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Porous carbon materials have numerous applications due to their thermal and chemical stability, high
surface area and low densities. However, conventional preparing porous carbon through zeolite or silica
templates casting has been criticized by the costly and/or toxic procedure. Creating three-dimensional (3D)
carbon products is another challenge. Here, we report a facile way to prepare porous carbons from
metal-organic gel (MOG) template, an extended metal-organic framework (MOF) structure. We
surprisingly found that the carbon products inherit the highly porous nature of MOF and combine with gel’s
integrated character, which results in hierarchical porous architectures with ultrahigh surface areas and
quite large pore volumes. They exhibit considerable hydrogen uptake and excellent electrochemical
performance as cathode material for lithium-sulfur battery. This work provides a general method to fast and
clean synthesis of porous carbon materials and opens new avenues for the application of metal-organic gel in
energy storage.

C
arbon materials have long been widely used, such as graphite for pencil, carbon blacks for conducting
additives, activated carbons for mask and carbon fibers for construction materials. Among them, porous
carbons are gaining increasing attention due to the potentials to address the present energy and envir-

onment issues. These materials, associated with the advantages of high thermal and chemical stability, large
surface area, light weight and large physisorption capacity, have been employed in hydrogen storage1,2, pollutants
adsorption3, electrode materials4, and catalyst supports5. Varieties of methods have been developed to prepare
porous carbon, such as polymer carbonization6–8, template method9, chemical vapour decomposition10, segrega-
tion reaction11, and chemical or physical activation12. Among them, template approach is an efficient way to
prepare porous carbon materials with tunable structures and pore textures13. Traditional inorganic materials
zeolite and silica are known templates for casting porous carbon. However, this method is costly, complicated and
always involves in highly toxic substances, which hinders its application in large scale production.

Very recently, preparing porous carbon materials or metal oxides directly from metal-organic frameworks
(MOFs) or porous coordination polymers (PCPs) has emerged as a novel strategy and raised broad interests14–30.
MOFs, built by metal ions and organic ligands, have attracted considerable attention due to their tunable pore size
and functionality, high surface area and high thermal stability31. Motivated by these properties, Xu’s group firstly
reported the use of MOF-5 template to produce porous carbon, which exhibits high surface area, large hydrogen
storage capacity and high performance as electrode materials for supercapacitor14. Other templates such as ZIF-8,
IRMOFs, Al-PCP, and IRZIFs were also successively applied. Typically, carbon precursor, furfuryl alcohol (FA),
was introduced into the pores of porous MOFs. After polymerization and carbonization, hierarchically porous
carbon products were achieved, of which the micropore/mesopore/macropore ratio depends on the precursor
introduction method (incipient wetness or vapor method) and carbonization condition14,16. Some researchers also
confirmed that additional carbon sources are not necessary in producing MOFs-templated carbons with high
surface area owing to the large carbon content in MOFs, which makes the procedure easier18,22–24. This strategy
shows an effective way to produce porous carbon. However, there are still some aspects should be noticed. The
most obvious part is that all the works are based on MOFs or PCPs which are subject to costly and time consuming
building-up processes. Organic solvents such as N,N9-dimethylformamide (DMF) and N,N9-diethylformamide
(DEF) are often used in preparing MOFs or PCPs. These solvents are toxic and teratogenic reagents that need
special actions to dealing with. Thus the application of this method in industry is limited32. In addition, though
some reports showed that porous carbon products with superhigh surface area could be achieved, these values
drop drastically when scaled up23.
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On the other hand, metal-organic gels (denoted as MOGs) are a
new type of extended MOF structure33. These compounds are fabri-
cated on the basis of coordination complexes, and assembled to form
3D networks by hydrogen bonding, p-p stacking and/or van der
Waals attraction34. Compared to MOFs, MOGs suffers from the poor
crystallinity, and their structure remains uncertain, but they also
show great potential in catalysis, gas storage and separation due to
their abundant Lewis acid sites and porous gel structures35. They
share the high thermal stability as well. Notably, MOGs have their
particular characters. The synthesis condition for these compounds
are quite gentle with low temperatures, sometimes even at room
temperature, neutral condition and short reaction times. In addition,
the solvent used is the relatively cheap and clean ethanol, which
greatly reduces the cost and attention that were paid. However, the
use of MOGs as carbon precursor has never been reported. The
similarity of MOGs to MOFs prompted us to think that MOGs
may also perform well in fabricating nanoporous carbon.

The present paper describes a general way to prepare nanoporous
carbon materials from MOGs. We obtained two types of carbon

products by simple varying the structure of the gel precursors.
Carbonizing the xerogel precursors leads to nanoporous carbon
materials with unexpectedly high surface area and hydrogen storage
capacity. Alternatively, carbon monoliths with quite large pore
volume can be achieved through the metal-organic aerogels
(MOAs). A hierarchical structure with micropores, mesopores and
macropores was found in this type of carbon products which are
highly suitable for sulfur confinement matrix in Li-S battery.

Results
The target MOGs were first prepared by mixing aluminum nitrate
and 1,3,5-benzentricarboxylic acid in ethanol solutions. After only
1 h reaction in sealed Teflon containers at 120uC, light yellow wet
gels were obtained. Then the as-synthesized gels were dried in air or
by supercritical CO2, resulting in MOXs and MOAs, respectively.
The two gels were then carbonized to construct the target porous
carbon products, named as MOX-C and MOA-C, respectively.

The original wet gels have a hierarchical architecture which is
presented in Figure 1. Specifically, the primary stage is 1,3,5-benzen-

Figure 1 | Fabrication of porous carbon materials from Al-based metal-organic gels. (a) Schematic illustration of the gel structure, (b) typical synthesis

procedure of the porous carbon products, (c, d) photographs of as-made xerogels (bulk density: 0.5612 g cm23) and their derived carbon products

MOX-C (0.1185 g cm23), and (e) photograph of an integrate aerogel monolith (0.1189 g cm23) and its derived carbon product MOA-C (0.0952 g cm23).
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tricarboxylic acid ligands and metal clusters built from the actahed-
rally coordinated Al(III) with four carboxyl oxygen atoms. These
basic building blocks will assemble into the secondary stage, namely
nanoparticles of MOF substructure. Powder X-ray diffraction (PX-
RD) reveals a close relationship to the MIL-100(Al) crystal that bears
the Zeolite MTN topology with two types of cages, small cages and
large cages (Figure S1). The tertiary structure is the 3D network from
the interconnected nanoparticles. Mesopores (2 , 50 nm) and
macropores (. 50 nm) were formed as the interspaces among the
packed particles. But, these macropores crash in the ambient dried
xerogel samples due to the capillary forces during the drying process.
However, the macropores remain intact after supercritical CO2 treat-
ment. This drying method has been proved to be the most prominent
procedure in removing solvent from the pores while bringing the
least changes to the original structure36. The difference is obvious.
We can see that the as-synthesized xerogels are small deep yellow
particles, while the aerogel products are superlight integrated yellow-
ish columns that keep the shape of the wet gels. Figure S2 shows that a
piece of common note paper can easily hold a MOA monolith. The

different colors in xero- and aerogel indicate the different micro-
structures37, especially the pore sizes which were further revealed
by SEM and TEM images (Figure S3, S4). The MOA samples have
a higher degree of porosity and looser structure than MOX.
Macropores were only found in MOA samples, which leads to their
super light nature and lighter color.

The morphologies of the gel precursors play a critical role in
shaping the structures of their derived carbon products. Carbons
from these gels possess the similar microstructures to the gel
precursors (Figures 2, 3). For MOX-C samples, no detectable macro-
pores were observed. Whereas, for the MOA-C products, interes-
tingly, though they are much smaller than the aerogel precursors due
to the heat treatment, they keep the high degree of macroporosity.
SEM and TEM images clearly show the porous carbon matrix that
consists of interconnected nanoparticles.

These results are highly consistent with the nitrogen sorption
analysis (Figure 4). Typical Type-IV isotherms are found in the
MOX-C as well as the MOX. There are hysteresis loops between
the adsorption and desorption branches, implying the mesoporous

Figure 2 | (a, b) SEM and (c, d) TEM images of MOX-C.

Figure 3 | (a, b) SEM and (c, d) TEM images of MOA-C.
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character in both samples. MOA and MOA-C display the Type-II
isotherms with the vertical tails at around 1.0 relative pressure, which
reveals the macroporosity in the samples14. All the carbon products
and the gel precursors display considerable N2 adsorption at low
pressure. This can be attributed to the presence of microporosity
in all the samples. The details of the pores are displayed by the pore
size distributions (PSD) based on QSDFT equilibrium model. The
results show that the MOX and MOX-C have narrow PSDs mainly
focused on 1.0 and 3.4 nm. The MOA and its derived carbon pro-
ducts exhibit broader PSDs from micropores to large mesopores.
Note that they display the similar PSDs to xerogels and their derived
carbon samples at the low range. These pores arise from the MOF
MIL-100(Al) like sub-structure.

Unexpectedly, a quite high Brunauer-Emmett-Teller (BET) sur-
face area of 3770 m2g21 and pore volume of 2.62 cm3g21 were found
for the MOX-C. To the best of our knowledge, these figures, espe-
cially the BET surface, are close to the highest value for template
carbon materials up to date (e.g., ZTC, PFA-P7)38,39. Table 1 sum-
marized the textural properties of the MOF derived carbon materials
from recent works, we can see that the surface area of MOX-C is
much higher than most MOF derived carbon materials. As a bulk
material, the MOA-C sample from this work displays a very high
surface area calculated to be 1820 m2g21. The pore volume is found
to be an astonishing 3.22 cm3g21, which is among the highest values
for the the porous carbon materials.

Figure 4 | N2 sorption isotherms at 77 K and pore size distributions of (a, b) MOX and MOX-C, and (c, d) MOA and MOA-C.

Table 1 | Summary of the texture parameters of MOF derived
carbons

Sample SBET
[a] (m2g21) V[b] (cm3g21) Ref

NPC 2872 2.06 14
WMC 2587 3.14 15
NPC530 3040 2.79 16
MC 1812 2.87 17
C1000 3405 2.58 18
CNF 90 0.23 19
Al-PCP-FA 513 0.84 20
BF-1000 1131 0.69 21
IRMOF-1 3447 1.45 22
PCP-800 5500 4.40 23
Z-1000 1110 0.62 24
6c 1820 1.84 25
C-70 1510 1.75 26
MOX-C 3770 2.62 This work
MOA-C 1820 3.22 This work

[a] SBET: Specific surface area calculated by the Brunauer-Emmett-Teller (BET) method. [b] V: pore
volume at relative pressure of P/P0 5 0.995.
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PXRD for these samples are shown in Figure S6. There are two
broad peaks at 2h5 27u and 50u, corresponding to the diffractions of
(002) and (004) planes of turbostratic carbon40. The broad peaks
indicate the amorphous nature of the carbon products that consists
of small domains assembled by disordered graphene sheets. Notedly,
for the MOX-C sample, there is no obvious peak at 2h 5 27u. This is
because the MOX-C samples had experienced the KOH activation,
which has been reported to reduce the aligned structural domains in
carbon materials while enhancing the microporosity2. Raman spec-
troscopy was combined to investigate the carbon structure (Figure
S7). The spectra exhibited the D peak at 1342 cm21 and the G peak at
1590 cm21. In general, the D peak arises from the disordered carbon
structure23. As the defects in the sp2 lattice structure increase, the
intensity of the D peak increases. The ratio of the two peaks’ intensity
IG/ID has been used to evaluate the graphitization degree. A lower
IG/ID value indicates a lower graphitization degree. The IG/ID value of
MOX-C and MOA-C are found to be 1.03 and 1.09, respectively,
which further confirm the lower degree of graphitization for MOX-C
sample. This result is coincides with the PXRD patterns. In fact, TEM
image in Figures S8, S9 provides a direct vision. Nanometer-sized
disordered graphene sheets were found in the MOA-C , but for the
MOX-C samples, such texture was not observed.

Discussion
Motivated by the high surface areas and unique porous structures of
the carbon products, we explore them as candidate media for hydro-
gen storage. Hydrogen sorption measurement was conducted at 77 K
up to 1 atm by volumetric method. The xero- and aerogel precursors
were also characterized for comparison. The isotherms for these
samples are showed in Figure 5a. All of them display reversible
hydrogen uptake behaviours as no hysteresis appears between the
adsorption and desorption branches. The H2 uptake capacities of the
carbon samples are higher than the gel precursors. For MOA-C and
the gel precursor MOA, although they have the similar BET surface
areas and pore structures, the H2 sorption abilities are quite different.
MOA-C sample displays a much higher capacity than MOA, which
may be due to the stronger interactions between hydrogen and car-
bon matrix than those between hydrogen and MOG. As expected,
MOX-C sample, with the highest surface area and developed micro-
porosity, shows the highest hydrogen storage capacity at ambient
pressure. Remarkably, the value is as high as 2.98 wt%, which is
comparable to the benchmark porous materials that have the best
known performance (e.g., PCN-12: 3.05 wt%; TiC-CDC: 3.0 wt%;
AC-900: 2.7 wt%)41–43.The adsorption abilities for CO2 and CH4 were
also investigated at 273 K (Figure 5b). Similar to their H2 adsorption
behaviours, MOX-C and MOA-C have the higher uptakes of CO2

and CH4 than those of gels, in which the highest CO2 adsorption
uptake was 117 cm3g21 for the MOX-C.

These carbon products also show a good potential as cathode
materials for lithium-sulfur batteries since the carbon matrix will
smooth over the electronic conductivity problem of sulfur.
Meanwhile, the existence of micropores and high surface area will
help to confine the soluble polysulfides, which are crucial issues in Li-
S system44,45. The C/S composites as cathode materials were prepared
by a two steps melt-diffusion strategy (see details in Experimental
Section). No bulk sulfur was fond in the SEM image in Figure 6a. And
the corresponding carbon and sulfur elemental maps clearly show
the homogeneous distribution of sulfur in the framework of the
carbon materials (Figures 6b, c). PXRD patterns in Figure S12 shows
the obvious peaks corresponding to sulfur disappear after the MOA-
C/S sample was heated at 300uC, which indicates sulfur impreg-
nation in the pores and the lack of bulk crystalline sulfur on the outer
surface. Pore-filling is further confirmed by N2 sorption isotherms
(Figure S13). A similar shaped curve to the MOA-C was acquired for
the MOA-C/S samples. The isotherms locates in the lower position,
which indicates a similar hierarchical pore structure but relatively

lower specific surface area and pore volume due to the impregnation
of sulfur in the pores. The BET specific surface area drops dramat-
ically from the initial value of 1820 m2g21 to 200 m2g21, while the
pore volume decreases from 3.22 cm3g21 to 0.78 cm3g21. The inset
picture in Figure S13 clearly shows the great changes in pore size
distributions before and after sulfur impregnation in the MOA-C.
Most parts of the micropores were filled. The contents of sulfur in the
MOX-C/S and MOA-C/S samples were confirmed by thermogravi-
metric analysis (TGA) (Figure S14): 30.3% and 50.9%, respectively. A
parallel TGA test of pure sulfur was also conducted. Obviously, the
C/S samples both start and end losing weight at higher temperatures
compared to sulfur, which indicates a strong interaction between
sulfur and the carbon matrix in the composites.

The charge-discharge profiles were recorded at a discharge rate of
400 mAg21. The capacity values in this paper are all based on the
mass of sulfur. Figures 6d,e show the initial three cycles. They present
typical C/S profiles with two plateaus at 2.0 V and 2.3 V. Both sam-
ples display very high discharge capacities but the MOA-C/S sample
performed better. Considering the existence of common side reac-
tion happened in the 1st cycle, we compare the capacities from the
2nd cycle. The MOA-C/S composites show an impressive discharge
capacity of 1240 mAhg21 (74% of 1675 mAhg21 the theoretical
value) at the 2nd cycle and the capacity remains at 1155 mAhg21

at the 3rd cycle. For the MOX-C/S samples, the figures are slightly

Figure 5 | Gas uptakes of MOX, MOA, MOX-C and MOA-C. (a) H2

sorption isotherms at 77 K, (b) CO2 (black lines) and CH4 (red lines)

sorption isotherms at 273 K. The solid and open symbols represent the

adsorption and desorption branches, respectively.
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lower. That is, 1087 and 991 mAhg21 for the 2nd and 3rd cycle.
Figure 6f shows the cycling performances of the composites.
Obviously, MOA-C/S composites have the higher capacity and better
cycling behaviour. This may be attributed to the hierarchical pore
structure of the MOA-C, in which the macropores could work as
reservoirs of electrolyte and the mesopores might act as transport
paths while the micro- and mesopores could confine sulfur.
Template-based porous carbons have been widely explored as plat-
forms for energy storage, however, monolithic carbons with 3D pene-
trated pores are rare and in urgent need now46. Here, the MOA
templated carbon, MOA-C, possessing the unique three dimensional
structure with the high surface area, large pore volume and hierarch-
ically porous structure, shows the good prospect in energy storage.
However, we can see that the discharge capacity drops slightly as the
cycle number increases, which is a common problem for Li-S batter-
ies44. More work is on the way to improve the cycle performance.

In summary, we have for the first time applied metal-organic gels
to prepare nanoporous carbon materials. We systematically study the
influence of the gels structure to the derived carbon products. The
results show that the xerogel derived carbon exhibits a very high
surface area and hydrogen storage capacity while the aerogel derived
carbon monolith has a hierarchical pore structure with micro-,
meso- and macropores and quite large pore volume, which is quite
suitable for Li-S batteries. This work provides a general method to
fast and clean synthesis of porous carbon materials and open new
avenues for the application of metal-organic gel based materials in
energy storage. Due to the diversity of the MOGs composed from
different metals and ligands, more pore textures tailorable carbon
and other elements doped carbon materials could be anticipated.
More work is in progress in our group.

Methods
Synthesis. The aluminum based metal-organic wet gels were firstly prepared by
dissolving 1.42 g Al(NO3)3?9H2O and 0.52 g 1,3,5-benzentricarboxylic acid
(H3BTC) in 18 mL ethanol under vigorous stirring at room temperature. The mixture
was transferred to Teflon containers sealed in stainless steel vessels and heated at
120uC for 1 h. The resulting wet gels were placed in autoclave and subsequently dried
with supercritical CO2 to obtain monolithic aerogel samples. Xerogel products were

prepared by drying the wet gels in an oven at 80uC. Then the as-prepared aerogels and
xerogels were carbonized at 800uC under an argon gas flow for 5 h and cooled down
naturally to room temperature. The obtained products were washed by 3 M
hydrochloric acid three times to remove residual Al component. Then the aerogel
derived carbon material, MOA-C, was obtained. The xerogel derived carbon was
produced through further activation by KOH. Specifically, acid washed carbon
product from xerogel precursor was mixed with KOH at the weight ratio of 154, then
the mixture was heated at 700uC for 1 h under argon, followed by 3 M hydrochloric
acid wash and deionized water wash. The obtained sample was named as MOX-C.
MOX-C/S and MOA-C/S composites were prepared by a melt-diffusion strategy. The
same weight of carbon products obtained above and sulfur were ground together and
placed in a sealed vessel. Then the vessel was heated at 155uC for 12 h and 300uC for
another 12 h before cooling down to room temperature naturally.

Characterization. PXRD patterns were recorded by Bruker D8 Advanced
diffractometer at 40 KV and 40 mA, using Cu Ka radiation (l 5 1.5406 Å). Raman
spectra were measured by Renishaw inVia microscope with an excitation wavelength
of 532 nm. Thermogravimetric analyses (TGA) were performed on a TA Instruments
SDT Q600 analyzer under a nitrogen flow with the heating rate of 5uC min21.
Nitrogen sorption measurements were carried out with a Quantachrome Autosorb-
IQ gas adsorption analyzer at 77 K. Prior to the sorption tests, samples were degassed
under dynamic vacuum at 150uC for 5 h. For the C/S samples, they were degassed at
room temperature due to the low melting point of sulfur (115uC). The BET surface
areas were calculated from the adsorption data. The pore volumes were determined
from the adsorbed amount at the relative pressure of 0.995. Pore size distributions
were fitted by the Quenched Solid Density Functional Theory (QSDFT) using the
desorption branch. The microstructures of the samples were investigated using a
scanning electron microscope (SEM, Hitachi S-4800) and a transmission electron
microscope (TEM, FEI Tecnai T20). Elemental mapping was performed on an energy
dispersive X-ray spectroscope (EDS, Bruker Quantax) attached to the SEM.

H2/CO2/CH4 sorption. H2 sorption experiments were conducted by the
Quantachrome Autosorb-IQ gas adsorption analyzer at 77 K. CO2 and CH4 sorption
measurements were also carried out with the same instrument at 273 K. Prior to the
sorption tests, samples were degassed under dynamic vacuum at 150uC for 5 h.

Electrochemical test. The working electrodes were comprised of 80 wt% C/S
composite, 10 wt% Super P carbon and 10 wt% poly tetra fluoro ethylene (PTFE). The
cathode materials were slurry-cast from isopropanol to a stainless steel foil and dried
at 60uC for 12 h. For the MOX-C derived working electrode, the weight was
4.144 mg. For the case of MOA-C, the weight of the electrode was 4.088 mg. The coin
cells were then assembled in an argon filled glove-box as follows: C/S composite as the
test electrode, lithium metal foil as the counter electrode , 1 M LiTFSI solution in 1,3-
dioxolane (DOL) and 1,2-dimethoxyetahne (DME) (151 volume ratio) as the
electrolyte and Whatman GF/D borosilicate glass-fiber sheets as the separator. Coin

Figure 6 | (a) SEM image of MOA-C/S composite, (b, c) corresponding carbon and sulfur elemental maps, (d, e) charge-discharge profiles of MOX-C/S

and MOA-C/S for the initial three cycles at a current density of 400 mAg21, and (f) discharge capacity of MOX-C/S and MOA-C/S versus the cycle

numbers.
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cells were tested at a current density of 400 mAg21 within a voltage range of 1.0–3.0 V
vs Li/Li1 using Neware battery test system.
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