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Abstract — Experimental review of materials suitable for
reversible hydrogen binding in nanoporous and nanosized
structures of materials, based on natural zeolite (clinoptilolite)
and graphene (exfoliated electrochemically from raw graphite),
were analyzed. Characterization of materials with SEM, XRD,
EDS and Raman spectroscopy methods and aspects of synthesis
of a nanostructured zeolite and a few-layer graphite material was
done in this work. It was established from gas analyzer results
that hydrogen mass fraction in natural zeolite ranged from 1.1 %
to 1.4 %, but in the few-layer graphite material — from 0.39 % to
0.46 %.
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|. INTRODUCTION

To facilitate the transition from fossil fuels to technologies
based on clean and renewable resources, problems concerning
the energy storage must be solved. Wind and sun are the most
popular renewable energy sources, but they are available
occasionally or periodically, that is, not always when
consumption requires [1]. Compared to electricity, hydrogen is
an ideal energy carrier, because it can be stored almost without
losses. In transport sector hydrogen fuel cell technologies are
currently being commercialized (Toyota, Hyundai from 2015),
hydrogen storage in high pressure (700 bar) tanks is used [2].
The technology and economical means to make carbon-
composite high pressure tanks capable of providing travel
distances up to 700 km — are well understood and the costs
are reasonable. World’s largest hydrogen association —
International Partnership of Hydrogen Energy (IPHE) has
gathered information about an impressive number of already
realized hydrogen demonstration projects (Table ).

In the near future the demand for inexpensive and “green”
hydrogen will increase, especially for transportation purposes.
High pressure composite vessels can be charged only using
powerful multi-stage compressors, which is profitable at
filling stations, but not in the private sector and small farms.
Creating a capacious, not too heavy and large containers with
porous, solid materials containing stored hydrogen could solve
this problem, because these materials can be recharged at low
pressures, for example, at which typical electrolyzers work (up
to 30 bar). Regarding the application of this technology for
vehicles, the materials with high volumetric and gravimetric
densities of hydrogen storage are required [4]. United States
Department of Energy (DOE) is focusing primarily on the
research and development of on-board vehicular hydrogen
storage systems that will allow for a driving range of greater
than 300 miles (480 km) while meeting packaging, cost,

safety, and performance requirements to be competitive with
currently used vehicles. The targets set by DOE [4] for these
solid materials to reach in 2015 are based on application
requirements (not on current hydrogen storage technology
capabilities) are 6 % of mass fraction for system gravimetric
density and 45 g/L for system volumetric density.

TABLE I
SUMMARY OF IPHE DEMONSTRATION PROJECTS [3]
IPHE Partner 5 c D F
Country A
Australia 0 0 0 0 2
Canada 16 5 12 34 6
China 3 20 - 6
Germany 7 28 13 20 55
Japan 12 45 8 2232
Korea 5 40 0 4 240
New Zealand 0 0 0 0 2
Norway 2 0 15 0 1
United States 58 92 25 34 ~ 2000
Total 103 230 73 103 ~ 4500

A — number of hydrogen refilling stations; B — fuel cell vehicles;
C — ICE compressed hydrogen vehicles; D — hydrogen buses;
F — stationary fuel cells.

Optimum thermodynamic and kinetic windows are needed
for hydrogen absorption and desorption in solids at reasonable
temperatures and pressures [5]. The pores in zeolites with
dimensions of 4 A — 7 A are suitable to store hydrogen
molecules with kinetic diameter of 2.89 A) up to 1.74 %
weight fraction, as it is shown, at low temperature (— 196 °C)
and H, pressure (15 bar) [6]. Recently, it was announced that
at low temperatures (— 196 °C) zeolite templated carbons
show exceptional gravimetric hydrogen uptake — weight
fraction 7.3 % at 20 bar [7], which is the highest recorded for
carbon materials. Only some of the research is devoted to
hydrogen storage capability in zeolite-type structures at higher
temperatures. Weitkamp et al. in 1993 [8] reported that
zeolites containing sodalite cages in their structure show
hydrogen storage capacity 9.2 cm®/g, if loaded at 573 K and at
10.0 MPa.

Using theoretical considerations the authors [9] suggested
that a multilayer graphene storage system has good
reversibility for chemisorbed hydrogen on corrugated
graphene sheets (weight fraction up to 8 %). The authors [10]
proposed to enhance the hydrogen chemisorption by doping
the graphitic material with Pd or Pt catalyst on which
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hydrogen molecules disassociate and the atomic hydrogen
then can easier fill the pores of the material. The drift or the
spillover of atomic hydrogen onto carbon surface was
investigated ten years ago, when Lueking et al. [11] detected
that the hydrogen uptake as mass fraction in Pd-doped carbon
nanotubes (SWNT) was up to 0.1 % at 1 bar and 25°C. A
third possibility also exists — to adjust hydrogen adsorption
enthalpy by introducing nano-grains of hydride-forming
material between the sheets of graphene in stacks, for
example, lithium or magnesium [12] .

Our research [13] shows that it is possible to reach
hydrogen adsorption capacity of 6.2 % mass fraction for Mg-
ion exchanged zeolite (clinoptilolite) using a specific
technique — the loading of material with hydrogen at high
temperature and following it with cooling down to room
temperature. The mechanism of hydrogen encapsulation in the
pores of zeolite is proposed to explain such a high hydrogen
uptake.

In this paper we used different techniques to test previous
results and to characterize zeolite and few-layer graphite
materials for hydrogen storage capability at room temperature.

Il. EXPERIMENTAL PART

Samples were prepared by ion exchange with MgCl, (1
mol/l) and washing in deionized water. Zeolite — clinoptilolite
sample was characterized using XRD as natural clinoptilolite
with some ferrierite impurities [14] and furtherer investigated
by EDS to determine more precise Si/Al ratio (Table Il and
Table I11). Due to different hydrogen loading pressure (5 bar)
and exposure to air, varying results were expected.

TABLE Il

NATURAL CLINOPTILOLITE — EDS SPECTRA WITH SI/AL RATIO 10.319

obtain material with higher quality, samples were exposed to
Ar/H, gas flow at 300 °C for 3 h, thus guarantying a higher
degree of reduction [14,15].

The initial samples were characterized by X-ray diffraction
(XRD) using Bruker D8 model, scanning electron microscopy
(SEM) using Hitachi S-400N model, the elemental
composition of samples was determined using energy
dispersive spectroscopy (EDS).

TABLE Il

SYNTHESIZED CLINOPTILOLITE SAMPLE EDS WITH SI/AL RATIO 8.372

Element Series Norm. at., % Error, %

Aluminium K-series | 2.618932574 0.218606073
Silicon K-series | 28.80796765 1.889704057
Oxygen K-series | 65.70334441 6.983858719
Potassium K-series 1.011897176 0.107846702
Sodium K-series | 0.352886243 0.065595332
Iron K-series | 0.537640653 0.106374724
Carbon K-series | 0.313475372 0.391040007
Magnesium K-series | 0.332134442 0.058916271
Calcium K-series | 0.321721484 0.060207677

To obtain a few-layer graphite (FLG), the electrochemical
exfoliation was used, using graphite industrial waste rod as the
working electrode. Setup parameters were as follows: 5:5 (s)
pulse sequence, +£ 10 V amplitude. Electrolyte with varying
concentrations (0.25 mol/l, 0.5 mol/l or 1 mol/l) and counter
electrode (Cu plate or graphite) were used to find optimal
parameters for exfoliation process. An important step is
purification — FLG material is the lightest material and can be
partially separated using centrifugation or sedimentation.
From our experience, sedimentation was more useful. To
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Element Series Norm. at., % Error, %

Oxygen K-series | 62.03790834 5.859888236
Silicon K-series | 29.63537623 1.882520741
Aluminium K-series | 3.541808206 0.265028459
Potassium K-series | 2.728274732 0.202826426
Sodium K-series | 0.372240588 0.056766053
Magnesium K-series | 0.087593441 0.033077223
Carbon K-series | 1.596798465 0.344494868

11l. METHODS

Two significantly different methods to measure hydrogen
uptake were used. The first was Sievert type volumetric
method using PCT — Pro 2000 (SETARAM Instrumentation) —
a fairly slow experiment to determine Kkinetics and PCT
graphs. The second was gas analysis of samples using
HORIBA EMGA - 830AC Hydrogen Oxygen Nitrogen gas
analyzer (experiment limited till 100 s due to sensor
saturation).

Using this method the loaded sample was burned in He
plasma and compared to hydrogen free samples, which had
been degassed. The percentage of gas content was recalculated
from the mass of sample.

IV. RESULTS

The partial sorption level of clinoptilolite determined from
volumetric measurements was ~ 0.6 % mass fraction, also —
after hydrogenation, natural clinoptilolite sample had changed
color to more grey tone both in Sievert type device and in
external  hydrogenation apparatus for gas analysis
measurements.

XRD studies show that zeolite indeed had the heulandite type
structure as determined by XRF as clinoptilolite; yet the FLG’s
were recognized as graphite (Fig. 8).

Gas analyzer data shows hydrogen content in natural zeolite
from 1.1 % to 1.4 % of mass fraction (Fig. 1, Fig. 2) depending
on the loading method (PCT apparatus or the external
hydrogenation) for gas analysis measurements.

SEM images of FLG samples (Fig. 3, Fig. 4) show opened
few-layer graphite/graphene structures, with higher surface area
than it would be, if stacked together (determined by BET
method 0.43 m?/g for Mg FLG and 12.4 m?/g for reduced FLG.
The calculated thickness from SEM images (Fig. 3, Fig. 4) was
around 37 and 54 nm as multilayer materialand up to 200 nm in
thickness, containing voids between graphene sheets sized from
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couple of nm and up to several pm. Using SEM images of
graphene/graphite type structures, it was determined that
chemical exfoliation produces open FLG structures. Reducing
process broke up the stacks of material, leaving open structures
deep in the particles, but also exposed single sheets of FLG.
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Fig. 1. Gas analyzer data for zeolite after hydrogenation in a Sievert type
device PCT — PRO 2000.
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Fig. 2. Gas analyzer data for zeolite after hydrogenation by an external

hydrogenation device.
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Fig. 5. Raman spectra of Mg FLG structures.

XRD (Fig. 6) showed graphitic structure with additional
peaks of an impurity from production.

EDS XRF analysis showed the presence of elements with
larger atomic number than Na. The spectra showed mostly Fe,
Si and some Ti impurities in the graphite substrate material.
The EDS analysis for FLG shows sulfur impurities and some
chlorine, as well as Al, Si, Fe, and Ti (Table I1V).
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Fig. 6. XRD pattern of FLG powder.
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Raman scattering was used to identify the presence of
graphene (as it can be seen in Fig. 5) for obtained multistacks
of graphene sheets. Micro-Raman measurements were
conducted using a Renishaw inVia spectrometer equipped with
an argon laser with wave length 514.5 nm. Raman scattering
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spectra were acquired at room temperature through a
microscope objective with 20x magnification. The spectral
signal was dispersed using grating that had 2400 grooves in
1 mm onto a Peltier cooled (—60 °C) CCD detector. The laser
excitation power was 10 mW. G peak showed the presence of
graphitic structures. D peak showed the amount of defects in
graphene planes. Intensity ratio of 2D/G peaks indicated the
number of layers in graphitic materials. The 2D peak had
lower intensity than the G peak — thus indicating that the
material consisted of more than one layer. D’ peak is usually
produced by intravalent scattering or hole scattering in the
material. D>+ D and D”+ D indicated edge defects —
alignment between planes was not consistent and zigzag /
armchair edge mix-up was present in FLG material [17].

TABLE IV
MG FLG EDS DATA

Element Series Norm. at.. % Error. %

Oxygen K-series 28.31609752 10.65808247
Carbon K-series 70.18533945 21.68381901
Sulfur K-series 0.684214243 0.084989106
Silicon K-series 0.129782837 0.038174867
Aluminium K-series 0.058680308 0.032189277
Sodium K-series 0.307062192 0.060594815
Potassium K-series 0.091614128 0.035981395
Chlorine K-series 0.227209318 0.047522642

Preliminary experiments were done to test hydrogen
absorption capability in graphene sheet stacks, using thermal
absorption/desorption methods. Two different samples were
collected from both exfoliation and plasma methods — the light
fraction of material, which floated on the top of solution, and
the heavy fraction, which sank at the bottom of the solution.

A study of hydrogenated Mg FLG samples was done using
Horiba EMGA — 830AC gas analyzer. During the burning of
samples at different rates reaching 6 kW and around 3000 °C,
the absolute hydrogen mass fraction in samples was
determined to be 0.39 % — 0.46 %.

V. DISCUSSION

Synthesized materials had acceptable quality, showed the
needed phases for zeolites and the desired pike in Raman
spectra (for few-layer graphite powder), see Fig. 5. Better
purifying methods could allow the use of waste material as a
reliable resource for synthesis of few-layer graphite powder.

Clinoptilolite shows a promising tendency for higher
hydrogen storage capacity, but further studies are needed to
repeat the obtained results. Especially for gas analyzer
experiments that show the exact temperatures in which most
desorption occurs, it would be best to use this technique step
by step — not applying the max voltage and destroying the
mineral.

Hydrogen can interact with graphene in FLG structures by
physisorption and chemisorption; another possibility is to
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exploit intercalation of hydrogen between FLG sheet stacks
(distance between the sheets is important) [18].

As reported above, graphene sheets that were not doped
showed hydrogen storage possibilities around 0.55 % mass
fraction. Intercalation of FLG with magnesium or lithium ions
would be necessary to enhance the amount of bound hydrogen
in the material. Reached results show more precise
information about processes which are happening during
hydrogen sorption in high surface area materials.

IV. CONCLUSION

In our work an artificial zeolite, which corresponds to
clinoptilolite regarding XRD analysis, was successfully
synthesized. Based on XRD data, the tested samples of natural
zeolite were clinoptilolite with crystalline ferrierite and quartz
impurities. From volumetric measurements it was determined
that hydrogen uptake in the natural zeolite at room
temperature was around ~ 0.6 % mass fraction and from gas
analyzer data it was determined that the mass fraction was
from1.1%t014%.

Few-layer graphite material with thickness of sheet stacks
around 37 nm and 54 nm was obtained from raw graphite rod
using simple electrochemical exfoliation method. Measured
Raman spectra proved the existence of graphene sheets in the
exfoliated few-layer graphite. The gas analyzer was applied to
measure the amount of hydrogen in the hydrogenated
exfoliated few-layer graphite and the values from 0.39 % to
0.46 % mass fraction were obtained.
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Péteris Lesni¢enoks, Janis Zemitis, Janis Kleperis, Georgijs Cikvaidze, Reinis Ignatans. Atgriezeniskas iidenraZa saistiSanas sp&jas
pétijumi nanomaterialos.
Salidzinot elektroenergijas uzglabasanas veidus, tdenradis ir daudz efektivaks energijas uzkrasanas lidzeklis neka baterijas vai kondensatori, jo
to iesp&jams uzglabat gandriz bez zudumiem. ST briza tehnologijas lauj uzglabat Gidenradi titajos oglekla $kiedru kompozita balonos augsta
spiediena, tatu zema spiediena tehnologijas ir nozimigs solis dro§ibas un nakotnes pielietojumu, ka ari tehnologijas vienkarSoSanas virziena.
Darba mérkis bija atrast efektivus tidenraza sorbcijas materialus, ka arT modificét pieejamos reciklgjamos tehniskos metalurgijas atkritumus, lai
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tos biitu iespjams izmantot Tidenraza energétikas joma. Darba dots Tss parskats par materidliem un to piemérotibu atgriezeniskai tdenraza
saistiSanai mezoporainu materialu nanoporas un uz virsmas, ka arl eksperimentali iegiti rezultati par dabiga ceolita (klinoptilolita) un
vairakslanu grafita (iegiits elektrokimiskas atslanoSanas cela no grafita) Gdenraza adsorbeijas sp&ju. Gan ceolitu, gan vairakslanu grafita
materialu morfologija, sastavs un struktiira raksturoti izmantojot skengjoso elektronu mikroskopiju, rentgenstruktiiranalizi Furjé transformaciju
infrasarkano spektroskopiju, energijas dispersijas rentgenstaru spektroskopiju (EDS) un Ramana spektroskopiju. Péc termiskas apstrades
tdenraza atmosféra (5 bar) adsorbcijas/desorbeijas iekarta PCT-Pro2000 un/vai speciali izveidota neliela tilpuma cilindriska kamera,
materialos saistita Gdenraza daudzums noteikts izmantojot gazu analizatoru Horiba EMGA — 830 AC, kura paraugu sadedzinaja hélija plazma.
Ceolita paraugu tdenraza sorbcijas sp€ja ir robezas no 0.6 % lidz 1.4 % (masas dala), bet vairakslanu grafita materialiem ta ir robezas no
0.39 % lidz 0.46 %.

Stradajot ar elektrokimisko vairakslanu grafita iegtiSanas metodi, noskaidrota optimala elektrolita molaritate atrai vairakslanu grafita materiala
ieguisanai — 1 mol/l H,SO, bez papildus piedevam. Talakos pétijumos tiks skaidrota vairakslanu grafita struktura interkalétu dazadu metalu jonu
(Mg, Li, Pd) ietekme uz tidenraza sorbcijas/desorbijas sp&ju materiala, ar mérki atrast labako materialu tidenraza uzglabasanai.

Herepuc Jlecunuenoke, SAAnuc 3emurtuc, SAuuc Knenepuc, I'eopruii Unxpaunse, Pemnuc Urnaranc. HMccienoBaHus cnocoOHOCTH
00paTHMOro CBSI3bIBAHUSI BOJ0OPO/A B HAHOPa3MePHBIX MaTepuajax.

ITo cpaBHEHHIO C COBPEMEHHBIMH CIIOCOOAMH XPaHEHHS 3JICKTPOIHEPTHH (HampuMmep, OaTapesMu HJIM KOHJIEHCATOpaMH), BOJOpOA Ooiee
3¢ eKTHBEH, T.K. €r0 MOXKHO XpaHUTh MOYTH Oe3 HoTepb. B Halle Bpemst Ui XpaHeHHs BOJOPO/IA HCTIOB3YIOT CIICIUaIbHbIC KOMITIO3UTHBIC
GaJIOHBI U3 YIJIEPOJHOTO BOJOKHA MO/ BHICOKHM JaBJICHHEM, O3TOMY TEXHOJIOTHH XPAHCHHS [IPH HU3KOM JABJICHUH — 3TO BAXHBIH LIar Ha
IyTH K 6€3011aCHOMY MCIIOJIB30BAHUIO BOAOPOJA B OyAyIleM M YNPOLICHUIO 3TOTO MeTOAa XpaHeHHs. L{eab paboThl COCTOMT B TOM, YTOOBI
Haiitu Hambonee >deKkTUBHBIC MaTepranbl A COpOLUH BOAOPOAA, a TaKKe YCHEITHO MOAM(HUIMPOBATH JOCTYIHBIE MepepadaTbiBacMble
TEXHUYECKHE OTXObI METAJUTYPIUH TaKMM 00pa3oM, 4TOOBI OHH MOTJIH OBl OBITH HCHIOJIB30BAHbI B OTPACIIN BOZOPOIHON SHEPTCTUKH.

B pabote mpezncraBieH KpaTKuidi 0030p HCCIEIOBaHHHA MAaTEPHAJIOB U UX CHOCOOHOCTEH OOpaTHMOTO CBSA3BIBAHMS BOJIOPOZA B IOpax W Ha
MIOBEpXHOCTH HaHoMarepuaioB. O030p OCHOBaH Ha HCCIEAOBAHHMAX IPHPOJHOTO IeoiHTa (KIMHONTWIONNTA) U rpadeHa, MOIydeHHOTO W3
rpaduta METOJOM 3JIEKTPOXUMUYECKON 3Kkcdoimamun. CBONUCTBA MOPOIIKOBBIX MaTepHaNOB (LCOJUTHI M 00Opa3ell M3 HECKOJIBKUX CIOCB
rpaduta (FLG)) 6sum m3ydenst npu nomomu COM, PJIA, UK-Oypre, 3IC 1 PAMAH. CoriacHo pe3ynbTaTaM, IOJYYESHHBIM IIPH TOMOIIN
razoBoro ananmsaropa Horiba EMGA — 830 AC, B koTopoM o6paser; CKUTacTCsl B IIa3Me Tejins, CIIOCOOHOCTh MOTJIONAaTh BOJOPO Y LE0IHTa
HaxoauTcs B uHTepBaie ot 0,6 — 1,4 maccoBbIX %, a Uit 00pa3loB U3 HeCKONbKUX cioeB rpadura ot 0,39 — 0,46 MmaccoBbIx %. OOpasibl
HACBIIIAIUCH BOJOPOIOM IBYMs METOJaMH: IIPU TIOMOIIM YCTaHOBKH [UIsl OpeieNieHust copOimu/aecopoiuu, n3menernem oobema PCT — Pro
2000, a Tax ke MPU UCTIOIB30BAHUHU CIICLHAIBHO U3TOTOBICHHON LMIMHIPHYECKOH KaMephl, KOTOPYIO MOXHO HarpeBaTh U CO3/aBaTh BHYTPH
BaKyyM. B 000uX citydasix 5KCIIEpUMEHT NPOBOAMICS NPH AABICHUH BOAOposa 5 Gap.

Ipy KCIOIB30BaHUH JIEKTPOXUMHYECKOTO METO/A Jis OBICTPOro MOJIYYCHHs TOPOIIKOBOTO obpasia W3 HecKonbKux ciioeB rpadura (FLG)
ObUTa BBISBIICHA ONTHUMAalbHAS MOJSIPHOCTH 3aekTponuta — 1 monb / 1 (H,SO,). JlanbHeifnne uccienoBaHus OyIyT COCPEIOTOUYCHBI Ha
W3YYCHHH BIIMSAHUS WHTEPKAISIIUKM HOHOB MeraiwioB (Mg, Li, Pd) B cTpykTypsl M3 HeCKOJBKHX cioeB rpadura Ha COpOIHI0/aecopOinio
BOJIOpOJIa B MaTepHaie ¢ Leblo HalTH Hanbouee 3 (heKTHBHBIN MaTepHal Uil XpaHEHHs! BOOPO/a.
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