-ray diffraction
(XRD) analysis of the as-obtained samples further validates the
structure, showing two broad peaks centered around 28° and 44°,
which can be attributed to the (002) and (101) faces of graphitic
carbon (Fig. S2 in Supporting information) [30]. The preparation
procedures for N-GLC/MOF-74, N-GLC/ZIF-8, N-GLC/Cu-BTC, and
N-GLC/FeCo-PBA composites are schematically presented in Fig. 1.
The surface of N-GLC contains an abundance of functional groups,

b) N-GLC/ZIF-8, (c) N-GLC/Cu-BTC, and (d) N-GLC/FeCo-PBA.

providing a negatively charged surface that facilitates the adsorp-
tion of metal cations. The surface termination groups of N-GLC
subsequently form a cross-link with these metal ions, which effec-
tively reduces the electrostatic repulsion between the nanosheets
and acts as a nucleation site for the in-situ growth of MOF. As a
result, MOF-74, ZIF-8, Cu-BTC, and FeCo-PBA can grow in-situ on
the N-GLC through a coprecipitation reaction (Figs. 1a-d).

The SEM images (Figs. 2a, e, i, and m) indicate that the N-
GLC/MOF composites consist of N-GLC and MOF particles. This ob-
servation is corroborated by the TEM images (Figs. 2b, ¢, f, g, j,
k, n, and o). To compare the material properties, we also pre-
pared rGO-related and g-C3Ny-related composites. The SEM im-
ages of rGO/MOF-74 and g-C3N4/MOF-74 are presented in Fig. S3
(Supporting information). The successful synthesis of rGO-related
and g-C3Ny4-related composites serves as evidence that this syn-
thesis method possesses universality. Further, high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-
STEM) and corresponding elemental mapping images (Figs. 2d, h,
I, and p) proved the uniform distribution of elements on the N-
GLC/MOF composites. This reaffirms that MOF particles are in-
timately and uniformly integrated with the N-GLC substrate. In
Raman spectra, the observed intensity ratios of the D and G
bands are indicative of the defect levels in the material. Specif-
ically, a ratio of around 1.01 is found for the N-GLC substrates.
For the N-GLC/MOF-74 composite, this ratio is slightly lowered,
registering at about 0.94, as shown in Fig. S4 (Supporting in-
formation). Meanwhile, the N-GLC/ZIF-8, N-GLC/Cu-BTC, and N-
GLC/FeCo-PBA composites demonstrate D to G peak intensity ra-
tios of 0.99, 0.96, and 1.00, respectively (Fig. S5 in Supporting in-
formation) [31]. These defects often serve as active sites or anchor-
ing points, facilitating the uniform attachment and dispersion of
metal atoms. The XRD patterns offer additional evidence to the
composites formation and the interactions to these components.
Evidently, peaks attributed to MOF-74 and N-GLC can be found
in the N-GLC/MOF-74 composite (Fig. 3a) [32]. The same results
were observed in N-GLC/ZIF-8, N-GLC/Cu-BTC, and N-GLC/FeCo-
PBA composites (Figs. S6-S8 in Supporting information). This si-
multaneous observation of peaks indicates the harmonious integra-
tion of both materials, indicating the successful preparation of the
composites.

Fourier-transform infrared (FT-IR) spectra were acquired to de-
termine the molecular structure and chemical composition of the
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Fig. 2. (3, e, i, m) SEM, (b, ¢, f, g, j, k, n, 0) TEM, (d, h, 1, p) HAADF-STEM images
and element mapping of (a-d) N-GLC/MOF-74. (e-h) N-GLC/ZIF-8, (i-1) N-GLC/Cu-
BTC, and (m-p) N-GLC/FeCo-PBA.

sample. For N-GLC/MOF-74, we observed the characteristic peaks
at approximately 1550 and 1404 cm~!, which can be attributed to
the stretching vibrations of symmetric and asymmetric carboxylic
acid groups (COO-) (Fig. 3b). Additionally, peaks at 887, 812, and
3390cm! are associated with the stretching vibrations of the Ni-
O, C-H, and -OH bonds, respectively. For N-GLC/ZIF-8 (Fig. S9 in
Supporting information) [33], the peak at 993cm™! is attributed
to the vibration of the C-N bond. The stretching vibrations of the
C-H bond (3131 and 2919cm™!) in the methyl group and the im-
idazole ring were also evident in the spectrum. The FT-IR spec-
trum of N-GLC/Cu-BTC is presented in Fig. S10 (Supporting infor-
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Fig. 3. (a) XRD of MOF-74, N-GLC/MOF-74. (b) FT-IR of N-GLC, MOF-74, and N-
GLC/MOF-74. (c) C 1s XPS spectra of N-GLC, MOF-74, and N-GLC/MOF-74. (d)
N 1s XPS spectra of N-GLC, MOF-74, and N-GLC/MOF-74. (e) The percentage of
pyridinic-N, pyrrolic-N, and graphitic-N for N-GLC, MOF-74, and N-GLC/MOF-74. (f)
N2 adsorption-desorption isotherms and pore size distributions of N-GLC/MOF-74.

mation) [34]. The characteristic peaks at 1644 and 1589 cm~! cor-
respond to the symmetric tensile vibration of the H3BTC skeleton,
while the characteristic peaks at 1446 and 1373 cm~! correspond
to the antisymmetric tensile vibration of the H3BTC skeleton. Fur-
thermore, bands between 1108 and 1290cm~! can be attributed
to the stretching vibration of the C=0 bond, and the bending vi-
bration of the C-H bonds are observed at 939 to 580cm~!. The
peaks at 728 and 489 cm~! correspond to the stretching and bend-
ing vibrations of the Cu-O coordination. For N-GLC/FeCo-PBA (Fig.
S11 in Supporting information) [35], the prominent peak is located
at 2115cm™!, characteristic of the C=N stretching. The peak at
592cm! is attributed to the Fe-CN vibration, while the peak at
547 cm~! corresponds to the stretching mode of Fe-O. Addition-
ally, the wide absorption peaks observed at 1600 and 3621 cm™!
are associated with O-H stretching and H-O-H bending modes. The
positions of the absorption peaks observed in the N-GLC/FeCo-PBA
sample closely match those of the FeCo-PBA, indicating the pres-
ence of the prussian blue structure in the N-GLC/FeCo-PBA com-
posite. The above results suggest that the N-GLC matrix effec-
tively incorporates the MOF clusters, maintaining their character-
istic properties.

X-ray photoelectron spectroscopy (XPS) was used to analyze the
molecular composition and valence state of N-GLC, MOF-74, and N-
GLC/MOF-74. The survey spectra (Fig. S12 in Supporting informa-
tion) indicate the presence of C, N, O, and Ni in the samples. For
N-GLC, only C-C (284.80eV) and C-N (285.9eV) bonds are present.
However, the C=0 (289.06eV) bond is found in N-GLC/MOF-74,
attributed to MOF-74 (Fig. 3c) [36]. Two peaks (398.3eV and
400.8 eV), corresponding to pyridinic-N and pyrrolic-N, are visible
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Fig. 4. (a) CV curves of N-GLC, MOF-74, and N-GLC/MOF-74 at 100 mV/s. (b) GCD curves of N-GLC, MOF-74, and N-GLC/MOF-74 at 1A/g. (c) Specific capacitance of N-GLC,

MOF-74, and N-GLC/MOF-74 at current densities from 1A/g to 5A/g. (
5500 GCD cycles at a current density of 5A/g. (

d) Capacitive contributions of N-GLC/MOF-74. (e) Long-term cycling stability of N-GLC/MOF-74 over
f) CV curves of N-GLC/MOF-74//AC at different scanning rates. (g) GCD curves of N-GLC/MOF-74//AC at different current

density. (h) The cycling stability and capacitance retention at 10 A/g for 1869 cycles of N-GLC/MOF-74//AC.

in the N 1s XPS spectra of N-GLC, MOF-74, and N-GLC/MOF-74
(Fig. 3d). Meanwhile, the graphitic N (403.2eV) belonging to N-
GLC is observed in N-GLC/MOF-74 composite. These all confirm the
synthesis of N-GLC/MOF-74 composite. Further, quantitative analy-
sis can be performed by integrating the areas under each species-
specific peak in the N 1s XPS spectra. The relative abundance of
pyridinic-N in the N-GLC/MOF-74 increased sharply from 12.7%
(MOF-74) to 29.0% (Fig. 3e). Interestingly, pyridinic-N is believed
to contribute to pseudocapacitance through protonation, while si-
multaneously participating in the modulation of the electronic
structure and providing coordination sites [37,38]. It is foreseeable
that the N-GLC/MOF-74 composite will exhibit excellent capacitive
properties. In Fig. S13 (Supporting information), the Ni 2p XPS are
depicted, from which four peak positions were obtained [39]. The
peaks at 855.9eV and 873.6 eV correspond to Ni 2psj, and Ni 2py,,
respectively, signifying the presence of Ni2*. Meanwhile, the peaks
at 860.9eV and 878.4eV are associated with satellite peaks.

The specific surface areas and pore size distribution was
measured by Branauer-Emmett-Teller (BET) and Barret-Joyner—
Halenda (BJH) methods. For N-GLC, a specific surface area of
439.662 m?2/g and a pore size of 3.63nm were obtained (Fig. S14
in Supporting information). MOF-74 shows a specific surface area
of 52.626 m2/g and a pore size of 2.07 nm (Fig. S15 in Supporting
information). Notably, the N-GLC/MOF-74 composite demonstrates
a significant enhancement in surface area, reaching 156.384 m?/g
with a pore size of 4.21 nm (Fig. 3f). According to the TUPAC stan-
dard, the nitrogen adsorption isotherms of the three materials
showed type IV characteristics [40].

All the samples were tested by cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) tests under the same condi-
tions. The area surrounded by CV reflects the capacitance of the
material, so it can be expected that N-GLC/MOF-74 has a larger
specific capacitance than that of N-GLC and MOF-74 (Fig. 4a). Ad-

ditionally, obvious REDOX peaks appear in the CV curves of MOF-
74, N-GLC, and N-GLC/MOF-74, indicating their Faraday pseudoca-
pacitance characteristics (Figs. S16-S18 in Supporting information).
The same conclusion was obtained by comparing the GCD curves
of N-GLC, MOF-74, and N-GLC/MOF-74 electrodes at 1A/g (Fig. 4b).
According to the specific capacitance calculation formula, the spe-
cific capacitance of the N-GLC/MOF-74 electrode was 470.18 F/g,
which was higher than those of MOF-74 (295.26F/g) and N-GLC
(18.95F/g) electrodes at 1A/g (Fig. 4c). Moreover, we have made a
comprehensive comparison with relevant works in this field (Table
S1 in Supporting information). In addition, the N-GLC/MOF-74 was
tested under higher current density (10, 20, 30, 40, and 50A/g),
and the relevant GCD curves and specific capacitance were demon-
strated in Figs. S19 and S20 (Supporting information).

To further illustrate the superiority of the N-GLC/MOF-74 elec-
trode, we conducted a comparative analysis of its performance
against rGO/MOF-74 and g-C3N4/MOF-74. By comparing CV curves
at 100mV/s, it can be seen that N-GLC/MOF-74 has the largest en-
closed area (Fig. S21 in Supporting information). The GCD curves
of the N-GLC/MOF-74, rGO/MOF-74 and g-C3N4/MOF-74 electrodes
at 1 A/g are depicted in Fig. S22 (Supporting information). Fur-
ther insights into the specific capacitances of rGO/MOF-74 and g-
C3N4/MOF-74 in the range of 1-5A/g are provided in Figs. S23
and S24 (Supporting information). Notably, the results demonstrate
that N-GLC/MOF-74 exhibits a higher specific capacitance com-
pared to the other materials. This can be attributed to N-GLC pro-
viding superior electrical conductivity, facilitating rapid electron
transfer within the electrode. This not only reduces internal resis-
tance but also allows for more efficient charge and discharge pro-
cesses, ultimately contributing to the superior specific capacitance.
The compelling advantages of N-GLC/MOF-74 underline its poten-
tial as a high-performance electrode material, making it a viable
option for a variety of energy storage uses.
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It is interesting to note that when the scan rate increased from
10mV/s to 300mV/s (Fig. S25 in Supporting information), the ca-
pacitive contributions of N-GLC/MOF-74 showed progressive rising
trends from 82.6% to 99.1%, highlighting the critical role of capac-
itive storage (Fig. 4d). Furthermore, the Nyquist plots indicate that
the electron transfer of the composites is significantly enhanced
(Fig. S26 in Supporting information). It is remarkable that at 5A/g,
the N-GLC/MOF-74 electrode maintained a high specific capaci-
tance of 204.73F/g. After 5500 GCD cycles at 5A/g, N-GLC/MOF-
74 achieves a coulombic efficiency of 95.04% (Fig. 4e). This indi-
cates that the electrode maintains its high performance even after
extended cycling, highlighting its suitability for long-term energy
storage applications. The morphology, structure (Fig. S27 in Sup-
porting information) and composition (Fig. S28 in Supporting in-
formation) of the N-GLC/MOF-74 after cycling was also examined.

The asymmetric two-electrode system was constructed based
on the N-GLC/MOF-74 electrodes, denoted as N-GLC/MOF-74//AC
(activated carbon). The obvious redox character and exceptional
rate performance of N-GLC/MOF-74//AC are demonstrated by the
CV curves, which at various scan rates all maintained their orig-
inal forms (Fig. 4f). The GCD curve of N-GLC/MOF-74//AC is sym-
metrical (Fig. 4g), indicating that N-GLC/MOF-74//AC has excellent
fast charge-discharge characteristics. Furthermore, at a high cur-
rent density of 10A/g, the capacitance retention for N-GLC/MOF-
74//AC is close to 90% (Fig. 4h). The energy densities reached
52.5uWh/cm? at 0.75mW/cm? and remained at 33.75 uyWh/cm? at
3.75mW/cm? (Fig. S29 in Supporting information). The outstand-
ing electrochemical performance can be attributed to the following
two points: First, the introduction of 3D MOF avoids serious ag-
glomeration of 2D materials. Second, as a superior conductor, the
N-GLC makes it easier for electrons to flow during charge and dis-
charge.

In summary, our study proposes a general composites synthe-
sis method based on the direct synthesis of N-GLC. This method is
suitable for materials of different dimensions, especially those with
negatively charged surfaces. The N-GLC/MOF-74 electrode, synthe-
sized using this method, exhibits a favorable specific capacity of
470.18 F/g at a current density of 1A/g. Furthermore, the coulom-
bic efficiency of N-GLC/MOF-74 remains 95.04% after 5500 cycles
at 5A/g. Our work lays a robust foundation for the design and
synthesis of N-GLC-based composites, offering the flexibility to
tailor their structures to specific applications. We anticipate that
our work will offer valuable insights for the development of N-
GLC/MOF composites, with the ultimate goal of enhancing super-
capacitor performance.
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