
Contents lists available at ScienceDirect

Composites Part A

journal homepage: www.elsevier.com/locate/compositesa

Facile synthesis of substrate supported ultrathin two-dimensional cobalt-
based metal organic frameworks nanoflakes

Yu Fua, Hanmo Zhoua, Sha Yinb,⁎, Limin Zhoua,⁎

a Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China
bDepartment of Automotive Engineering, School of Transportation Science and Engineering, Beihang University, Beijing 100191, China

A R T I C L E I N F O

Keywords:
A. Carbon cloth
A. Polymer-based composites
Metal organic frameworks
Ultrathin nanoflakes

A B S T R A C T

The synthesis of substrate-supported metal–organic-framework (MOF) nanoflakes has become a research hotspot
due to its attractive use as precursors to prepare metal (oxide)/carbon nanocomposites for the applications of
catalysis and energy storage. This work reports facile synthesis of a newly-structured ultrathin Cobalt-based MOF
(Co-MOF) nanoflakes on carbon cloth (CC). Through changing reaction time and reactant concentration, Co-
MOF morphologies can be easily controlled, which paves ways for controllable fabrication of ultrathin Co3O4

nanoflakes on CC based on the phase transformation from Co-MOF to Co3O4. Meanwhile, the good compatibility
of this mechanically strong Co-MOF with polymer inspires us to tailor CC@Co3O4 from the perspective of
polymer-based researches, such as polymer-based catalysts and solid state batteries using a solid state polymer
electrolyte. Therefore, this study not only enriches the family of MOFs but lays foundations for fabrication of
next-generation CC-reinforced polymer composites for multifunctional applications such as catalysis and energy
storage.

1. Introduction

The synthesis of nanoscale metal organic frameworks [1–3] (MOFs)
has become a research hotspot due to its attractive use as precursors to
prepare various metal (oxide)/porous carbon nanocomposite com-
pounds for energy storage and catalytic applications, etc. by pyrolysis
or chemical methods [4]. Despite the fact that MOF and its derivatives
possess tremendous advantages in various fields, their practical appli-
cations are hampered because powdered MOFs and its derivatives are
typically poorly processable [5]. To take an example, when used for
energy storage devices, bulk powder MOFs and its derivatives require
the use of polymer binders and conductive additives in the assembly of
electrodes, leading to fewer active sites, loss of active materials and
enlarged interfacial resistances, which limit electrochemical properties.
Therefore, stable MOF coatings on various substrates are needed for
practical applications.

Among these supported MOF coatings, nanoscale MOFs with na-
noflake morphology have caught wide attention from scientists in the
fields of energy storage [6], catalysis [7] and sensor [8], etc. due to
their diversified structures, tunable chemical functionalities, large sur-
face area and ultrathin thicknesses. Furthermore, due to low tendency
of MOF nanoflakes to aggregate during pyrolysis, the obtained flake-
structured MOF-derivatives are blessed with a great deal of accessible

active metal sites and fast electron transfer and thus have high potential
to be used as electrodes [9] or catalysts [10]. Especially, ultrathinning
nanoflakes into nanometre thicknesses has been reported to be a very
effective strategy to acquire high-performance electrocatalysts [11] and
battery electrodes [12]. Therefore, fabrication of substrate-based ul-
trathin nanoflakes attracts enormous research interest. Conventionally,
preparation of MOF nanoflakes is mainly based on two kinds of
methods [13]. One method is a top-down growth strategy in which
exfoliation of bulk-layered MOFs occurs. However, structural dete-
rioration and morphological fragmentation inevitably occur in this
method, meanwhile, only a low yield (normally< 15%) can be ob-
tained and separating nanoflakes from bulk materials is very compli-
cated. Furthermore, a top down method has low applicability for sub-
strate supported MOF growth. Therefore, a bottom-up method [14] is
more promising to synthesize substrate supported high-quality MOF
nanoflakes. Attributed to the high potential of Co3O4 for the applica-
tions of catalysis and energy storage [15], there have been many reports
on carbon cloth (CC)/nickel foam supported cobalt-based MOF-derived
Co3O4 up to now [16–18]. However, the thickness of most of the pre-
viously reported Co-MOF nanoflakes is not less than 100 nm. Reports on
ultrathin nanoflakes are quite rare. Even though discrete nanoflakes
with the thickness of ~2 nm were synthesized in solvent [19], the two-
step synthesis procedures were complicated and the feasibility of the
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growth of these ultrathin Co-MOF nanoflakes on substrates was not
confirmed. Therefore, synthesis of substrate supported ultrathin MOF
nanoflakes in an easy way is still in high demand.

Herein, through replacing water solvent with methanol and ap-
plying an appropriate reactants ratio, facile synthesis of homogeneously
distributed Co-MOF nanoflakes with a thickness of ~8 nm on hydro-
philic CC is demonstrated (CC@Co-MOF) instead of thick Co-MOF na-
noflakes when water is used as solvent. Effects of reaction time and
reactants concentration on Co-MOF morphology have been explored
and morphologies of the CC@Co-MOF can be easily controlled, which
paves the way for the fabrication of morphology-controllable
CC@Co3O4 nanoflakes in future. Meanwhile, good compatibility of ul-
trathin Co-MOF nanoflakes and polymer has also been demonstrated,
which further enables exploration of CC@Co3O4 nanoflakes for the
applications of polymer-based Co3O4 catalysts and batteries utilizing a
solid-state polymer electrolyte. Therefore, this study not only demon-
strates facile synthesis of a newly designed ultrathin MOF nanoflakes
supported on CC, but puts forward a high possibility of obtaining
CC@Co3O4 nanoflakes reinforced polymer composites with promising
properties for catalysis and energy storage, which can open up new
possibilities for obtaining multifunctional CC reinforced polymer com-
posites.

2. Experimental section

2.1. Materials

CC (3k CFs, FAW 200 gsm, plain weave) was acquired from TEI
Composite (Taiwan) and thermally treated at 450 °C for 1 h in an Ar2
atmosphere to remove the sizing. Co(NO3)2·6H2O, 2-methylimidazole,
Zn(NO3)2·6H2O, Anhydrous FeCl3, 1,4-Benzenedicarboxylic acid, were
purchased from Sigma-Aldrich (USA). Fuming sulfuric acid (H2SO4),
nitric acid (HNO3), methanol and N,N′-dimethylformamide (DMF) were
obtained from VWR International (Hong Kong). WS 105 epoxy resin
matrix and WS 209 hardener were provided by High Gain Industrial,
Co., Ltd. (Hong Kong). All chemical reagents and solvents were used as
received.

2.2. Fabrication of CC@Co-MOF

CC@Co-MOF was synthesized as follows. CC was pretreated with
concentrated H2SO4/HNO3 (molar ratio = 3:1) for 45 min and cleaned
with deionized water several times before further use. The obtained CC,
denoted as CC-COOH, was then used to grow Co-MOF, Zn-MOF and Fe-
MOF. In a typical procedure for Co-MOF growth, Co(NO3)2·6H2O
(9.313 g) and 2-methylimidazole (1.3135 g) in a molar ratio of 2:1 were
separately dissolved in two beakers of methanol (2 × 100 mL) with
continuous stirring for 10 min at room temperature. The Co
(NO3)2·6H2O methanol solution was then quickly poured into the 2-
methylimidazole methanol solution. After homogeneous blending for
5 min, the mixed solution was poured into Teflon-lined autoclave with a
CC-COOH. After reaction at 90 °C for 24 h, the CC-COOH was removed
and washed with methanol three times and left in an oven overnight at
60 °C. Similarly, in order to grow Zn-MOF and Fe-MOF, Zn
(NO3)2·6H2O/2-methylimidazole (9.520 g/2.392 g) and FeCl3/1,4-
Benzenedicarboxylic acid (5.190 g/5.316 g) inorganic–organic linker
pairs were dissolved in DMF (200 mL) at room temperature, respec-
tively. Afterwards, CC-COOHs were immersed into two kinds of solu-
tion and the temperatures were maintained at 150 °C for 15 h and at
140 °C for 24 h, respectively. After reaction, the CC-COOHs were re-
moved and washed with DMF three times and left in an oven overnight
at 60 °C. Thus, CC grown with Co-MOF, Fe-MOF and Zn-MOF were
formed. In order to examine the effects of reaction time and reactant
concentration on the Co-MOF morphology, CC@Co-MOFs were fabri-
cated according to the same procedures except that the reaction times
were 15 min, 30 min, 60 min and 180 min, and two other reactants

concentrations were 2:2 and 4:2. In order to confirm the phase trans-
formation of CC@Co-MOF, it was calcinated in a furnace at 450 °C for
1 h in an Ar atmosphere.

2.3. Characterizations

The morphology of the products was characterized using field-
emission scanning electron microscopy (TM-3000, Hitachi) and trans-
mission electron microscopy (TEM; Jeol, JEM-2100F) at a 200-kV ac-
celerating voltage. Energy dispersive X-ray spectroscopy (EDS) spectra
of a MOF nanoflake were obtained from a scanning electron microscope
(SEM; TESCAN VEGA3). X-ray photoelectron spectra (XPS) were re-
corded on a PHI 5000 VersaProbe 2 spectrometer. The wettability of
epoxy on CC@Co-MOF and CC were compared through measuring the
contact angles of epoxy/CC@Co-MOF and epoxy/CC. An X-ray dif-
fractometer (XRD; Rigaku Smartlab 9 kW) was used to detect the phase
purity of CC@Co3O4. Thermogravimetric analysis (TGA; TGA/
DSC3 + [Mettler Toledo]) was used to measure the thermal properties
of CC@Co-MOF.

In order to demonstrate the mechanical strength of Co-MOF nano-
flakes, CC@Co-MOF reinforced polymer composites were fabricated
using a wet layup method. After the epoxy resin was blended with a
curing agent at a weight ratio of 100:27.2, CC@Co-MOF was fully sa-
turated with resin and placed between two thin sheets of plastic. The
excess resin was then squeezed out using a plastic scraper. A stainless-
steel plate was cleaned and used as the base for the wet layup process,
followed by the application of a releasing agent. Afterwards, symmetric
laminates [(+45/−45/0/90/90/0/−45/+45)] were prepared by
stacking together eight layers of CC@Co-MOF. The eight layers were
then topped up with a breather fabric and perforated parting film.
Finally, the whole set was covered with a bagging material, and a va-
cuum pump was used to provide differential pressure, which helped to
wet the carbon fiber. All specimens were left to cure for 2 days without
any post-curing. Afterwards, short beam strength (SBS) tests were car-
ried out according to the standard test method ASTM D2344 using an
electronic universal testing machine (WDW-10Y, Beijing United Test
Co., Ltd.) under crosshead displacement control at a rate of 1 mm/min.
After the SBS test, SEM images of the fractured samples and EDS plane
scan and line scan analysis were also obtained with the TESCAN
VEGA3. Furthermore, nanoindentation tests were used to determine the
strength of polymer/Co-MOF nanoflakes interface. The sample was cut
from the CC@Co-MOF reinforced polymer composites and the thickness
was ~2 mm. The indentation tests were run in displacement-control
mode using a maximum indentation depth of 80 nm. A trapezoidal load
was applied in the nanoindentation testing. The indenter took 5 s to
load the function, and the load was released within 5 s after being
maintained for 10 s. The same procedures were carried out with CC
reinforced polymer composites.

3. Results and discussion

3.1. Surface morphology and elemental composition of CC@CO-MOF
nanoflakes

The synthesis procedures of CC@CO-MOF nanoflakes comprise
three steps (Fig. 1a). First, CC was oxidized in concentrated acid to form
CC-COOH. CO-MOF was then grown on CC-COOH due to the alter-
nating growth of Co2+ and 2-methylimidazole through immersion in
solution for 24 h. SEM characterizations clearly demonstrate the mor-
phologic difference of three different kinds of CC. Axial grooves on the
pristine CC (Fig. 1b and 1e) are visibly deepened after acidification (CC-
COOH) (Fig. 1c and f). Unlike the chaotic coatings achieved without
carboxylation [20], the carboxyl groups on the CC-COOH facilitate the
formation of CO-MOF (Fig. 1d and g) via metal–carboxyl bonds
[21,22]. According to the SEM images, the neighboring MOF nano-
flakes form macropores with a dimension of ~200 nm. The low
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magnification SEM image (Fig. 1h) demonstrates a homogeneous MOF
coating on the CC. In comparison, for the CC-COOH reacted in Zn
(NO3)2·6H2O/2-methylimidazole DMF solution, few polygonal particles
(Fig. S1a) was seen on a carbon fiber. Likewise, for the CC-COOH re-
acted in FeCl3/1,4-Benzenedicarboxylic acid DMF solution, only low-
density small particles (Fig. S1b) were seen on carbon fibers. Therefore,
it is obvious that among the three kinds of precursor solutions, Co-based
MOF precursor solution is superior to Zn-based and Fe-based MOF
precursors in achieving the homogeneous modification of carbon fiber.

A TEM image (Fig. 1i) further confirms the flake structure of CO-
MOF. The silk gauze-like morphology with transparent features in-
dicates the ultrathin nature of the CO-MOF nanoflakes, consistent with
the SEM results. The dark strips on the TEM image appeared due to the
fact that one nanoflake was aslant or perpendicular to the substrate,
from which the thickness of the nanoflake is measured to be 8.5 nm.
EDS analysis (Fig. 1j) confirms the presence of Co and N in the MOF

nanoflakes. The N 1s XPS spectrum (Fig. 1k) of CO-MOF is deconvo-
luted into five different component peaks, which can be assigned to
pyridinic-like N (N1, ~398.1 eV) [23], pyrrolic-like N (N2, 400.3 eV), N
coordinated with Co2+ in the CO-MOF framework (399.0 eV, Co–N),
oxidized pyridinic-like N [24], and physically absorbed NO3

− from the
mixed methanol solution of Co(NO3)2·6H2O and 2-methylimidazole
[25].

3.2. Physical and mechanical properties of Co-MOF nanoflakes

Considering the growing interests in polymer-based catalysts
[26–29] and batteries using solid state polymer electrolytes [30–32],
the materials which have high potential to be used as catalysts or
electrode materials need to be examined to confirm their compatibility
with polymer. Herein, epoxy, as a kind of polymer which has good
adhesion, low shrinkage, high tensile strength and modulus, and good

Fig. 1. (a) The synthesis procedures for CC@Co-MOF nanoflakes. SEM images of the surface morphologies of CC (b and e), CC-COOH (c and f) and CC@CO-MOF
reacted for 24 h at the reactant concentration of 2:1 (d and g) at the magnifications of a, b, c: ×10 k; d, e, f: ×30 k. (h) A low-magnification SEM image of CC@Co-
MOF. (i) A low-magnification TEM image of a CO-MOF nanoflake. (j) EDS spectrum for a CO-MOF nanoflake. (k) XPS spectra of CC@CO-MOF in N 1s. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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chemical and corrosion resistance, was used to examine the wettability
of polymer on CC@Co-MOF. When a micro-drop of epoxy resin was
applied on single carbon fibers, the contact angle of epoxy on CC@Co-
MOF fiber is only 25°, significantly lower than that on carbon fiber (53°)
(Fig. 2a and b), demonstrating the better wettability of polymer on the
modified CC. The measurement of the contact angles of epoxy on CC
and CC@Co-MOF was based on the selection of two microdroplets of
the same size. Therefore, it can be seen that CC@Co-MOF has better
polymer compatibility compared to CC.

In order to know about the strength of Co-MOF nanoflakes, SBS
testing was performed to measure the mechanical strength of the
CC@Co-MOF nanoflakes reinforced polymer composites. Fig. 2c shows
typical load–extension curves of two sets of SBS tests for two kinds of
CC-based polymer. As shown in Fig. 2d, CC@CO-MOF reinforced
polymer composites has a short beam strength of 6.35 MPa, which is
~60% higher compared to CC reinforced polymer composites. Ac-
cording to the SEM images (Fig. 1), the Co-MOF nanoflakes have three-
dimensional (3D) ordered and macroporous structures, which can sig-
nificantly increase the contact area between the polymer and the fiber.
Thus, when the polymer infiltrates the modified carbon fibers, me-
chanical interlocking is introduced between the carbon fibers and the
polymer. Based on the uniform growth of Co-MOF nanoflakes on the
carbon fibers, every carbon fiber contributes efficiently to load transfer
from the polymer to the fiber, which helps to achieve the enhancement
in the SBS strength. However, the enhanced SBS strength could not be
achieved unless Co-MOF nanoflakes are mechanically strong and
cannot be easily broken. Therefore, the strength of Co-MOF nanoflakes
is demonstrated. To confirm the mechanical interlocking effect between
polymer and CC facilitated by the Co-MOF nanoflakes, the fractured
surfaces after the SBS tests were examined by SEM. Fig. 3a shows that a
larger amount of polymer is retained on the surface of CC@CO-MOF
fibers than that on CC fibers (Fig. S2a) due to the difficulty of polymer
in debonding from CC@CO-MOF fibers. The accurate chemical com-
position of the fractured surface of CC@CO-MOF reinforced polymer
composites was detected by taking EDS elemental mapping [33,34]
images of the polymer (Fig. 3c) bonded onto a CC@Co-MOF fiber.
According to the images (Fig. 3d–f), Co, C, and O coexisted in the
fractured area, suggesting the presence of embedded MOF nanoflakes in

the polymer. The EDS line scan along the yellow line (Fig. S3a–d) also
demonstrates the existence of MOF nanoflakes oriented parallel to the
axis of the carbon fiber and the successful wrapping by polymer.
Therefore, the polymer compatibility and wettability of polymer on
CC@Co-MOF are confirmed again. Lastly, due to mechanical

Fig. 2. Optical images of contact angles of micro-
droplets of epoxy on (a) CC and (b) CC@CO-MOF.
(c) Load vs. extension graphs of the SBS tests for
CC and CC@CO-MOF reinforced polymer com-
posites. (d) Comparison of SBS strength values of
the two kinds of reinforced polymer composites.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)

Fig. 3. (a and b) SEM micrographs of the fractured surface of CC@CO-MOF
reinforced polymer composites. (c–f) A representative plane scan SEM image of
the fractured surfaces of CC@Co-MOF reinforced polymer composites at the
magnification of ×1000 and corresponding EDS plane scan mapping images.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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interlocking, the tight bonding on the polymer-fiber interface makes
fiber pull-out more difficult, therefore, no obvious gaps between the
polymer and the fiber are observable in CC@Co-MOF reinforced
polymer composites (Fig. 3b) while large gaps are observed in CC re-
inforced polymer composites (Fig. S2b), which also help to demonstrate
the strength of Co-MOF nanoflakes. Otherwise, the stress at which Co-
MOF nanoflakes break would be lower than that at fiber pull-out, thus
resulting in a lower SBS strength. In summary, the SEM micrographs of
the fractured surfaces and the EDS element analysis collectively verify
the mechanical interlocking effect between the modified CC and
polymer through Co-MOF nanoflakes.

Now the mechanical strength of the Co-MOF nanoflake and its
compatibility with polymer have both been proved, the interphase of
CC@Co-MOF/polymer also need to be considered. For the nano-
composites, an interphase is formed at the contact area of two kinds of
materials, which can have a significant effect on the properties of na-
nocomposites. Nanoindentation testing is a representative method to
measure the strength of the interphase. A Berkovich indenter was used
to indent the near-fiber region of the polymer to determine the nano-
mechanical properties of the interphase. Fig. 4 shows optical micro-
scopic images of the CC/CC@Co-MOF reinforced polymer composites,
including the selected regions for nanoindentation. The regions of in-
terest included one region of polymer surrounded by several carbon
fibers. The red spots on the images of Fig. 4a and b represent the na-
noindentation points made across the interfaces of the CC and CC@Co-
MOF reinforced polymer composites, respectively. Fig. 4c illustrates
force–displacement curves for all indentations. According to Fig. 4c,
due to the in-situ grown Co-MOF nanoflakes, the strength of interphase
of CC@Co-MOF reinforced polymer composites experiences a sig-
nificant increase (90% at maximum) compared to CC reinforced
polymer composites. The gradual variation in force from polymer to
carbon fiber across the MOF nanoflakes-incorporated interphase can
more effectively suppress the unwanted stress concentrations around
the carbon fiber, thus demonstrating remarkably enhanced load-
bearing capacity of the polymer-based composites. Therefore, the newly
designed ultrathin Co-MOF nanoflakes are not only blessed with in-
herent mechanical strength but are also expected to obtain a strong
interphase in polymer-based products.

3.3. Future research directions of CC@Co-MOF

MOFs are generally used as templates to derive metal oxides. MOF
nanoflakes, capable of retaining pristine microstructures after pyrolysis
[16,17,35], offer a facile route to obtain functional materials with

various applications. In order to explore the high potential of CC@Co-
MOF for future applications, phase transformation from Co-MOF to
Co3O4 and the capability of Co3O4 to inherit the structure of MOF after
pyrolysis need to be confirmed. Thermal properties of CC@Co-MOF
were investigated. According to the TGA curve in Fig. 5a, weight loss
first happened at ~250 °C due to the release of organic linkers. As the
temperature increased, the weight loss was gradually accelerated. The
surface morphology of CC@Co-MOF calcinated at 450 °C was examined
by SEM. The temperature was chosen since it was widely used as the
pyrolysis temperature of Co-based MOF to produce cobalt oxide. Ac-
cording to the SEM image (Fig. 5b), the nanoflake structure of Co-MOF
was well maintained after pyrolysis. The calcinated CC@Co-MOF were
further investigated by XRD to confirm the exact phase compositions of
the carbonized products on the carbon fibers. By comparing the XRD
spectrum (Fig. 5c) with the JCPDS cards, the peaks in the XRD spectrum
are all identical to JCPDS card No. 00-09-0418, except for the two peaks
from graphitic carbon, which further confirms the formation of Co3O4.
Therefore, the phase transformation from CC@Co-MOF to CC@Co3O4

was successfully confirmed and broader applications of this newly de-
signed CC@Co-MOF nanoflakes can be explored [36,37].

Now that the phase transformation of Co-MOF to Co3O4 has been
confirmed, parameters affecting the growth of CC@Co-MOF nanoflakes
were investigated to achieve good control of the morphology of
CC@Co3O4. The detailed growth process of Co-MOF on CC based on the
combination of Co2+ and 2-methylimidazole has been explored by SEM
characterizations. By observing the morphology change of the CC-
COOH after incubation in Co(NO3)2·6H2O and 2-methylimidazole me-
thanol solution for different time periods of 15 min, 30 min, 60 min,
and 180 min, the effect of reaction time on the growth of Co-MOF
nanoflakes was examined (Fig. 6). At 15 min, only particles can be seen
in the surface grooves of carbon fibers (Fig. 6a), which indicates the
nucleation of some crystals, as shown in the schematic in Fig. 6a. At
30 min, some rugged structures have emerged on the surface of carbon
fibers (Fig. 6b). However, the carbon fiber surface are still exposed. At
60 min, the carbon fiber surface is totally covered by the Co-MOF na-
noflake (Fig. 6c). By 180 min (Fig. 6d), the nanoflake structures have
become very dense, and some silk gauze-like structures have emerged,
indicating the ultrathin characteristics of the MOF nanoflakes. It is very
interesting to find that density and length of these ultrathin nanoflakes
can be easily controlled by changing the growth time. Interestingly,
Liang et al[16] has reported the growth of MOF nanoflakes on a nickel
foam. However, unlike the fast MOF nucleation over the whole nickel
foam surface within 2 min, there appear only discrete particles on
carbon fiber surface after 15 min, which shows more sluggish kinetics

Fig. 4. (a) Optical microscopic image showing
the region selected for nanoindentation studies
across the interface of the CC reinforced polymer
composites. (b) Optical microscopic image
showing the region selected for nanoindentation
studies across the interface of the CC@Co-MOF
reinforced polymer composites. (c) Comparison
of the force–displacement curves for the na-
noindentations made on both the CC and
CC@Co-MOF reinforced polymer composites.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)
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of carbon fiber for the initiation of MOF growth. Whether and how this
kinetic difference affects the growth and the property of substrate-based
MOF will be our future work. In order to better understand the for-
mation of Co-MOF on carbon fiber, two other reactant concentrations
(molar ratios of Co(NO3)2·6H2O and 2-methylimidazole = 2:2 and 4:2)
were used to examine the effect of reactants concentration on Co-MOF
morphology. Through comparing the Co-MOF morphology obtained at
the reactants concentration of 4:2 (Fig. 6e) with 2:1, it can be found
that despite the same molar ratio of Co(NO3)2·6H2O and 2-methylimi-
dazole, a higher reactant concentration can bring about significantly
different Co-MOF morphology. Instead of approximately hexagonal
macropores formed by neighboring Co-MOF nanoflakes at the con-
centration of 2:1, the concentration of 4:2 facilitates the growth of
seemingly randomly packed Co-MOF nanoflakes on carbon fibers. In
contrast, even though approximately hexagonal macropores are
formed, a higher 2-methylimidazole concentration (2:2) is conductive
to the formation of smaller macropores (Fig. 6f) with a dimension of
~100 nm. Therefore, reactants concentration plays an important role in
the morphology control of CC@Co-MOF nanoflakes. In summary,
studying Co-MOF growth with time period and reactants concentration
enables us to get a clue on how to tune the morphology of Co-MOF.
Different time periods and reactants concentrations result in distinctive
Co-MOF densities which can in turn determine the mass loading of
Co3O4. Based on this, it is possible for us to easily control the mor-
phology of Co3O4 and tailor it to the applications of catalysts and
batteries.

Now future research areas can be proposed. In terms of the appli-
cation of CC@Co3O4 nanoflakes for electrocatalysis, the formation of
MOF-derived defect-abundant metal oxide electrocatalysts is a pro-
mising strategy for the enhancement of electrochemical performances.
Especially, the nanometre thicknesses of ultrathin Co3O4 nanoflakes
allow superior electron transfer and rapid mass transport. Besides, ex-
tremely high percentages of exposed catalytic active surfaces can

Fig. 5. (a) A TGA curve of CC@Co-MOF. (b) A SEM image of CC@Co3O4. (c) A XRD spectrum of CC@Co3O4.

Fig. 6. SEM images of the surface morphology of CC@Co-MOF at various in-
cubation times: (a) 15 min, (b) 30 min, (c) 60 min, (d) 180 min with a constant
reactant concentration of 2:1, and at two other reactant concentrations of 4:2
(e) and 2:2 (f) with a constant reaction time of 24 h at the magnification of
×30 k.
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ensure high catalytic activity. As a result, making Co3O4 nanoflakes
ultrathin will facilitate the discovery of CC-based Co3O4 catalysts with
outstanding catalytic properties. For the application of CC@Co3O4 na-
noflakes for batteries, the low electrical conductivity of Co3O4 com-
bined with 3D electro-conductive carbon fibers can gain the maximum
efficiencies. Besides, due to the ultrathin structures of Co3O4,
CC@Co3O4 not only possesses large surface areas with the maximum
exposure of active sites for electrochemical reactions, but is also blessed
with a short Li ion diffusion length, which affords a high possibility to
obtain CC-based electrodes with outstanding electrochemical proper-
ties. Therefore, the successful fabrication of CC@ultrathin Co3O4 na-
noflakes affords a high probability of discovery of promising catalysts
and electrodes for energy storage devices.

In addition, the practicability of CC@Co3O4 as electrodes for solid
state batteries, such as composite structural battery can also be ex-
amined. For solid-state batteries incorporating metal oxide active ma-
terials and solid state polymer electrolytes [38,39], one very important
issue is the polymer electrolyte/electrode interface. From an electro-
chemical perspective, most of active materials in situ grown on CC
suffer from significant volume expansion [40] when subjected to li-
thiation/delithiation, which will generate stresses at the polymer/CC
interface [41]. Especially, when the polymer/CC interface suffers from
cyclic volume expansion/contraction, the interface may be destroyed.
From an mechanical perspective, when active materials grown on CC
are not undergoing electrochemical reactions, the mechanical inter-
locking effect facilitated by active materials may contribute to the en-
hancement of interfacial adhesion between CC and polymer electrolyte.
However, once lithiation of active materials brings about volume ex-
pansion, the stress induced by volume expansion may form stress
concentration points, leading to the breakage of the polymer electro-
lyte/CC interface. Thus, the volume expansion of the active materials at
the CC/polymer interface plays an significant role in the mechanical
and electrochemical stability of solid state batteries. For the CC@ul-
trathin Co3O4 nanoflakes obtained in this study, ultrathin and mor-
phology-controllable structures make it possible to obtain Co3O4 active
materials with small volume expansion, which will have limited effect
on the polymer/CC interface. Thus, the successful fabrication of
CC@Co3O4 can also afford a high probability of discovery of promising
electrodes for solid-state energy storage devices which can simulta-
neously achieve electrochemical and mechanical stabilities. This will
lay foundations for the fabrication of next-generation CC-reinforced
polymer composites with multifunctional performances such as energy
storage.

4. Conclusions

A facile method for the in-situ synthesis of ultrathin and mechani-
cally strong macroporous MOF nanoflakes on CC is demonstrated. CC
grown with CO-MOFs is easily fabricated by acidification and sub-
sequent hydrothermal reaction. The roles of reaction time and reactants
concentration in the easy control of the Co-MOF morphology have been
demonstrated. For future research directions, the phase transformation
from Co-MOF to Co3O4 and the preserved ultrathin structure make it
attractive to investigate the potential of CC@Co3O4 nanoflakes as
electrocatalysts in electrochemical conversion technologies and elec-
trodes in energy storage devices. Furthermore, the research on si-
multaneous achievement of mechanical and electrochemical stability of
composite structural batteries through incorporation of volume-ex-
pansion-controllable CC@Co3O4 electrodes is put forward. Therefore,
the newly designed CC supported ultrathin MOF nanoflakes not only
enriches the family of MOFs but lays the foundation for realizing next-
generation CC-reinforced polymer composites with multifunctional
performances.
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