XPAHEHUE BOAOPOOA
HYDROGEN STORAGE

CraTtbsi noctynuna B pegakumio 28.10.15. Pep. per. Ne 2391 The article has entered in publishing office 28.10.15. Ed. reg. No. 2391

V]IK 541.67:541.142 doi: 10.15518/isjaee.2015.21.008

IKCTPAOPANHAPHOE NMPOABJIEHUE DOPEKTOB TUIIA DPPEKTA
KYPJAIOMOBA U BOJOPOAHOI'O CIIMJIVIOBEP DO®EKTA
B CBSI3U C NPOBJIEMOM D®®EKTUBHOI'O XPAHEHUS BOJOPO/IA
BI'PA®UTOBbBIX HAHOBOJIOKHAX

10.C. Heuaes

IIHWWuepmer um. W.I1. Bapauna
Wuctutyt MetamnoBenenus U pusuku Metaios um. I'.B. Kypatomosa
105005 Mockga, 2-st baymaHnckas yi., 1. 9/23
E-mail: Yuri1939@jinbox.ru

3akntoyeHne coBeTa peueHaeHToB: 01.11.15  3aknoveHune coeTa akcnepTtoB: 05.11.15  [MpuHaTo k nybnukauum: 09.11.15

=

»

= PaccMarpuBaroTcs TepMOJUMHAMUYECKUE CTHMYJIBI M SHEPreTHKa MHTEPKAIALMH HaHO(A3bl MOJIEKYJIIPHOIO BOAOPOJA BBICO-

h v

'"  KOH IUIOTHOCTH B YIJIEpOAHbIE HAHOCTPYKTYpbL. OOCy)aaeTcst pu3uKa SIKCTpaopaAHHAPHOTO HposiBieHus 3¢ dekToB THna 3¢ dexra
KyparomoBa u BomopoxHoro cnmiuioBep 3¢ddekra B cBA3u ¢ mpoOiieMoi 3QPeKTUBHOrO XpaHEHHS BOAOpPOAa B TpadpuTOBBIX

HaHOBOJIOKHAaX.

SPACE

N

d{

KnioueBble crioBa: 06paboTka aTOMHbIM BOAOPOAOM, BbICOKO OPUEHTUPOBAHHBIA MUPONUTUYECKUIA rpaduT, anuTakcuansHble rpade-
Hbl, rpadnToOBbIE HAHOBOSIOKHA, UHTepkansaumsa Teepgoro H,, addekt KypaiomoBa, BOAOPOAHbIN cnunmoBep 3ddeKT, XxpaHeHune
BoJopoAa Ha 6opTy aBTomMOOMIS.

EXTRAORDINARY MANIFESTATION OF THE KURDJUMOV-LIKE EFFECT
AND THE SPILLOVER-LIKE ONE, RELEVANCE TO THE PROBLEM OF THE
EFFICIENT HYDROGEN STORAGE IN GRAPHITE NANOFIBERS

Yu.S. Nechaev

LI.P. Bardin Central Research Institute for Ferrous Metallurgy
G.V. Kurdjumov Institute of Metals Science and Physics
9/23, 2-ya Baumanskaya str., Moscow, 105005, Russia
E-mail: Yuri1939@jinbox.ru

Referred: 01.11.15  Expertise: 05.11.15  Accepted: 09.11.15

International Publishing House for scientific periodicals "Space”

Thermodynamic stimuli and energetics of intercalation of H, nanophase of a high density into carbon-based nanostructures are
considered. The physics of the extraordinary manifestation of the Kurdjumov-like effect and the hydrogen spillover-like one,
relevance to the problem of the efficient hydrogen storage in graphite nanofibers are discussed.
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1. Introduction

Over the past 20 years, many scientists have reported
that hydrogen spillover is a viable technique to achieve
more hydrogen storage on different carbon-based
materials and nanomaterials, even at ambient conditions
[1-25]. However, as noted, for instance, in [1], the
veracity of these results and the efficiency of such
graphitic structures to store hydrogen are still
questionable. In addition, the spillover mechanism and
energetics of molecular hydrogen on different carbon-
based materials and nanomaterials, in the presence of
metallic catalysts, has not been satisfactory understood
up to nowadays [1].

These open questions are considered in the present
study, which is a further development of results [26] and
the previous results [27] (of an open access). The present
study is related to the extraordinary data on molecular
gaseous hydrogen interactions with graphite nanofibers
(with metallic catalysts), when, as is shown in this study,
a unique manifestation of both the spillover effect [1-25]
and the Kurdjumov-like [28, 29] extraordinary effect
occur. The mechanism and energetics of such two effects
are revealed, particularly, by comparing with data on
atomic gaseous hydrogen interactions with highly
oriented pyrolytic graphites (without any catalysts) and
epitaxial graphenes (also without any catalysts).

2. Experimental methodology

In this study, thermodynamic analysis approach [26,
27] of the related experimental data (including some
figures from [27]) have been used.

3. Results and discussion

3.1. The physics of intercalation of H; gaseous
nanophase of high density into graphene nanoblisters
in HOPG and epitaxial graphenes
(under atomic hydrogen treatment)

Fig. 1, 2 (Fig. 19, 20 from [27]) show the two steps
((a) and (b)) of hydrogenation (at 300 K and the atomic
hydrogen flux, formally corresponding to pressure Pygas)
=~ 1-10™ Pa, without any catalyst) of surface graphene
layers of a highly oriented pyrolytic graphite (HOPG)
resulted in intercalation of H, gaseous nanophase of a
high density into surface graphene nanoblisters.

Approximating the nanoblister to be of a semi-ellipse
form, results in the blister area of S, = 2.0-10"" cm? and
its volume ¥}, = 8.4-10" cm’. The amount of retained
hydrogen in this sample becomes O =~ 2.8:10" Hy/cm?,
and the number of hydrogen molecules captured inside
the blister becomes n = (0S;) = 5.5-10°. Thus, within the
ideal gas approximation and accuracy of one order of the
magnitude, the internal pressure of molecular hydrogen
in a single nanoblister at near-room temperature
(T = 300 K) becomes Py, = {kg(OS))T/V,} = 1:10° Pa.
The hydrogen molecular gas density in the blisters

(at T = 300 K and Py, = 1-10° Pa) can be estimated as
p = {(OM:Sp)/Vy} = 0.045 g/em’, where My, is the
hydrogen molecule mass.
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Puc. 1 (puc. 19 u3 [27]). STM gaHHble (Wagar, 2007)
Ons ucxogHoro (He o6paboTaHHOro aTOMHbLIM BOAOPOAOM)
obpasLa BbICOKO OPUEHTMPOBAHHOIO NMMPONNTUYECKOro rpacduta
(HOPG): (a) nnowaab noBepxHocTh 60,8x60,8 HM;

(b) nnowaak nosepxHocTn 10,9x10,9 HM. (c) Mnowaab
nosepxHocTn 1x1 HM, Ans obpasua, noaBeprHyToro obpaboTke
aTOMHbIM Bogopoaom fo3omn D = 1,8:10" Hcm?. (d)
Mpodunb noBepxHocTu Ans obpaboTaHHoro obpasua (c)
Fig. 1 (Fig. 19 from [27]). STM images of the untreated HOPG
sample (Waqar, 2007) taken from areas of (a) 60.8 x60.8 nm
and (b) 10.9x10.9 nm. (c) AFM image (area of 1x1 nm) of the
HOPG sample subjected to atomic hydrogen dose (D) of
1.8-10" H°%cm?. (d) Surface height profile obtained from the
AFM image reported in (c)
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Puc. 2 (puc. 20 u3 [27]). (a) DD DEKTUBHOCTb aKKyMyrnMpoBaHuUs
Bogopoaa B HOPG obpasuax (Wagar, 2007): 3aBUCMMOCTb
KonuyecTsa AecopbrpoBaHHOro MonekynsipHoro Bogopoga (Q)
oT go3bl (D) aTomHoro Bogopoaa. (b) STM gaHHble ans
nnowaan nosepxHoctn 600x600 Hm ans HOPG obpasua,
NoABEPrHyTOro obpaboTke aTOMHbIM BOLOPOAOM [030M
1,8:10" H%cMm* 1 nocneaytoLLeMy TepMoaecopBLIMIOHHOMY Harpesy
Fig. 2 (Fig. 20 from [27]). (a) Hydrogen storage efficiency of
HOPG samples (Waqgar, 2007): quantity of desorbed molecular
hydrogen (Q) versus dose (D) of atomic hydrogen exposure.
(b) STM image for 600x600 nm area of the HOPG samg)le
subjected to atomic hydrogen dose of 1.8:10"® H%cm®,
followed by hydrogen thermal desorption
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The data in Fig. 1, 2 (Fig.19-20 from [27]) can be
quantitatively described, with an accuracy of one order
of magnitude, and interpreted within the thermodynamic
approach [26, 27], by using the condition of the thermal-
elastic equilibrium of two phases (the Kurdjumov-like
effect) for the process of (Hgas) — 2 Ho(gas in blisters))> @S
follows:

B, /PI;)2 = (PH/P}?)Z exp{[AHdis _PQIAVJ/kBT} , (1)

where B, is related to the blister “wall” back pressure
(caused by F; ) the so called surface pressure (sz =
=B = 1-10° Pa), Py is the atomic hydrogen pressure

corresponding (formally) to the atomic hydrogen flux
(Py = 1110 Pa), By = B =1 Pa is the standard

pressure, AHgs = 4.6 eV is the dissociation energy
(enthalpy) of one molecule of gaseous hydrogen (at
room temperatures), ASgs = 11.8 kg is the dissociation
entropy, AV = (Syr,/n) is the apparent volume change, 7,
is the radius of curvature of nanoblisters at the
nanoblister edge (7, = 30 nm, Fig. 1), N, is the Avogadro
number, and 7 is the temperature (7 = 300 K). The

quantity of (PH*ZAV) is related to the work of the

nanoblister surface increasing with an intercalation of
1 molecule of hydrogen.

It is necessary to emphasize that the process (Hgas) —
—> %2 Ho(gas in blisters)) 1S one directional, and the process
ends when the thermo-elastic equilibrium of the two gas
phases (Hgas) and Hogas in biisters)) 18 reached (Fig. 20 (a)
in [27], Equation (1)). This is a typical situation of the
Kurdjumov effect. But in the case under the
consideration, there is an unusually high energetics (at
the expense of the free energy of association of
penetrating (in the graphene nanoblisters) hydrogen
atoms to the “captured” hydrogen molecules).

The value of the tensile stresses o, (caused by P:{Z)

in the graphene nanoblister “walls” with a thickness of d,
and a radius of curvature r, can be evaluated from
another condition (equation) of the thermal-elastic
equilibrium of the system in question, as follows:

o, = B (ry/2dp) = (esEp), (2)
where g, is a degree of elastic deformation of the
graphene nanoblister walls, and E, is the Young’s
modulus of the graphene nanoblister walls.

Substituting in the first part of Equation (2) the

quantities of sz = 1-10® Pa, r, = 30 nm and d; = 0.15

nm, results in the value of 6, = 1-10'° Pa.

The degree of the elastic deformation of the graphene
nanoblister walls, apparently reaches g, = 0.1 (Fig. 21,
19 in [27]). Hence, with Hooke’s law of approximation,
using the second part of Equation (2), one can estimate,
with the accuracy of one order of the magnitude, the

value of the Young’s modulus of the graphene
nanoblister walls: E, = (c,/¢;) = 0.1 TPa. The calculated
quantity of Ej is of one order lower than that considered
in [27] experimental value (Lee et al., 2008; Pinto and
Leszczynski, 2014) of the Young’s modulus of graphene
(Egraphene = 1.0 TPa). This difference may be related to a
possible higher defect level of the graphene nanoblister
walls, and/or to a possible internal side hydrogenation of
the walls.

Puc. 3 (puc. 14 u3 [27]). (a) STM paHHble (Balog et al., 2009)
NS NOBEPXHOCTU 3MnMTaKcuanbHoro rpadeHa, noaBeprHyToro
BOAOPOAHOM 06paboTke. Habnogaemble spkue HaHOGNUCTEpDI

(HaHOBCMNy4YMBaHMSA MOBEPXHOCTHOrO Crosi) OTBEYaT
BOAOPOAHbLIM knactepam. TemnepaTypa BOAOPOAHONO Myyka
coctaensana T = 1600 K, Bpems Bo3gewncteus = 90 c,
MHTEHCUBHOCTb NOTOKa aTomMoB Bogopoaa F = 10'-10" ar./cm?c,
4YTO OTBeYario AaBreHVIo aToMapHoOro Bogopoaa Py = 10* Na

[26]. (b) HabntopatoTcs 6onblume obnactu germapupoBaHHOro

rpadgeHa, obpasyrLumecs npu Harpese (oTkure) matepuana

no 1073 K

Fig. 3 (Fig. 14 from [27]). (a) STM image of the graphene
surface after extended hydrogen exposure (Balog et al., 2009).
The bright protrusions visible in the image are hydrogen clusters.
Hydrogen dose at T= 1600 K, t = 90 s, F = 10'>-10" atoms/cm’'s,
it corresponds to Py = 10 Pa [26]. (b) Large graphene area
recovered from hydrogenation by annealing
to 1073 K

Similar STM, AFM and other data of different
researchers for the epitaxial graphenes (for instance, Fig.
3 (Fig. 14 in [27]) can be analyzed and interpreted in a
similar manner [26, 27], within the same physical
concept (Equations 1 and 2, the Kurdjumov-like
extraordinary effect). As is noted in [27], a number of
researchers (Waqar, 2007; Watcharinyanon et al., 2011;
Wojtaszek et al., 2011; Castellanos-Gomezet al., 2012;
Bocquet et al., 2012; Hornekaer et al., 2006; Luo et al.,
2009; Balog et al., 2009; Wagqar et al., 2010) have not
sufficiently considered the “thermodynamic forces”
and/or energetics of forming (under the atomic hydrogen
treatment) graphene nanoblisters in the surface HOPG
layers and epitaxial graphenes. Particularly, they have
not taken into account a possibility of the Kurdjumov-
like effect manifestation. It is also expedient to note that
the recent experimental data [30] {Geim et al. (2014)}
show that a hydrogen atom can not pass through a
perfect graphene network. On the other hand, the
analysis [27] of a number of experimental data
(including Fig. 19-21, 13, 14, 22, 24 in [27]) shows that
a hydrogen atom can pass through permeable defects in
graphene, for instance, through triple junctions of grain
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boundaries. In Fig. 20(b), 13(a) and 13(b) in [27], one
can imagine some grain boundary network decorated
(obviously, in some nanoregions at grain boundaries) by
some nanoprotrusions.

3.2. The physics of intercalation of the solid H,
nanophase into hydrogenated graphite nanofibers
(with metallic catalysts)

The physics of intercalation of solid molecular
hydrogen of high density (py, = 0.5 g/em’, Fig. 4 (Fig.
22 in [27]) into closed (in the definite sense) nanoregions
in hydrogenated GNFs (Fig. 5 (Fig. 24 in [27]) is related
to the same concept (Equations of type 1 and 2, the
Kurdjumov-like effect).

P, GPa
1400
o Isentrops of solid D
S/R=12
1000 |- SR= N
Isotherm of D
600 - Isentrops of T=300K
liquid D,
B S/R=14
S/R=
200
Isotherm of D,
0 .T = 300& 1 1 1
0,5 1,5 25 3,5 4,5
p,gsm”

Puc. 4 (puc. 22 u3 [27]). JlutepaTtypHble gaHHble {Trunin et al.
(2010)} 06 nsoaHTponax ((S/R) = const) n nsotepmax (7 = 300
K) ans pentepus u npotus (Bogopoaa). MnoTHocTb (p) NpoTus
(H2, H) yBenuueHa saBoe (Mo macluTabHbiM coobpaxeHUsim).
3KcneprMeHTarnbHble Y TeopeTUYecKMe N30TEPMbI NOKa3bIBaIoT,
4710 npu T = 300 K 1 BHELLHEM CXMMAIOLLEM AaBNEHUN
P =50 I'TIA Bogopog, cyLiecTByeT B TBEPAOM MOSEKYNsipHOM
COCTOSIHUM C MIOTHOCTBIO Pyz = 0,5 r/cm®
Fig. 4 (Fig. 22 from [27]). Literary data {Trunin et al. (2010)} on
isentropes ((S/R) = const) and isotherms (T = 300 K) of
deuterium and protium. The density (p) of protium (Hy, H) is
increased by a factor of two (for the scale reasons). The
experimental and theoretical isotherms show that at 7= 300 K
and the external compression pressure of P = 50 GPa hydrogen
exists in the solid molecular state of a high density
Pz = 0.5 g/em’®

The comparison with the previous results (presented
in Item 3.1) shows that there is a unique manifestation of
the spillover effect (particularly, in Fig. 24 in [27]), as
related to providing of the necessary one direction flux
of atomic hydrogen from Pd-catalyst to the nanopores
(when the material hydrogenation at initial molecular
hydrogen pressure Py, = 8§ MPa).

The atomic hydrogen, obviously, forms at the
expense of the energy of the surroundings, for instance,
by heat conducting from it to the Pd-catalyst system,
which provides the dissociative dissolving of H, in Pd
and some other related processes. It seems that this is not

a violation of the Second Law of thermodynamics, since
there should be some difference in temperatures of the
surroundings and the Pd-catalyst system (due to the
hydrogen spillover effect). Also, the thermal-elastic self-
compression (the Kurdjumov-like effect) of the
“captured” H, in the nanopores occurs at the expense of
the association energy of the penetrating hydrogen atoms
(as considered in Item 3.1).

The recent related data [31, 32] can be taken into
account in further studies.

\N

Puc. 5 (puc. 24 un3 [27]). MukpodoTtorpadums {Gupta et al.
(2004)} rpadputoBbIx HaHoBoMokoH (THB) ¢ Pd-katanusatopom,
rmapupoBaHHbix npu 300 K 1 HayansHOM AaBneHun
MonekynsapHoro Bogopoaa Py, = 8 MlNa, nocne yganeHus 13
Hux (npw 300 K, 3a 10 muH {Park et al. (1999)})
MHTEepKanupoBaHHoOW HaHoda3bl TBepgoro Hy (17 macc. %)
BbICOKOV MNOTHOCTH ~0,5 r/cm® (aHanus [26, 27]). CTpenku Ha
PUCYHKe yKa3bIBaloT Ha LenenofobHble 3aKpbiTble HAHOMOPbI
NMH3006pa3Hoi hopMel, FAe Haxoaunach MHTEpPKanMpoBaHHas
HaHodasa TBepaoro H, (nog gasnenvem ~50 IMa) [26, 27].
Takylo e BenMyuHy AaBneHns MOXHO nonyynTs [26, 27],
paccmaTtpuBas gedopMaLmio MmaTepuana u HanpskeHus,
HeobxoaunMble Anst 06pa3oBaHUs 3aKPbITbIX HAHOMOP
NH3006pasHon hopmbl
Fig. 5 (Fig. 24 from [27]). Micrograph {Gupta et al. (2004)} of
hydrogenated graphite nanofibers (GNFs), with Pd-catalyst
(hydrogenated at 300 K and initial pressure of molecular
hydrogen P, = 8 MPa, after release from them, at 300 K, for 10
min {Park et al. (1999)}, of the intercalated solid H, nanophase
(17 mass. %) of a high density of py, = 0.5 g/cm® (analysis [26,
27]). The arrows in the picture indicate some of the slit-like
closed nanopores of the lens shape, where the solid H,
intercalated nanophase (under pressure of ~50 GPa) was
localized [26, 27]. Such a pressure level can be also evaluated
[26, 27] by the consideration of the material deformation and the
necessary stresses for forming the lens shape closed nanopores

4. Conclusions

1. The “thermodynamic forces” and energetics of
forming of graphene nanoblisters (under atomic
hydrogen treatment, without catalysts) in the surface
HOPG layers (Figs. 19-21 in [27]) and epitaxial
graphenes (Figs. 13, 14 in [27]) are quantitatively
described, particularly, two conditions of the thermal-
elastic thermodynamic equilibrium of the two gaseous
phases (Equations 1 and 2, the Kurdjumov-like effect)
are considered.
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2. The physics of intercalation of gaseous H,
nanophase of a high density (py, = 0.045 g/cm’) into
graphene nanoblisters (Figs. 19-21 in [27]) is considered
(Equations 1 and 2). The hydrogen self-compression
effect of 12 orders (from Pygs) = 1-10* Pa to Pirgas) =
= 1-10* Pa), at the expense of the free energy of
association of the penetrating hydrogen atoms to the
“captured” hydrogen molecules, is shown (the
Kurdjumov-like effect extraordinary manifestation).

3. The physics of intercalation of the solid H,
nanophase of a high density (py, = 0.5 g/em®) into
hydrogenated graphite nanofibers with Pd-catalyst (Figs.
22,24 in [27]) is considered.

4. In the light of analysis [26, 27], both the spillover
effect and the Kurjumov-like effect are obviously
manifested in the extraordinary data {Gupta et al. (2001,
2004)} (Fig. 24 in [27]) and the extraordinary data {Park
et al. (1999)} considered in [27].

5. These results can be used for solving of the current
problem of the efficient and safe hydrogen on-board
storage [33].
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