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The hydrogen storage mechanism of graphite was studied by measuring the electrical resistance change.

Graphite was expanded and activated to allow for an easy hydrogen molecule approach and to enlarge the

adsorption sites. A vanadium catalyst was simultaneously introduced on the graphite during the activation

process. The hydrogen storage increased due to the effects of expansion, activation, and the catalyst. In

addition, the electrical resistance of the prepared samples was measured during hydrogen molecule adsorption

to investigate the hydrogen adsorption mechanism. It was found that the electrical resistance changed as a result

of the easy hydrogen molecule approach, as well as of the adsorption process and the catalyst. It was also

notable that the catalyst improved not only the hydrogen storage capacity but also the speed of hydrogen storage

based on the response time. The hydrogen storage mechanism is suggested based on the effects of expansion,

activation, and the catalyst.
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Introduction

Alternative energy is becoming essential because fossil

fuels will be depleted within a few decades. There are a

variety of alternative energies, such as geothermal, nuclear,

wind, solar, and hydrogen. Hydrogen is a promising energy

resource due to its unlimited supply, clean energy cycle

system, and high efficiency. One of the challenges in using

hydrogen energy is the lack of an efficient hydrogen storage

media. Generally, there are three methods for hydrogen

storage: high-pressure systems, cryogenic systems, and

storage media. High-pressure systems have a risk of leakage

even if special cylinders are used, and cryogenic systems are

costly because they must be kept at a low temperature.

Therefore, many researchers have tried to find a media for

efficiently storing hydrogen energy.1-5

Activated carbon has been investigated as a hydrogen

storage media because it has a high specific surface area and

pore volume for hydrogen uptake. Researchers reported that

expanded graphite can provide space among its layers for

hydrogen molecule adsorption; therefore, graphite has been

considered for hydrogen storage. There are two important

ways to improve the amount of hydrogen that can be stored

using carbon materials. The first is to control the pore size

for optimum hydrogen molecule adsorption (a micropore

size of approximately 0.7 nm is optimal). The other way is to

use a catalyst to increase the efficiency of hydrogen adsorp-

tion. It has been reported that transition metal catalysts can

improve hydrogen adsorption by the dissociation of hydro-

gen molecules and the adsorption of hydrogen in the pores

of carbon materials. Therefore, various transition metal

catalysts have been investigated.6-10

The mechanism for hydrogen storage is still not fully

understood. Here, we investigate the mechanism based on

the electrical resistance change of carbon materials during

hydrogen molecule adsorption. In this study, graphite was

expanded to enlarge the distance between graphite layers for

hydrogen adsorption (presented in Scheme 1(a) and (b)).

Next, the activation process was carried out to provide a

high specific surface area and pore volume for hydrogen

storage (presented in Scheme 1(c)). During this activation

process, the transition metal catalyst was introduced into the

carbon materials (presented in Scheme 1(d)). The mech-

anism of hydrogen storage was studied by measuring the

electrical resistance change during hydrogen molecule ad-

sorption. The hydrogen storage mechanism is discussed

based on the effects of surface area, pore volume, pore size,

and the catalyst.

Experimental

Preparation of Expanded Graphite. Graphite oxide was

prepared using the Hummers method.11 Graphite flakes

(Sigma-Aldrich), sulfuric acid, potassium permanganate,

sodium nitrate, and hydrogen peroxide were purchased for

the preparation of graphite oxide. Expanded graphite was

prepared using urea as an expansion-reduction agent, as in

referenced article.12 Specifically, the mixture of graphite oxide
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and urea was prepared in a 1:1 molar ratio by ground-

ing. The mixture was thermally treated at 600 oC with a

nitrogen gas flow of 120 sccm by considering the urea

decomposition temperature (below 600 oC).

Activation Process and Vanadium Catalyst Introduc-

tion. Four potassium hydroxide (KOH) solutions (2, 4, 6,

and 8 M, 20 mL) were prepared as chemical activation

agents to study the role of chemical agent. Various amounts

(1, 2, and 3 g) of vanadium oxide (V2O5) were dissolved in

the prepared 8 M KOH solutions to investigate the role of

vanadium catalyst. Seven solutions were prepared in total

for chemical activation and catalyst introduction. The

prepared expanded graphite was placed on an alumina boat

in a steel pipe at a ratio of 15 mL/g (each prepared solution/

expanded graphite) for chemical activation. Activation was

conducted at 700 °C for 1 h in an argon atmosphere. The

heating rate was 5 °C/min, and the feed rate of the argon gas

was 50 mL/min. After chemical activation, the resultant

samples were washed with distilled water several times to

remove residual potassium and then dried overnight at 150

°C.13-17 These activated samples were labeled RG (raw

graphite), EG (expanded graphite), A2-EG, A4-EG, A6-EG,

and A8-EG (activated EG in 2, 4, 6 or 8 M KOH solution,

respectively). CA8-EG series (catalyst introduced in A8-

EG) were named C1A8-EG, C2A8-EG, and C3A8-EG

according to the amount (1, 2, or 3 g) of vanadium oxide

used.

Measurement of Hydrogen Storage Capacity. The hydro-

gen adsorption was carried out at 25 °C in pressure range of

1.77 × 10−1 Pa - 10 MPa. The details are provided in our

previous works.18-20

Eq. (1) was used to calculate the hydrogen uptake capacity:

Hydrogen storage efficiency = (WH/WS) × 100 (wt %) (1)

where WH is the weight of adsorbed hydrogen molecules

and WS is the weighted sum of the loaded samples and

adsorbed hydrogen molecules during the hydrogen adsorp-

tion measurement. This measurement was carried out five

times for each sample to study the recycling capacity.

Measurement of Electrical Resistance During Hydro-

gen Adsorption on a Prepared Sample. The hydrogen

storage behavior was investigated by electrical resistance

measurement using a programmable electrometer (Keithley

6514) during the hydrogen molecule adsorption on the

prepared sample. The electrical resistance was initially mea-

sured in vacuum to stabilize the electrical resistance (until

there was no change in electrical resistance). Hydrogen gas

was injected to the sensor chamber (1500 cm3) at a rate of

100 sccm while measuring the electrical resistance.

Sample Characterization. Morphological changes in the

graphite structure were investigated using a field emission

transmission electron microscope (FE-TEM, JEM-2100F

HR). Structural changes in the graphite were investigated by

focusing on the orientation of the carbon structures and the

presence of defects from the expansion and activation

treatments. Raman analysis was carried out to determine the

Ig/Id (intensity of graphite/intensity of defects) ratio of the

graphite. Raman spectral analysis was conducted with an

excitation power of 10 mW at a 514-nm wavelength using a

RM 1000-InVia instrument (Renishaw).

Nitrogen adsorption was conducted on prepared samples

at −196 °C using a surface analyzer (Micromeritics ASAP

2020) to measure textural properties, such as the specific

surface area, the total pore volume and the micropore

volume.

The X-ray photoelectron spectroscopy (XPS) spectra of

the samples were obtained using a MultiLab 2000 spectro-

meter (Thermo Electron Co., Al Kα X-ray source, 0.5-eV

step size) to study the introduced vanadium catalyst.

Results

The Hummers method for graphite oxide (GO) and the

urea-induced method for EG (or for graphene) have been

widely used; therefore, we focused on the effects of develop-

ed pore structure and the introduced vanadium catalyst

based on the hydrogen adsorption behavior. The general

characteristics of GO and EG were presented in previous

works.11,12

Surface Morphologies and Pore Structures of Prepared

Samples. The surface morphologies of RG and EG samples

are shown in the TEM images of Figure 1. RG samples

exhibited many dense areas that were attributed to a multi-

layered structure, whereas EG samples exhibited thinner

layers. Therefore, the treatments in this study expanded the

Scheme 1. Suggested hydrogen storage mechanism: (a) Raw
graphite, (b) Expansion effect, (c) activation effect, and (d)
catalyst effect.
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graphite.

The textural properties of the prepared samples are sum-

marized in Table 1. The pore structure of the graphite was

developed by expansion and activation processes, resulting

in an increased SSA (specific surface area) and TPV (total

pore volume). Even though the SSA and TPV were increas-

ed by expansion, the pore structure developed mainly via the

activation process, which yielded maximum SSA and TPV

values of 345 m2/g and 0.126 cm3/g, respectively. The SSA

and TPV were decreased slightly due to the combination

effects of heavy weight and blocked some pores caused by

introduced vanadium catalyst. It is not feasible to measure

pore structures that are smaller than 1 nm using nitrogen

molecule adsorption at 77 K21,22; therefore, it is not accurate

to interpret the micro-structure based on the micropore

volume (MPV) measured using nitrogen adsorption. There-

fore, MPV is used as a reference measure to assess the effects

of expansion and activation on the micropore structure. As

listed, the MPV was also increased by expansion and

activation, with the exception of sample A8-EG. A more

interesting trend is that the micropores were primarily

generated with a relatively small amount of KOH (the MPV

percentage of A2-EG was approximately 70%), whereas the

mesopore structure was developed with a relatively large

amount of KOH (the MPV percentage of A8-EG was ap-

proximately 34%). This result can be attributed to the effect

that micropores have on mesopore formation. In addition,

the MPV was increased by the loaded vanadium catalyst

because small mesopores were changed into micropores

through a special reduction process. It is well known that

micropore structures are beneficial for advanced hydrogen

storage18,19,23-25; therefore, one can expect hydrogen storage

to improve with an enlarged pore structure and controlled

pore size.

Graphite Structure and Elemental Composition. Figure

2 presents the Raman spectra of the RG, EG, and A8-EG

samples to illustrate the defects and graphite structures

resulting from the expansion and activation of graphite. RG

(the original graphite powder) exhibits two Raman modes

at 1580 (G band, E2g2 symmetry, explained by the high

crystalline quality of graphite lattice) and 1360 cm−1 (D

band, A1g symmetry, explained by double resonance process

including an elastic scattering due to a defect). 26 As seen in

Figure 1, the intensity of the G band (Ig) decreased and the

intensity of the D band (Id) increased simultaneously. The

Ig/Id ratios of RG, EG, and A8-EG were 11.95, 6.86, and

2.21, respectively. The obtained Raman results match the

Tuinstra and Koening modeling indicating the structural

change from graphite to nano crystalline graphite.27-29 There-

fore, we conclude that the graphite structure was crushed to

a nanocrystalline graphite structure, but it still had a graphite

structure. The amount of loaded vanadium was studied using

the XPS elemental survey curve in Figure 3. The C1s peak

was a dominant peak indicating that most elements were

carbon. The V2p peak increased as the use of vanadium oxide

Figure 1. Surface morphologies of (a) RG and (b) EG.

Table 1. Textural properties of the prepared samples

RG EG A2-EG A4-EG A6-EG A8-EG C1A8-EG C2A8-EG C3A8-EG

aSSA (m2/g) 4.5 65 184 244 296 345 322 301 268
bTPV (cm3/g) - 0.028 0.062 0.079 0.102 0.126 0.119 0.104 0.098
cMPV (cm3/g) - 0.016 0.043 0.045 0.048 0.043 0.048 0.051 0.052

aSSA: specific surface area, bTPV: total pore volume, and cMPV: micropore volume

Figure 2. Raman data for the RG, EG and A8-EG samples.
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(vanadium catalyst source) increased. Details regarding ele-

mental compositions are provided in Table 2.

Hydrogen Storage Behaviors of Developed Pore Struc-

tures with an Introduced Vanadium Catalyst. Hydrogen

storage behaviors were investigated based on the effects of

the developed pore structure and the introduced vanadium

catalyst (presented in Figure 4). The RG sample stored the

least amount of hydrogen because the typical distance bet-

ween the graphite layers is 0.3354 nm.30,31 Given the dynamic

hydrogen molecule size, this distance is not sufficient for

hydrogen adsorption. The amount of hydrogen stored in the

EG sample reached 0.57 wt %. This result is attributed to the

expanded space between the graphite layers. This also

resulted in a developed pore structure with an enlarged SSA

and TPV. The hydrogen molecules were adsorbed more

effectively in the activated samples because activated samples

can provide more sites for hydrogen storage due to the

developed pore structure. The amount of stored hydrogen

increased gradually as a greater amount of KOH was used.

This led to a substantially improved pore structure. Even-

tually, the A8-EG sample demonstrated a hydrogen uptake

of 1.37 wt %. The amount of hydrogen stored by the

activated samples (A2-EG, A4-EG, A6-EG, and A8-EG)

suggests that hydrogen molecule adsorption occurred more

effectively in micropores than mesopores. The gap in the

hydrogen storage amount is relatively low, especially when

comparing the A6-EG and A8-EG samples. This is because

the micropore fraction for these samples is lower than that

of other samples due to the micropore merging effects that

are previously explained by BET analysis. The C1A8-EG,

C2A8-EG, and C3A8-EG samples demonstrate that the

vanadium catalyst improved the hydrogen storage capability.

Briefly, there are two ways to explain the mechanism by

which a metal catalyst can improve hydrogen storage. First,

it is well known that transition metal catalysts can dissociate

hydrogen molecules. Furthermore, dissociated hydrogen

molecules can be stored in the pores of carbon materials.

Thus, this suggested mechanism is called the spill-over

phenomenon.32-34 The other suggested mechanism is that the

introduced metal can attract the hydrogen molecules by

dipole-induced effects because metal catalysts have a δ+

electron charge.22,35 Specifically, the hydrogen molecules

will have dipolar electron attraction effects on the metal

catalyst, which encourages hydrogen adsorption. We believe

that both of these mechanisms can occur during hydrogen

adsorption, leading to a synergistic effect. Eventually, the

hydrogen storage amount reached 2.32 wt % due to the

improved pore structure, controlled pore size, and metal

catalyst. The reason for the reduced hydrogen storage in the

C3A8-EG sample is the decrease in pore structure by steric

obstruction due to excessive amounts of the metal catalyst.

Discussion

Electrical Resistance Changes During Hydrogen Adsorp-

tion. The hydrogen molecule adsorption behaviors of the

three samples (RG, A8-EG, and C2A8-EG) were discussed

by electrical resistance changes during hydrogen adsorption

(presented in Figure 5). The RG sample acted as a typical p-

type semiconductor by enabling electron transport from

hydrogen atoms (electron-donating) to the RG sample. The

hole carriers were annihilated by transferred electrons, demon-

strating increased electrical resistance.36 The electrical re-

sistance of RG increased gradually by up to 2.7% at ap-

proximately 13 min and then maintained.

The activated A8-EG samples exhibited the opposite trend,

indicating that they lost their semiconductor characteristics

because of the destroyed π-bonds in the graphite structure.

The gas-sensing properties of porous carbon do not follow

the characteristics of a semiconductor because the hexagonal

carbon ring structure in graphite is largely destroyed.37 The

electrical resistance of porous carbon decreases the electron-

hopping effects due to gas adsorption in pores.37,38 There-

fore, the A8-EG sample showed reduced electrical resistance.

Figure 3. Elemental survey curve of the vanadium-loaded samples.

Table 2. Elemental composition summary of the vanadium-loaded
samples

Atomic % A8-EG C1A8-EG C2A8-EG C3A8-EG

C 96.2 90.3 87.2 84.2

O 3.8 8.1 7.5 9.1

V - 1.6 5.3 6.7

Figure 4. Hydrogen storage measured at 25 °C and 10 MPa.
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The electrical resistance was decreased more strikingly by

the vanadium catalyst. The electrical responsiveness for

hydrogen adsorption was enhanced in C2A8-EG sample,

and the response was achieved more quickly. The improved

responsiveness to the presence of hydrogen can be attributed

to the effect of the vanadium catalyst, which promotes

hydrogen storage. Based on the quicker response time, it

was found that the vanadium catalyst improves not only the

hydrogen storage capacity but also the speed of hydrogen

storage. This observation is difficult to reconcile with typical

hydrogen storage measurements, such as those obtained

using volumetric and gravimetric methods, because each

data point requires too much time to obtain due to slow

stabilization.

Suggested Mechanism of Hydrogen Storage for Modi-

fied Graphite Samples. The hydrogen storage mechanism

of the prepared samples was discussed by assessing the

effects of expansion, activation, and catalyst load on graphite.

Scheme 1(a) shows the depicted hydrogen adsorption on

RG. The optimum pore diameter/width is about 0.7 nm, as

predicted by Monte-Carlo simulations.23-25 Therefore, it is

easy to predict that hydrogen adsorption is feasible only on

the surface of graphite and not in the layers between the

graphite sheets. Thus, it is necessary to expand the width

between the graphite layers. The effect of graphite expan-

sion on hydrogen adsorption is presented in Scheme 1(b).

Hydrogen molecules can access the slip pores in the

expanded graphite because of the increased width. In spite of

increased width of graphite, there is a steric interference in

hydrogen storage because the hydrogen molecules can more

feasibly access the edge of EG than the middle of EG due to

the large aspect ratio from graphite intrinsic property. There-

fore, the pathway in the middle of the graphite will be

valuable for hydrogen storage. The activation effect of EG is

presented in Scheme 1(c). Hydrogen molecules are saved

even in the middle of graphite through a pathway built by

chemical activation. The catalyst effect is explained in

Scheme 1(d). We developed two general explanations regard-

ing the effect of the catalyst. One potential explanation is

that hydrogen storage might increase via the spill-over

phenomenon. Specifically, hydrogen molecules are dis-

sociated on the surface of the introduced transition metal

(here, vanadium) catalyst, as depicted on the left side of

Scheme 1(d). The other potential explanation is that the

hydrogen molecules are attracted into the graphite pores due

to formed dipoles in hydrogen molecules. Even though the

role of metal catalysts in hydrogen storage remains unclear,

we think that the two suggested mechanisms can occur

simultaneously. We can also provide a useful explanation for

the role of the catalyst based on the electrical resistance

measurements of the prepared samples during hydrogen

storage. As discussed in hydrogen storage result, the metal

catalyst both increases and quickens hydrogen storage.

Therefore, the increased hydrogen storage is derived from

improved physical hydrogen adsorption by the expansion

and activation of graphite, as well as from the introduced

metal catalyst by encouraging hydrogen adsorption via a

chemical reaction (from either the spill-over phenomenon or

electrical attraction). In summary, hydrogen storage using

graphite was effectively improved by expansion, activation,

and the use of a catalyst.

Conclusions

Hydrogen storage media was prepared by expanding and

activating graphite. A vanadium catalyst was also introduced

on the graphite to increase the hydrogen adsorption effici-

ency. The extended distance between the graphite layers

allowed for an easy hydrogen molecule approach, and the

enlarged surface area due to activation resulted in high

hydrogen uptake via the availability of a sufficient number

of adsorption sties. In addition, the investigation of the

electrical resistance change in samples during hydrogen

adsorption revealed that the vanadium catalyst both increases

and quickens hydrogen storage. In conclusion, the hydrogen

storage mechanism was studied based on its facilitation of

an easy hydrogen molecule approach, and efficient hydrogen

storage was achieved by expansion, activation, and the use

of a metal catalyst.
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