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Highly structured metal-organic framework
nanofibers for methane storage
Yibo Dou1,2, Carlos Grande3, Andreas Kaiser1* and Wenjing Zhang2*

ABSTRACT Porous materials such as metal-organic frame-
works (MOFs) with high theoretical volumetric gas uptake
capacity are promising materials for gas storage and separa-
tion, but the structuring for practical applications is challen-
ging. Herein, we report a general and feasible strategy to
combine electrospinning with a phase conversion method to
decorate polyacrylonitrile nanofibers (PAN NFs) with Cu-
MOF (HKUST-1). The strategy is based on the combination of
surface pretreatment of the NFs with Cu(OH)2 and a sub-
sequent phase conversion into HKUST-1 crystals (PC-
HKUST-1). A significant higher loading of HKUST-1 in the
PAN NF matrix was achieved by the phase conversion method
compared with direct electrospinning of MOF slurries or in-
situ growth of MOF crystals on NFs. As a result, the hier-
archical structured PC (phase conversion)-HKUST-1 NFs re-
vealed the highest gravimetric storage capacity of 86 cm3 g−1

(STP) at 3500 kPa and 298 K for methane (CH4), which is
higher than other HKUST-1 NFs reported previously. The
improved CH4 uptake can be explained by the high loading of
HKUST-1 due to the high availability of Cu-ions localized on
the surface of the NFs during the phase conversion process,
resulting in high surface area and excellent gas access of the
phase converted HKUST-1. Thus, the developed strategy of
structuring MOFs could be of interest for the fabrication of
tailor-made MOF NF architectures for other energy and en-
vironmental applications.

Keywords: electrospinning, phase conversion, metal-organic
frameworks (MOFs), methane storage

INTRODUCTION
Growing concerns on the increasing consumption and
combustion of fossil fuels and related environmental is-
sues have stimulated the development of renewable en-

ergy [1–3]. Methane (CH4) is considered as a preferable
alternative energy source, owing to its increasing supply
and low emission of greenhouse gases with the option to
produce sustainable fuel from biogas [4–6]. However, the
low volumetric energy density of 0.038 MJ L−1, as com-
pared with liquid fuels (such as gasoline, with a volu-
metric energy density of 34.8 MJ L−1), limits the practical
application, especially in vehicular transportation [7,8].
Therefore, the concept of compressed natural gas (CNG)
is widely applied, where CH4 is compressed at approxi-
mately 20 MPa to increase the volumetric storage capa-
city. For automotive vehicles, storing CH4 on board at
such high pressure requires multiple stages of compres-
sion (hence increases the costs) and presents safety re-
strictions [9]. Adsorbed natural gas (ANG) allows storing
CH4 on porous materials and can result in high volu-
metric storage density at a much lower pressure with a
single compression stage [10–13]. In the ANG system, the
adsorption capacity and the structure of the porous ma-
terial play a vital role for the adsorption/desorption
processes. Metal-organic frameworks (MOFs) are re-
garded as promising porous materials due to their high
surface area, high porosity, tunable pore size and rich
chemistry properties [14–18]. Previous research work
demonstrated record-breaking gas-storage capacities of
MOFs in laboratory environment. However, from a
practical application point of view, the MOFs need to be
structured into macroscopic shapes to ensure structural
robustness and integrity in the ANG system. Traditional
powder shaping methods, such as extrusion and granu-
lation, utilize high pressure or chemical binders to form
wafers or pellets [19]. These structuring processes often
inevitably deteriorate the intrinsic properties of single-
crystal MOFs, leading to low crystallographic density and
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collapsed porosity and hence decreased gas storage ca-
pacity [19]. Therefore, to advance practical applications
of MOFs in ANG technology, it is an essential step to
develop novel methods that can structure MOFs into
suitable macroscopic shapes without sacrificing their ex-
cellent gas storage properties.

Recently, the structuring of MOFs with various tech-
niques, including dip-coating, spray-drying, three-di-
mensional (3D)-printing and lithography, have attracted
considerable attention [20–22]. We recently summarized
advances in the synthesis and structuring of MOFs/
polymer nanofibers (NFs) [23], which have been widely
investigated for energy and environmental applications
[24–28]. Up to now, the most prevailing method is direct
electrospinning (DE) of a mixture of MOFs and polymers
[29–31]. However, the coverage of the surface of MOFs
by polymers would inevitably lead to severe blockage of
the inner pores of the MOFs and hinder the mass transfer
and adsorption of gas molecules. Alternately, an in-situ
growth (IG) method was proposed to anchor MOFs on
the polymer NF surface [32–34]. Despite the highly ex-
posed pores, the low mass fraction of MOFs in the re-
sulting MOFs/polymer NF composites still limits the
overall gas adsorption capacity.

Phase conversion is a recently developed method for
the synthesis of MOFs by converting a dense, crystalline
phase of a metal oxide as the precursor to a less dense,
crystalline MOF product phase [14,24]. In this work, we
developed a novel way to conduct the phase conversion
directly on electrospun NF structures, which resulted in
MOF NF composite mats with the MOF nanocrystals
exposed on the surface of the NFs. Unlike conventional
methods for structuring MOFs, the new method enables
high MOF loading in the NF scaffold with a combination
of fascinating properties towards efficient CH4 storage,
including excellent structural integrity, flexibility and
accessibility of CH4 gas molecules to the porosities of
MOF crystals. As a result, the MOF NF mat prepared by
the phase conversion method offers a superior CH4 up-
take capacity as compared with the MOF NFs prepared
by DE and IG methods.

EXPERIMENTAL SECTION

Fabrication of PAN NFs
The polyacrylonitrile NFs (PAN NFs) were prepared by
the electrospinning method. Typically, 10 g of PAN was
dissolved in 90 g of N,N-dimethylformamide (DMF)
under ball milling for 72 h. The PAN NFs were obtained
by electrospinning at a flow rate of 1 mL h−1 in a syringe

(10 mL). A high voltage of 35 kV was used, and the dis-
tance between the collector and spinneret was set at
12 cm.

Fabrication of PAN/Cu(OH)2 NFs
Prior to fabrication, the above PAN mat was peeled off
from the substrate and immersed in water for 10 min to
wet the PAN mat surface. The overall synthesis procedure
consists of a cyclic repetition via the following steps: (1)
immersing the PAN mat into an aqueous solution of
NaOH (8 wt%) for 3 min, followed by rinsing with
deionized water thoroughly; (2) immersing the PAN mat
into an aqueous solution of Cu(NO3)2·3H2O (24 wt%) for
3 min followed by washing with deionized water. Subse-
quently, the PAN/Cu(OH)2 fibrous mats were fabricated
by an alternating deposition of NaOH and Cu(NO3)2·
3H2O solution for four cycles. The PAN/Cu(OH)2 fibrous
mats were finally rinsed with deionized water and dried at
room temperature (RT).

Fabrication of PC-HKUST-1 NFs
The PAN NFs with Cu-MOF (HKUST-1) were fabricated
via the phase conversion method (Method 3 in Fig. 1).
For this purpose, 3 g of 1,3,5-benzenetricarboxylic acid
was dissolved into 160 mL of methanol, and then the
PAN/Cu(OH)2 NFs were immersed into the above solu-
tion. After reacting for 24 h at RT, the PAN/Cu(OH)2
NFs were converted into the PC (phase conversion)-
HKUST-1 NFs. The obtained PC-HKUST-1 NFs were
finally rinsed with ethanol and dried at RT. The loading
of HKUST-1 by weight in the PC-HKUST-1 NFs is
~52 wt%.

Fabrication of IG-HKUST-1 NFs
The IG-HKUST-1 NFs (Method 2 in Fig. 1) were fabri-
cated by the IG method. First, PAN@Cu(OH)2 NFs were
prepared by electrospinning. First, 10 g of PAN and 5 g of
Cu(OH)2 were dissolved in 90 g of DMF under ball
milling for 72 h. The PAN@Cu(OH)2 NFs were fabricated
by electrospinning at a flow rate of 0.8 mL h−1 in a syringe
(10 mL). A high voltage of 35 kV was used, and the dis-
tance between the collector and spinneret was set at
12 cm. Then, 5 g of 1,3,5-benzenetricarboxylic acid was
dissolved into 160 mL of methanol, and the PAN@
Cu(OH)2 NFs were immersed into the above solution.
After reacting for 24 h at RT, the PAN@Cu(OH)2 NFs
were converted into IG-HKUST-1 NFs. The obtained IG-
HKUST-1 NFs were finally rinsed with ethanol and dried
at RT. The loading of HKUST-1 by weight in IG-HKUST-
1 NFs is only ~28 wt%.
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Fabrication of DE-HKUST-1 NFs
The DE-HKUST-1 NFs were fabricated by the DE
method (Method 1 in Fig. 1). The HKUST-1 powder was
prepared following a previously reported method [34].
Then, 7.5 g of PAN and 2.5 g of HKUST-1 were dissolved
in 90 g of DMF under ball milling for 72 h. The DE-
HKUST-1 NFs were electrospun at a flow rate of
0.8 mL h−1 in a syringe (10 mL). A high voltage of 35 kV
was used, and the distance between the collector and
spinneret was set at 12 cm. The loading of HKUST-1 by
weight in DE-HKUST-1 NF is ~25 wt%.

Fabrication of HKUST-1 powder
Traditional HKUST-1 powder was synthesized according
to a previously reported method [35,36]. As for phase
converted HKUST-1 powder, the above obtained 0.5 g
Cu(OH)2 was added into 1,3,5-benzenetricarboxylic acid
(0.8 g) that dissolved in 40 mL methanol under stirring
for 5 min. Then the solution was incubated without
stirring at RT for 24 h. The obtained solid was collected
by centrifugation, washed with ethanol and dried in va-
cuum at RT.

Characterization
Powder X-ray diffraction (PXRD) patterns of HKUST-1
and Cu(OH)2 were recorded in a Rigaku XRD-6000 dif-
fractometer (Japan) with Cu Kα radiation (λ =
0.1542 nm) at 40 kV and 30 mA. X-ray photoelectron
spectroscopy (XPS) measurements were performed in an
ESCALAB 250 instrument (Thermo Electron, USA) with

Al Kα radiation to investigate the interaction between
HKUST-1 and PAN. The morphology of the NFs was
observed using a scanning electron microscope (SEM;
Zeiss 1540XB, Germany) with an accelerating voltage of
5–15 kV, combined with energy-dispersive X-ray spec-
troscopy (EDX) for the determination of composition.
The specific surface area determination and pore size
analysis were performed by Brunauer-Emmett-Teller
(BET) methods, respectively, using a Quantachrome au-
tosorb analyzer (USA). Prior to the measurements, the
samples were degassed at 120°C for 6 h. Fourier-trans-
form infrared (FTIR) spectroscopy was obtained using a
Vector 22 (Bruker) spectrophotometer (Germany). The
measurements of CH4 excess adsorption on different
materials were evaluated in a Belsorp HP unit using CH4
with purity higher than 99.995% without any further
treatment. All samples were degassed at 120°C for 10 h
under vacuum. In addition, the CH4 isotherm fitting
parameters for multi-site Langmuir isotherm equation
were provided as well, the specific fitting process can be
found in our previous work [37].

RESULTS AND DISCUSSION

Synthesis and structuring of MOFs
In order to determine the performance of MOF NFs for
gas storage, HKUST-1 NFs were prepared by three dif-
ferent methods as described in Fig. 1: Method 1, DE of a
slurry mixture of PAN and HKUST-1 to obtain DE-
HKUST-1 NFs; Method 2, in-situ growth of HKUST-1 on

Figure 1 Illustration of different synthesis routes for structuring HKUST-1 into MOF NFs. Method 1: DE-HKUST-1 NFs fabricated by directly
electrospinning a slurry of HKUST-1 and PAN; Method 2: IG-HKUST-1 NFs fabricated by in-situ growth of HKUST-1 on the surface of NFs; Method
3: PC-HKUST-1 NFs fabricated by our new method where HKUST-1 layer is combined with the NFs.
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the surface of PAN@Cu(OH)2 NFs, resulting in IG-
HKUST-1 NFs; Method 3, a combination of electro-
spinning with phase conversion is proposed to obtain PC-
HKUST-1 NFs. It is obvious that these three types of
MOF NFs display quite different morphologies. The SEM
image of DE-HKUST-1 NFs (Fig. 2a) shows HKUST-1
nanoparticles, which are encapsulated by the PAN matrix.
The HKUST-1 loading of the sample was determined to
be ~25 wt%. On the contrary, the SEM image of IG-
HKUST-1 NFs in Fig. 2b shows HKUST-1 nanoparticles
that are anchored on the surface of PAN NFs, which is
favorable for exposure of the pores of MOF particles for
gas adsorption. It should be noted that the loading of
HKUST-1 is only ~28 wt% in this case. As a result, there
is still a large void fraction in the fibrous mat, which
would limit the gas storage capacity of the composite
MOFs. In contrast, Method 3 promotes the growth of
HKUST-1 crystals not only on the surface of the NFs but
also within the void space of the porous NF structure
(Fig. 2e). The propagation of the growth of the HKUST-1
crystals has resulted in a loading of HKUST-1 of ~52 wt%
in PC-HKUST-1 NFs. This is an exceptional improve-
ment in the HKUST-1 loading compared with Methods 1
and 2. The significantly improved MOF loading achieved
by this method opens several opportunities to improve
the gas storage capacity of MOF NF composite in dif-
ferent gas separation and storage applications.

Since PC-HKUST-1 NFs exhibited significantly higher
HKUST-1 loading than the other samples, we carried out
further systematic studies of the phase conversion
method and the resulting material, including micro-
structural and compositional characterizations as well as
CH4 adsorption tests. The morphologies of the PC-
HKUST-1 NFs after each fabrication step are shown in
Fig. 2 with the PAN NFs after electrospinning (Fig. 2c),
the PAN/Cu(OH)2 after the formation of Cu(OH)2 in the
macropores of the PAN NFs (Fig. 2d), and the PC-
HKUST-1 NFs after the phase conversion of Cu(OH)2
into HKUST-1 (Fig. 2e). In Fig. 2c, the electrospun PAN
NFs have an average diameter of 450 nm. These PAN NFs
were immersed subsequently in a Na(OH)2 solution and a
Cu(NO3)2 solution to achieve the growth of Cu(OH)2
crystals on the PAN NFs. It should be noted that the
alkaline solution was used to activate the PAN surface by
forming the hydroxide groups. The hydroxide groups can
react with Cu2+ for the formation of Cu(OH)2 particles on
the surface of PAN NFs. Finally, the phase conversion
was initiated by immersing the resulting NFs mat in the
1,3,5-benzenetricarboxylic acid solution, which trans-
formed the PAN/Cu(OH)2 NFs to the PC-HKUST-1 NFs
mats with light blue color (Fig. S1). As shown in Fig. 2e,
the void space in the pristine porous NF structure seems
to be fully occupied by HKUST-1 crystals. The dense
composite NF mat is composed of ~52 wt% HKUST-1
crystals for CH4 adsorption and ~48 wt% PAN NFs for
improved structural stability and flexibility. In addition,
the uniform distribution of O, C, Cu and N elements on
PC-HKUST-1 NFs was confirmed by EDX analysis
(Fig. 2f). Furthermore, we successfully synthesized two
other types of PC-MOFs NFs, by the phase conversion
method from PAN/Zn(OH)2 and PAN/Co(OH)2 NFs in
2-methylimidazole solution, resulting in ZIF-8 NFs and
ZIF-67 NFs, respectively (Figs S2 and S3). Similarly, the
surfaces of the PAN NFs are fully covered by the MOF
crystals in both cases. Therefore, we believe that the
proposed phase conversion method can be more widely
applied for the structuring of various MOF NFs.

Structural characterization
The composition and crystal structure of PC-HKUST-1
NFs were studied by XRD and FTIR spectroscopy. Fig. 3a
shows the XRD patterns of the PAN/Cu(OH)2 NFs. A
series of reflection peaks of PAN/Cu(OH)2 matched well
with Cu(OH)2 (JCPDS NO. 13-420). After the phase
conversion, a series of new diffraction peaks at 2θ of
6.61°, 9.33°, 11.35°, 14.55°, 16.78°, and 18.92° were ob-
served, which are corresponding to the (200), (220),

Figure 2 SEM images for (a) DE-HKUST-1 NFs, (b) IG-HKUST-1 NFs,
(c) pure PAN NFs, (d) PAN/Cu(OH)2 NFs and (e) PC-HKUST-1 NFs
with (f) corresponding EDX mapping.
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(222), (400), (331), and (440) reflections of HKUST-1 for
PC-HKUST-1 NFs. No other new diffraction peaks were
observed in the XRD pattern of HKUST-1, indicating the
Cu(OH)2 is efficiently converted into HKUST-1. More-
over, the FTIR spectra also confirmed the existence of
both HKUST-1 and PAN in the composite structure
(Fig. 3b). For the PC-HKUST-1 NFs, characteristic ab-
sorption peaks of the –COO group from HKUST-1 were
observed at 1645, 1620, 1570, and 1550 cm−1. Meanwhile,
the stretching vibrations of the C≡N centered at
2247 cm−1 and the –CH and –CH2 groups centered at
2927 cm−1 were observed, which can be attributed to the
PAN scaffold in the PC-HKUST-1 NFs. The FTIR spectra
and XRD patterns demonstrate that crystalline HKUST-1
with high purity can be grown by phase conversion into a
PAN NF matrix.

In order to understand the interaction between the

HKUST-1 and PAN in PC-HKUST-1 NFs, fine-scan XPS
measurements were carried out. As shown in Fig. 4a, in
the case of pure PAN NFs, the binding energy of N 1s is
centered at 400.1 eV. After the growth of the HKUST-1
on the PAN NFs by the phase conversion method, a shift
of 0.9 eV in the binding energy was observed. Moreover,
the binding energies of Cu 2p of PC-HKUST-1 NFs ex-
hibited a positive shift as compared with that of pristine
HKUST-1 nanoparticles (Fig. 4b). The shifts in the
binding energies of Cu 2p and N 1s indicate the existence
of mild interaction between HKUST-1 and PAN. It is our
hypothesis that this interaction contributes to the ex-
cellent adhesion of HKUST-1 crystals on the PAN NFs
scaffolds. It should be noted that this excellent adhesion
offers structural integrity of hierarchical structured PC-
HKUST-1 NF mat, which would be favorable for sus-
taining the high pressure and temperature swings during
the gas adsorption/desorption processes.

Figure 3 (a) Powder XRD patterns of PAN/Cu(OH)2 and PC-HKUST-1
NFs, respectively. (b) FTIR spectra of PAN, HKUST-1 and PC-HKUST-
1 NFs, respectively.

Figure 4 XPS spectra of (a) N 1s of PAN NFs and PC-HKUST-1 NFs,
(b) Cu 2p of HKUST-1 powder and PC-HKUST-1 NFs, respectively.
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Evaluation of CH4 uptake capability
A very high surface area of the structured MOFs is im-
portant for CH4 storage. We carried out surface area
measurements on all NF samples by N2 adsorption/des-
orption measurements (Fig. 5a). Pure PAN NFs show a
surface area of ~19 m2 g−1 (Fig. S4). After the in-
corporation of Cu(OH)2 into the PAN mats, an increase
in surface area to ~120 m2 g−1 was observed (Fig. S5). By
phase conversion, the Cu(OH)2 particles were converted
into microporous HKUST-1 crystals. As a consequence,
the surface area of the resulting PC-HKUST-1 NF mat
increases from ~120 to ~765 m2 g−1. For comparison, we
also synthesized HKUST-1 powder by a previously re-
ported method [36], and the BET results show a surface
area of ~1190 m2 g−1 (Figs S6 and S7). The lower surface
area of PC-HKUST-1 NFs compared with pure HKUST-1
powder can be explained by the presence of 48 wt% PAN
NFs as scaffold material, which has a much lower surface

area (~19 m2 g−1). Moreover, in all cases of MOF NFs,
typical IV isotherms with H3-type hysteresis loops (P/P0
> 0.4) are observed, indicating the presence of mesopores
in all three samples. Interestingly, no obvious hysteresis
loops are found for the HKUST-1 powder. Compared
with other MOF NFs, PC-HKUST-1 NFs exhibit larger
hysteresis loops, indicating the formation of slit-shaped
pores formed by the stacking of HKUST-1 layer on PAN
NFs. In addition, the pore size distribution indicated that
the PC-HKUST-1 NFs displayed a hierarchical pore
structure (Fig. S8), which is generated by the fibrous
structure and the intrinsic MOF structure. Such a hier-
archical pore structure is favorable for gas transport and
for exposing the active MOF sites for the adsorption of
CH4. Subsequently, the CH4 isothermal adsorption curves
for all the samples were studied. As shown in Fig. 5b, the
CH4 uptake volumes of DE-HKUST-1 NFs, IG-HKUST-1
NFs and PC-HKUST-1 NFs are 2.5, 6.2 and 18.1 cm3 g−1,
respectively. We thus conclude that largely improved
surface area and gas adsorption capacities can be achieved
by the structuring of MOFs in composite mats if the
phase conversion method is used.

To further evaluate the CH4 uptake capacities of the
different MOF NFs, the CH4 adsorption isotherms were
measured under high pressure. Since this work mainly
focused on structuring MOFs for the practical application
in ANG system, the CH4 uptake at around RT was tested,
considering CH4 storage at very low temperature would
lead to high operation cost of the ANG system. As shown
in Fig. 6a–c, a change of the storage temperature from
313 to 298 K leads to a significant enhancement of the
CH4 volumetric uptake for all the tested MOF NFs. This
is consistent with previously reported work [6]. The CH4
adsorption isotherms were fitted to the multi-site Lang-
muir model [37], and the corresponding parameters of
the fitting are listed in Table S1. However, the CH4 vo-
lumetric uptakes of the three types of HKUST-1 NFs at
3500 kPa are remarkably different, with the following
order: DE-HKUST-1 NFs (15 cm3 g−1) < IG-HKUST-1
NFs (40 cm3 g−1) < PC-HKUST-1 NFs (86 cm3 g−1)
(Fig. 6d). The lowest CH4 volumetric uptake for the DE-
HKUST-1 NFs demonstrates the severe blockage of MOF
pores by the PAN, thus leading to the loss of space/sites
for adsorbing CH4. For IG-HKUST-1 NFs, the in-situ
growth of MOF crystals on the surface of PAN NFs could
avoid the blockage problem. However, the low loading of
HKUST-1 in IG-HKUST-1 NFs limits further improve-
ment of the total CH4 uptake capacity. Among all NF
samples, PC-HKUST-1 NFs offer the highest CH4 uptake
capacity, thanks to an exceptionally high loading with

Figure 5 (a) N2 adsorption/desorption curves and (b) CH4 isothermal
adsorption curves at 298 K for different NF mats: DE-HKUST-1 NFs,
IG-HKUST-1 NFs and PC-HKUST-1 NFs, respectively.
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HKUST-1 crystals (~52 wt%), which are fully accessible
to CH4 gas molecules. It should be noted that the CH4
uptake capacity for the PC-HKUST-1 NFs is even com-
parable to that of the unstructured HKUST-1 powder
(Fig. S9). However, the CH4 adsorption of PC-HKUST-1
NFs is still lower than the theoretical CH4 volumetric
uptake of 124 cm3 g−1. Relative large losses in adsorption
capacities are currently one of the main challenges for
MOF applications in the industry [38]. Here, we attrib-
uted the observed reduction in adsorption capacity to the
shaping process for MOFs into NFs, as compared with
non-structured MOF nanoparticles. To understand the
high CH4 adsorption capacity achieved by the phase
conversion method, we carried out the synthesis of
HKUST-1 powder by converting Cu(OH)2 to HKUST-1
without PAN NF scaffold. The resulting HKUST-1
powder shows a BET surface area of ~1780 m2 g–1

(Fig. S10). This represents an increase of ~50% as com-
pared with the surface area of ~1190 m2 g–1 for HKUST-1
by the conventional synthesis method (Fig. S7). Never-
theless, the CH4 storage capacity on PC-HKUST-1 NFs
was still lower than the recently reported MOFs such as

UTSA-76, MOF-519, NU-111, MOF-905, soc MOF and
Co(bdp) [39–46]. The reason is that the structuring
process led to the loss of CH4 uptake. Thus, the follow-up
work for us is to focus on further process optimization for
the structuring of the porous material to improve the CH4
storage capacity. Furthermore, the heat of adsorption for
CH4 for the three different HKUST-1 NFs was also in-
vestigated. The Clausius-Clapeyron equation was used to
estimate the heat of adsorption based on the isotherms
(Fig. S11). The heat of adsorption of the multi-site
Langmuir model (Table S1) corresponds to the heat of
adsorption at zero loading. It should be noted that the
PC-HKUST-1 NFs exhibit stable CH4 uptake capacity
during the cyclic adsorption test, which is attributed to
the high structural stability of PC-HKUST-1 NF mat. As
shown in Fig. S12, the morphology and structure of PC-
HKUST-1 NFs remain unchanged after the mat was fol-
ded for compaction in the container and used for gas
adsorption tests. Thus, the novel phase conversion
method enables us to structure HKUST-1 nanoparticles
into a 3D NF mat with high loading and highly stable
CH4 adsorption performance.

Figure 6 CH4 isothermal adsorption and multi-site Langmuir fitting curves for the different MOF NF composites: (a) DE-HKUST-1 NFs, (b) IG-
HKUST-1 NFs, and (c) PC-HKUST-1 NFs at 298 and 313 K, respectively. (d) The comparison of CH4 uptake capacity for various NFs: DE-HKUST-1
NFs, IG-HKUST-1 NFs, PC-HKUST-1 NFs, as well as HKUST-1 powder at 3500 kPa and 298 K.
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CONCLUSIONS
In summary, we developed a phase conversion method to
effectively load MOFs in the large pore space of PAN
NFs. At the highest MOF loading of ~52 wt%, the PC-
HKUST-1 NFs demonstrated a remarkable enhancement
in CH4 storage capacity compared with DE and IG
methods. The high gas adsorption capacity of PC-
HKUST-1 NFs can be attributed to the combination of
the high surface area of the HKUST-1 crystals that were
synthesized by the phase conversion method and the high
accessibility of gas molecules to the adsorption sites of the
MOF crystals that were grown at the surface and in the
pores of the PAN polymer NFs. Furthermore, the method
of preparing MOF NFs by phase conversion, which was
investigated here for CH4 adsorption, is also a very pro-
mising method for fabricating MOF NFs for a wide range
of energy and environmental applications.
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多级结构MOFs纳米纤维用于甲烷存储研究
豆义波1,2, Carlos Grande3, Andreas Kaiser1*, 张文静2*

摘要 多孔金属有机骨架材料MOFs在气体存储领域具有潜在应用
前景, 但是其面向实际应用的加工成型仍具有挑战. 本文报道了一
种基于静电纺丝技术和相转变结合的方法来构筑MOFs纤维, 有效
实现了Cu-MOF(HKUST-1)在PAN纳米纤维表面的高效负载. 该方
法首先将Cu(OH)2生长在PAN纳米纤维表面, 进一步通过相转变获
得HKUST-1. 相比之前的文献报道, 该HKUST-1纳米纤维表现出更
优异的甲烷存储性能, 其在3500 kPa和298 K条件下的甲烷存储量
达到86 cm3 g−1. 研究表明该纤维使得负载在表面的MOF高度暴露,
具有高的比表面和负载量. 该工作为MOFs加工成型并用于能源和
环境领域提供了新的思路.
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