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Abstract

A series of nanoporous carbon was prepared with MOF-5 as a template and furfuryl alcohol as an additional
carbon source by carbonation at temperatures of 550 °C and 900 °C, respectively, with and without activation
using KOH. XRD patterns of the obtained carbons before and after the activation process showed characteristic
peaks at the same 20 values, which corresponded to the XRD pattern of a ZnO. The Surface morphology of the
MOF-5 templated carbon with a carbonation temperature of 550 °C was in the form of a cube. In contrast, the one
carbonated at 900 °C had a cubic and circular morphology. The N, adsorption-desorption isothermal showed that
MOF-5 templated carbon had a larger specific surface area, pore diameter, and pore volume than those of the
original MOF-5. Activation of the MOF-5 templated carbon using KOH resulted in a decrease in surface area and
pore volume. All the materials were measured for their hydrogen adsorption at room temperature and atmospheric

pressure using a gravimetric method.
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1. INTRODUCTION

The use of hydrogen as an ideal energy
source for transportation systems and various
energy generators has received great attention
because hydrogen can be produced from
renewable sources and environmentally friendly
combustion products. As a fuel, hydrogen
contains more energy per kilogram than gasoline
or natural gas, but its use has not been
widespread due to its low density and difficulty
in storing. The effective technology for storing
hydrogen with good storage capacity is one of
the most important factors in the development of
hydrogen fuel science for transportation.
Various methods have been developed to store
hydrogen, namely liquefaction, compressed
hydrogen and storage in solid material. The
latter is very effective because it does not require
high energy (Hu and Zhang, 2010). Large

specific surface area and regular pore size play
an important role in gas storage with solid
material. One material with these properties is
the Metal-Organic Framework (MOF), a porous
material which comprises of metal ions being
linked with organic ligands, forms a 3D structure
(Greer et al., 2016). MOF has high crystallinity
and porosity, as well as large surface area, hence
making it suitable to be used as a hydrogen
storage material. One type of MOF that has been
reported being used as hydrogen storage is
MOF-5 (Ming et al., 2016).

MOEF-5, also known as IRMOF-1, is a
first porous material was developed by Yaghi et
al., 1999, which consists of transition metal of
Zn in an octahedral lattice [Zn,O]*" that
coordinates with the organic
benzene-1,4-dicarboxylic acid ligands to form a
cube-shaped Zn,O porous framework. Li et al.,
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2015 reported that MOF-5 could adsorb H, by
3.6 wt% at 77 K and 1.74 MPa. Other studies
also reported that MOF-5 was able to adsorb
hydrogen at greater than 5 wt% at 77 K and a
pressure of 4 MPa (Juan et al., 2010). On the
other hand, however, MOF has some drawbacks,
including that it is not water, steam and
temperatures resistant. Therefore, it cannot be
used in the industrial-scale application process
due to its low thermal stability (Liu et al., 2016;
Ata-ur-Rehman et al., 2018).

In view of the existing problems, MOF
(MOF templated carbon) composite research has
been conducted to form a micro-meso-hierarchy
pore that can overcome the diffusion problem of
molecule adsorption and increase the specific
surface area to improve its performance in
hydrogen storage applications (Jiang et al., 2011;
Ming et al., 2016; Yap et al., 2017). MOF-5
template carbon has some advantages, these are
being able to serve as a carbon precursor,
produces pores as MOF-5, in addition to
increase surface area, pore volume, and
hydrogen storage capacity (Hu et al., 2010;
Yang et al., 2012; Segakweng et al., 2016; Liu et
al., 2016). Hu et al., (2010) reported that the use
of MOF-5 as a carbon template could increase
the surface area to 1812 m?/gr (Hu et al., 2010).
Porous carbon with hierarchically pore structure,
high specific surface area, high
ultra-microporosity and high hydrogen storage
capacity was successfully prepared by Yang et
al., 2012 using IRMOF-1 as template without
additional carbon source. The resultant carbon
material retained the cubic morphology of the
IRMOF-1, even after high-temperature
carbonation, as indicated by SEM image (Yang
et al., 2012). Direct carbonation of MOF-5 at
various calcination temperature was reported by
Segakweng et al., 2016 in which the obtained
carbon materials showed higher surface area,
higher pore volume and enhanced hydrogen
storage capacity than that of the original MOF-5
(Segakweng et al., 2016). Another advantage of
MOF-5 templated carbon as a hydrogen storage
is the existence of ZnO on the carbon. The Zn
metal clusters on MOF-5 has a higher affinity to
adsorb hydrogen molecules, hence increasing its
hydrogen storage capacity (Hou et al., 2016).
Based on the research performed by Lestari et al.,
2018, it was suggested that porous carbon with
MOF-5 template carbonated at 550 °C produced
a Zn0. When the process is performed at 900 °C,
however, only carbon is formed. However, no
research has been done yet in regards to
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comparing ZnO@C and C as a hydrogen storage
materials.

Besides from the advantages of MOF-5
as the aforementioned porous carbon template,
MOF-5 templated porous carbon also has its
weaknesses, amongst which is it still produces a
varied pore size (Khan et al., 2017; Srinivas et
al., 2014). Srinivas et al., 2014 reported that
MOF-5 templated porous carbon generated
mostly micropores, as well as meso- and macro-
pores as a result from defects in the individual
crystals (Srinivas et al., 2014). Carbon with
different pore regions from micro to macro size
was obtained by carbonation of
MOF-5/activated carbon composite at 850 °C
(Khan et al., 2017). Ma et al., (2018) also
reported that micropore structure of carbons
obtained using MOF-5 as a template with urea as
an additional carbon source was slightly
changed with the increase in carbonation
temperatures in the range of 600-900 °C. Carbon
with highest specific surface area was achieved
at a carbonation temperature of 900 °C (Maetal.,
2018).

Such hierarchical pores problems can be
dealt with by utilization of additional carbon
source and chemical activation of the obtained
carbon. Almasoudi and Mokaya (2012) reported
that ZIF-8 templated carbon underwent an
increase in surface area, pore volume, and
hydrogen storage capacity when furfuryl alcohol
was used as additional carbon source, followed
by chemical activation with KOH. The activated
ZIF-templated carbon retained significant
microporosity as the activation process mainly
enhanced the existing porosity rather than
creating new larger pores (Almasoudi and
Mokaya, 2012). Furthermore, Lee and Park
(2012a) reported that activation of multi-walled
carbon nanotubes using KOH resulted in the
narrow of microporosity distribution and the
increase in specific surface area of the obtained
activated multi-walled carbon nanotubes, which
led to an increase in the hydrogen storage
capacity (Lee and Park, 2012a). In addition to
activation with bases, the activation of carbon
micropores with acids was also reported to
enhance hydrogen storage capacity. Lee and
Park  (2012b) synthesized zeolite-casted
microporous carbon using a replica casting
method, followed by activation of the obtained
carbon using HsPO, and KOH. The BET surface
area and micropore volume of the zeolite-casted
carbon were significantly higher than that of
zeolite template. The acid treatment resulted in
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the increase in the hydrogen storage capacity of
the resultant carbon, which was attributed to
charge-induced dipole interaction at specific
sites on the acid-treated carbon surfaces,
resulting from the formation of oxygen groups
(Lee and Park, 2012b). On the contrary, however,
Hu et al., (2010) reported that activation of
MOF-5 templated carbon using KOH decreased
the surface area and pore volume, which was due
to the destruction of porosity (Hu et al., 2010).
In our previous research, MOF-5 was
successfully synthesized using a solvothermal
method at various temperatures and times
(Mulyati et al., 2015). Furthermore, a series of
mesoporous carbons was also successfully
prepared using mesoporous ZSM-5 as a hard
template with sucrose as carbon source at a
carbonization temperature of 900 °C.
Impregnation of nickel on the obtained
mesoporous carbon resulted in the decrease in
the specific surface area of the Ni-impregnated
carbons. The more the Ni loaded on the
mesoporous carbon, the higher the hydrogen
adsorption capacity of the obtained Ni-carbon
was observed (Ediati et al., 2017). However,
preparation of nanoporous carbons using hard
templates experienced some drawbacks, such as
the need of removal of the hard templates. In this
study, nanoporous carbons were prepared using
MOF-5 as template with furfuryl alcohol as
additional carbon source, followed by activation
using KOH. All the obtained materials were then
measured for their hydrogen storage capacity.

2. MATERIALS AND METHODS
Materials

The materials used in this research
were zinc nitrate hexahydrate (Zn(NOs),. 6H,0

Sigma-Aldrich, 99.0%),
Benzene-1,4-dicarboxylic acid (H.BDC
Sigma-Aldrich, 99.0%),

N’N-dimethylformamide (DMF Merck, 99.8%),
chloroform (CHCI;, Merck, 99.9%), nitrogen
gas, furfuryl alcohol (FA, Merck, 96.0%),
potassium hydroxide (KOH, Merck, 98%),
hydrochloric acid (HCI Merck, 98%) and
demineralised water.

Instrumentations

The instrumentations used in this
research were X-Ray diffractometer
(XRD-JEOL), FTIR spectrophotometer (8400S
Shimadzu), Scanning Electron Microscope
(SEM-Zeiss, EVO MAI10), Surface Area
Analyzer (Micromeritic Quantachrome), and
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adsorption-desorption hydrogen.

Synthesis of MOF-5

The method for synthesis of MOF-5 has
been published elsewhere (Mulyati et al., 2015).
1.08 g of Zn(NQOs),.6H,0 (6.1 mmol) and 0.198
g of H,BDC (2.0 mmol) were dissolved in 30
mL of DMF and then stirred for 30 minutes. The
solution formed was then heated at 140 °C for 24
hours. The obtained solid was separated and
dried in a vacuum at 60 — 70 °C for 2 hours and
was then labeled as MOF-5.

Synthesis of MOF-5 Templated Carbon

1 g of MOF-5 was immersed in 5 mL of
FA. The mixture was stirred for 40 minutes and
left stationary for overnight in order for the
whole FA to absorb into the MOF-5 pores. The
obtained solid was filtered and washed with
ethanol. The carbonations process was initiated
by heating the solid in a stream of nitrogen at 80
°C for 4 hours, and then the temperature was
increased to 150 °C for 4 hours. Subsequently,
the materials were calcinated at different
temperatures of 550 to 900 °C under the nitrogen
atmosphere in order to complete the
carbonization process for 4 hours. The
carbonated solids at 550 °C was then labeled
with C-MOF-5-550, whereas the solids
carbonated at 900 °C was then labeled with
C-MOF-5-900.

Activating MOF-5 Templated Carbon

0.2 g of MOF-5 templated porous
carbon was mixed with 0.8 g of KOH 1M
solution (ratio of MOF:KOH was 1:4) and
stirred at room temperature for 24 hours. The
carbons were washed with demineralized water
several times until the washing water reached a
pH neutral, and dried at 100 °C for 24 hours. The
activated carbons of C-MOF-5-550 and
C-MOF-5-900 were labeled with
AC-MOF-5-550 and AC-MOF-5-900,
respectively.

3. RESULTS AND DISCUSSIONS
Structures Analysis

The analysis on the solid structure was
undertaken by comparing the XRD patterns and
the FTIR spectra of the MOF-5 templated
carbon before and after activation process, as are
displayed in Figure 1, and Figure 2, respectively.

Figure 1 shows that an amorphous
diffraction is present at a peak of 5-30°, which is
a characteristic of carbon materials. The ZnO
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characteristic peaks are seen at 31.81°; 34.49°;
36.21°, all with high intensity, and at 47.48° with
medium intensity. This suggests that the MOF-5
frameworks have been decomposed into ZnO
and carbon material, as referred to (Jiang et al.,
2011). According to Liu et al., 2010, Zn metal
boils at 908 °C, hence at carbonation
temperature used at less than 908 °C result in a
ZnO phase on MOF-5 templated porous carbon.
As the carbonation temperature increases, the
ZnO characteristic peak intensity is decreased.
This shows that there were more ZnO phase in
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C-MOF-5-900. Furthermore, Figure 1 also
shows that the XRD patterns for MOF-5
templated carbon before and after activation
process have the same carbon XRD pattern. The
similarity of the diffraction pattern can indicate
that the carbon with MOF-5 template before and
after activation has the same structure, namely
carbon and ZnO, as shown by the research
undertaken by Sevilla et al., 2011. On the other
hand, the intensity of the ZnO characteristic
peak has diminished after being activated with
KOH, which indicates that the porous carbon has
been successfully activated with KOH.

_ C
=
gl L
.;a A -
=
2
=
d
e .
0 ;0'50'3:0'4'0'5}!'
20 (°)

Figure 1. The diffractogram patterns of MOF-5 templated carbons, (a) C-MOF-5-550, (b) C-MOF-5-900, (c)

AC-MOF-5-550 and (d) AC-MOF-5-900.
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Figure 2. The FTIR spectra of MOF-5 templated carbons, (a) C-MOF-5-550, (b) C-MOF-5-900, (c)

AC-MOF-5-550 and (d) AC-MOF-5-900.
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Figure 2a shows that in the
C-MOF-5-550 spectra, there is a peak in the area
of 3500 cm™ with moderate intensity indicating
the presence of O-H stretching vibrations due to
physically absorbed water. Moreover, there are
still characteristic peaks of MOF-5 in the area of
1579 cm™ and 1213 cm® which show
dicarboxylic bridges, with low intensity. This
may be caused by relatively low carbonation
temperature, hence during which carbonation
occurs, the dicarboxylate bridge did not
disconnect perfectly. On C-MOF-5-900 (Figure
2b), a peak characteristic MOF-5 dicarboxylate
bridge can also be seen, however, it has been
shifted towards cm™ and 1383 cm™ with very
low intensity. This may be caused by the
relatively high carbonation temperature, hence
when being carbonated, the decarboxylate
bridge disconnected more perfectly. All the
spectra for MOF-5 templated carbon showed a
peak at 450 cm™ with high intensity, which
suggests a Zn-0 stretching vibration due to the
presence of Zn oxide.

Figures 2c and 2d demonstrate that
FTIR spectra for MOF-5 templated carbon after
being activated will experience a transmittant
percentage increase at wavenumber 3434 cm™,
which implies that there is an O-H stretching
vibration which may be caused by the addition
of alkaline functional group on the carbon pores.
This matches with the research undertaken by
Lee and Park 2012b, which reported the addition
of alkaline functional group after being activated
without oxidation on zeolite template carbon. At
the same time, a shift in wavenumber also
occurred, from 1575 cm™ and 1193cm™ to 1617
cm™ and 1009 cm™. The shift in wavenumber
also proved that carbon activation has been
successfully undertaken in this research, which
matches the  research  undertaken by
Cuhadaroglu and Uygun 2008. Figures 2c and
2d also show a sharper peak on wavenumber
2906 cm™, which suggest that there was a
bending vibration on the C-H and at 1391 cm™.
According to Cuhadaroglu and Uygun, 2008, the
presence of stronger adsorption bands at
wavenumbers of approximately 2900 cm™ and
1300 cm™ were caused by activating the MOF-5
templated carbon. Such finding strengthens the
fact that MOF-5 templated carbon has been
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successfully activated using KOH. A sharper
peak at 442 cm™ can also still be seen, which
suggests that there were still some
concentrations of ZnO being left behind after
MOF-5 templated carbon has been activated.

Surface Morphology

SEM images of MOF-5 templated
carbons are presented in Figure 3. The
C-MOF-5-550 has a cubical morphology as the
template used, which means that the carbon
produced has a template similar as the MOF-5
(Figure 3a).

On the other hand, the surface texture
generated was more uneven and had more layers,
due to the possibility of the presence of ZnO and
carbon phases. This also implies that at a
carbonation temperature of 550 °C, a MOF-5
templated porous carbon has been formed, with
the existence of ZnO, as with the research of Liu
etal., 2010. When carbonation temperature was
increased to 900 °C (Figure 3b), C-MOF-5-900
has circular and cubical morphologies. This may
be due to the ZnO yielded by the decomposition
of MOF-5 that has not evaporated perfectly
(Yang et al., 2012). The leftover ZnO was then
separated into a circular morphology.

Figure 3c shows that AC-MOF-5-550
has a surface morphology in the shape of a stem,
which was different to the morphology prior to
activation (cubical) with smaller size. At the
same time, AC-MOF-5-900 (Figure 3d) has
cubical surface morphology as before it was
being activated, only with smaller size. This may
be due to the unseparated ZnO from
AC-MOF-5-550, hence resulting in imperfect
activation results. According to (Lee and Park,
2012b), the existence of acidic or alkaline
functional groups on zeolite template carbon due
to the activation without oxidation process
caused some defects to the carbon morphology.
This in turn caused the morphology on the
carbon surface to differ compared to before it
was activated. On AC-MOF-5-900, the ZnO has
been separated from the carbon, resulting in a
more complete activation. The smaller
AC-MOF-5-900 could be a possibility which
shows that a KOH intercalation had occurred on
MOF-5 templated porous carbon, which formed
an active carbon.
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Figure 3. SEM images of MOF-5 templated carbons, (a) C-MOF-5-550, (b) C-MOF-5-900, (c¢) AC-MOF-5-550
and (d) AC-MOF-5-900.

Element Composition Analysis

The element compositions, which
comprise the MOF-5 templated carbon before
and after being activated, are both shown in
Figure 4 and Table 1. Based on Figure 4, it is
seen that the MOF-5 templated carbon has the

same elements before and after it is activated,
which is carbon (C), oxygen (O), and zinc (Zn).
This matches with the diffractogram pattern
which stated that the carbon produced contained
a ZnO phase. Table 1 shows that C-MOF-5-550
has a higher carbon composition (44.65 wt%)
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compared to the carbon composition in the
MOF-5 template (42.28 wt%). At the same time,
C-MOF-5-550 also has a lower zinc composition
(23.87 wt%) compared to the zinc composition
in the MOF-5 template (30.15 wt%). This shows
that MOF-5 solids have been carbonized in order
to form a porous templated carbon, hence
reducing the zinc composition. On the other
ihand, the zinc element composition can be said

16.54
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as relatively high due to the relatively low
carbonation temperature used (550 °C), leading
to ZnO being produced in addition to carbon
material as shown by (Jiang et al., 2011). This
coincides with the diffractogram pattern as well
as the research undertaken by (Liu et al., 2010),
which stated that at carbonation temperature of
550°C, a ZnO is formed.
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Figure 4. EDX spectra of the MOF-5 templated carbon, (a) C-MOF-5-550, (b-d) C-MOF-5-900, (e)

AC-MOF-5-550 and (f) AC-MOF-5-900.
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Table 1. Element composition of the MOF templated carbon

Sample Composisiton C (wt%)  Composisiton O (wt%) Composisiton Zn (wt%)
C-MOF-5-550 (a) 44.65 31.47 23.87
C-MOF-5-900 cubic (b) 76.70 16.36 6.94
C-MOF-5-900 circle (c) 75.80 19.18 5.03
C-MOF-5-900 circle (d) 34.66 19.13 46.21
AC-MOF-5-550 (e) 33.50 31.01 35.49
AC-MOF-5-900 (f) 56.31 26.90 16.74

Surface Area and Pore Volume Analysis

The nitrogen adsorption desorption
isotherm displayed in Figure 5 implies that the
original MOF-5, MOF-5 templated carbon, as
well as MOF-5 templated active carbon started
to adsorb nitrogen at low pressure (P/Po< 0.1),
which further implied a presence of micropores.
Nitrogen adsorption would increase due to the
increasing relative pressure, which caused by the
existence of monolayer or multilayer adsorption
from nitrogen molecules on the mesopores or
micropores (Lee and Park, 2012b). When the
relative pressure was being decreased, a nitrogen
gas desorption took place. A hysteresis loop also
occurred at a higher relative pressure (P/P,
0.4-1), which suggests the existence of
mesoporous structure. Figures 5b and 5c
displayed that hysteresis loop occurred at P/Pq
0.4-1, whilst after being activated, hysteresis
loop occurred at P/P, 0.2-1, as presented in
Figures 5d and 5e. This results indicated that
either prior or after activation, a mesoporous
solids structure was formed (Hu et al., 2010; Liu
et al., 2010). The forming of mesoporous was
due to the possibility of incomplete precursor
filtration process from the micropores in further
addition to high carbonation temperature (Lee
and Park, 2012b).

The higher the carbonation temperature,
the narrower the hysteresis loop, which signified
the decreasing proportion or amount of
mesopores (Sevilla et al., 2010). This might be
caused by the ZnO which had been separated
and covered the MOF-5 templated carbon pores,
as displayed in the SEM in Figure 3b. On the
contrary, activation of the MOF-5 templated
carbon with KOH (Figures 5d and 5e) caused the
hysterersis loop to be widen which further
suggested that there was an increasing
proportion or amount of mesopores. This might
be induced to the presence of new pores being
formed due to the activation process, as
suggested by Lee and Park., 2012b. The surface
area and pore volume data of the MOF-5 as well

as MOF-5 templated carbon before and after
being activated are shown in Table 2.
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Figure 5. Nitrogen adsoption desorption isotherms of
the MOF-5 templated carbon, (a) MOF-5, (b)
C-MOF-5-550, (c) C-MOF-5-900, (d)
AC-MOF-5-550 and (e) AC-MOF-5-900.

Table 2. The surface area and pore volume data of
the MOF-5.

Surface Pore Pore
Sample Area  Diameter Volume

(m’/g)  (m) _ (cm’/g)
MOF-5 7.58 1.31 0.047
C-MOF-5-550 89.56 3.08 0.138
C-MOF-5-900 93.95 2.87 0.135
AC-MOF-5-550  74.54 2.87 0.107
AC-MOF-5-900 73.14 3.51 0.129

Table 2 shows that by carbonating the
MOF-5 solids into MOF-5 templated carbon
could increase the surface area and the pore
volume (Yang et al, 2012). At a high
carbonation temperature (900 °C), the surface
area produced also increased (Liu et al., 2010).
However, Yang et al, (2012) have shown
otherwise, where the surface area produced was
smaller due to the presence of ZnO on the carbon
which could obstruct the carbon pores (Yang et
al., 2012). As a result, the process of nitrogen
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gas adsorption was also obstructed, resulting in a
smaller measured surface area of the carbon
itself. The larger the percentage of zinc, the
smaller the measured surface area of the carbon,
which matched with the results obtained from
SEM-EDX.

Table 2 also shows that by activating
KOH on MOF-5 templated carbon not only
decreased the surface area, but also the pore
volume. A similar phenomenon was also
reported by. Hu et al., 2010, which stated that
activating KOH on MOF-5 templated carbon by
adding phenol resin precursor could cause the
surface area and pore volume to decrease to the
new pores being formed. According to Lee and
Park, 2012b, activating zeolite template carbon
with either acid or alkali without oxidation could
decrease the surface area and the volume of the
pores due to the presence of the functional
groups from the acid or alkali, which can be
found the walls of the pores, causing damage to
the carbon morphology. The decrease in the
surface area could also suggest that the
functional groups of the acid or alkali entered the
surface of the zeolite-templated porous carbon,
which was expected to be able to increase the
hydrogen storage capacity. Besides the presence
of alkaline functional groups, the decrease in the
surface area could also be caused by the
presence of ZnO in the carbon before being
activated, which could obstruct the activation
process itself, hence causing an imperfect
activation process.

Pore Size Distribution Analysis

The pore size distribution presented in
Figure 6 shows that after MOF-5 was carbonated
into a MOF-5 templated carbon, it experienced
an increase in the amount of micropores and
mesopores (3-4 nm) (Lee and Park., 2012b).

The increase in the amount of
micropores was caused by the forming of
micropores during the process of FA carbonation
in the MOF-5 template, which corresponds to
the research conducted by Sculley et al. (Sculley
et al, 2011). The higher the carbonation
temperature (Figures 6b and 6¢), the smaller the
mesopore structure, which came as a result due
to the high carbonation temperature (900 °C)
formed from the unevaporated ZnO which has
been separated from the carbon and obstructing
the carbon pores. Moreover, by activating KOH
on the MOF-5 templated carbon could also
improve the mesopore structure (Figures 6d and
6e), as presented in the research undertaken by

Ediati. Et. al

Hu et al.,, 2010. This further implied that there
was a presence of new pores being formed
during the process of activation, in further
addition where by adding a dehydration
substance (KOH activator) could uniform the
pore size (Yang et al., 2016).

‘__‘_,_,0-9/’\ *—o o o * * e
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Pore Diameter (nm)
Figure 6. Pore size distribution of MOF-5 templated
Carbon,(ad) MOF-5, (b) C-MOF-5-550, (c)
C-MOF-5-900, (d) AC-MOF-5-550 and (e)
AC-MOF-5-900.

Hydrogen Storage

The hydrogen adsorption test has been
conducted using gravimetric method, which is a
method of measuring weight using a scale to
determine the storage capacity of a material. The
adsorption process was performed on the sample
that has been degassed, by streaming H, gas at
room temperature and atmospheric pressure
with gas flow of 20 mL/minute. The change in
mass being observed in the analytic scale was
noted every minute up until 50 minutes. The
mass difference before and after the sample was
flown with H, gas was noted and calculated, and
hence the difference produced was the
percentage amount of H, gas being adsorbed into
the sample. The hydrogen adsorption results are
shown in Table 3.

Based on Table 3, it is indicated that
both the carbonation and activation processes
could increase the hydrogen adsorption. At the
beginning, the MOF-5 solids had hydrogen
adsorption of 0.48%. However, after being
turned into a carbon template, C-MOF-5-550
had hydrogen adsorption of 0.76%, whilst
C-MOF-5-900 of 0.96%. This suggests that the
higher the carbon carbonation temperature, the
higher the hydrogen adsorption. There is a
possibility that this is due to the increase of
surface area and pore volume of the carbon.
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According to Song et al., 2013 the hydrogen
storage capacity was directly proportional to the
surface area and pore volume, since hydrogen
adsorption that occurred in porous materials was
physically adsorbed (Song et al., 2013). The
mechanism occurred was hydrogen filled up the
pores followed by the layer formation. The
increase of hydrogen adsorption on MOF-5
templated carbon could also be caused by the
presence of Zn and ZnO in the carbon.
According to Hirscher et al. the bonds between
the hydrogen compounds with the transitional
metals (such as Zn) caused the bonds between
the hydrogen atoms (H-H) to become unstable
(Hirscher et al., 2010; Chen et al., 2012). This in
turn caused the H-H bond to break up easily, the
H atoms to enter the carbon pores, which led to
the increase in the hydrogen storage capacity of
the carbon.

Table 3. Results of hydrogen storage adsorption

Sample Hydrogen Adsorption (%)
MOF-5 0.48
C-MOF-5-550 0.76
C-MOF-5-900 0.96
AC-MOF-5-550 1.18
AC-MOF-5-900 1.24

Table 3 also shows that activating KOH
on MOF-5 templated carbon could increase the
hydrogen adsorption. Although both
AC-MOF-5-550 and AC-MOF-5-900 have
smaller surface area and pore volumes compared
to both C-MOF-5-550 and C-MOF-5-900.
However, active carbon had a higher hydrogen
adsorption due to the presence of alkaline groups
in the active carbon itself. On the contrary, the
presence of both acidic and alkaline groups
could attract hydrogen molecules into the pores
of active carbon, hence increasing the hydrogen
storage capacity in the carbon. Furthermore,
AC-MOF-5-900 has higher hydrogen adsorption

compared to  AC-MOF-5-550, causing
AC-MOF-5-900 to have a bigger pore volume
compared to AC-MOF-5-550, enabling

AC-MOF-5-900 to have more hydrogen filling
layers, which what caused AC-MOF-5-900 to
have a higher hydrogen adsorption.

When compared to the research
conducted by Yang et al., (2012) where it was
shown that hydrogen adsorption could reach 3%,
the results from our research showed a smaller
hydrogen adsorption (Yang et al., 2012). This
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was due to the measurements that were
performed at room temperature, whereas the
results from the research conducted by Yang et
al., 2012 was performed at 77 K. According to
Hirscher et al., 2010, if a high temperature used
at low pressure, the hydrogen gas would have
difficulty to be adsorbed into the adsorbent pores
due to the faster movements of hydrogen,
making it more difficult to be adsorbed into the
adsorbent pores.

4. CONCLUSION

The MOF-5 has been successfully used
as a carbon nanopore reservoir with or without
activation using KOH. The analysis results
indicated that the treatment of carbonation
temperature and activation could affect the
surface morphology, pore size, surface area, and
pore volume of the material. The gravimetric
hydrogen adsorption test showed that the carbon
material with the MOF-5 template and after
activation with KOH could increase the
hydrogen storage capacity of AC-MOF 5-900 at
a room temperature and an atmospheric pressure
by 1.24%.
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