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1. Introduction

The spillover effect manifestation in hydrogenated
carbon-based nanomaterials has been not enough studied
up to nowadays, particularly, relevance for solving the
current problem of the hydrogen on-board efficient and
safety storage.

2. Experimental/methodology

The thermodynamic analysis [1-12] of the related
experimental data (Figs. 1-4) has been done.

3. Results and discussion

3.1. The physics of intercalation of H, gaseous
nanophase of a high density into graphene
nanoblisters in HOPG and epitaxial graphenes
(without the spillover effect)

Fig. 1 shows the two steps ((¢) and (b)) of
hydrogenation (at 300 K and Pgs = 0.1 mPa, without
any catalyst) of surface graphene layers of a high
oriented pyrolytic graphite (HOPG).
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Puc. 1. Mogenb {Waqar (2007), n3 STM n AFM gaHHbix},
nokasblBatoLLas nHTepkansaumio sogopoaa s BOMT; rmgpuposa-
Hue 6bino nposeaeHo npu 300 K U Pgas) = 0,1 MIa, 6e3 kakoro-

nnbo katanuaartopa. (a) Ctagust NPOHNKHOBEHUS (MHTepKans-
uum) atomapHoro Bogopoga. (b) MonekynsipHblii ra3oobpa3sHbiii
BOZAOPOA, 06Pa3syoLLMIACA U3 NHTEPKaNMPOBAHHOIO aTOMapHOro
BOZAOPOAA W «3anepTbiii» BHYTPW NOBEPXHOCTHbIX rpaceHoBbIX
HaHOBnMCTepoB (NPK Pzgas) = 100 MIMa). Paamepbl obpasLos
npeacTaBnieHbl He TOYHO B MacluTabe. AddekT cxaTus
Bogopoaa gocturaet 12 nopsigkos (ot 0,1 mlMa go 100 Mla).
CornacHo aHanuay [1-3], 3To NpoMcxoauT 3a cYeT 3Heprumn
accoumalmnm aToMoB BOAOPOAA B MOMEKYMbl, «3anepTbie»
BHYTpW Brimctepos
Fig. 1. Model {Waqar (2007) from STM and AFM data} showing
the hydrogen accumulation (intercalation) in HOPG, with forming
blister-like surface nanostructures; hydrogenation was done at
300 K and Pgasy = 0.1 mPa, without any catalyst. (a) Pre-atomic
hydrogen penetration (intercalation) step. (b) Molecular gaseous
hydrogen, “captured” inside the surface graphene nanoblisters
(at Phagasy = 100 MPa), after the intercalation step. Sizes are not
drawn exactly in scale. The compression effect is of 12 orders
(from 0.1 mPa to 100 MPa). According to analysis [1-3], it is at
the expense of the energy of association of hydrogen atoms to
the “captured”’molecules

Similar STM, AFM and other data of different
researchers for the epitaxial graphenes (Fig. 2) have been
also analyzed in [1-3] (the “open access” Journals).

The very recent experimental data {Geim et al.
(2014)} show that a hydrogen atom can not pass through
a perfect graphene network. The analysis [1-3] of a
number of experimental data (Figs. 1, 2) show that a
hydrogen atom can pass through permeable defects in
graphene, i.e. grain boundaries, their triple junctions
and/or others.

Puc. 2. (a) STM pgaHHble ANnsi rmapyvpoBaHHOro anuTaKkCcManbHOro
rpacbeHa (Ha SiC nognoxke) {Balog et al. (2009)}. (b)

Te xe paHHble, 4TO U B (&), HO B APYrow (nepeBepHyTOW)
LIBETOBOW CXeMe, BbISABMAOLLEN NpeanovTuTenbHyo aacopbumio
Bogopoaa Ha SiC noBepxHocTu. TemnepaTypa BOAOPOAHOTO
nyyka cocraensna Tpeam) = 1600 K, Bpems Bosaenctausa t =5 c,
MHTEHCMBHOCTb NOTOKa aToMoB Boaopoda F = 10%-10"
aTOMOB/CM’C (Pgas) = 0,1 MMa [1-3])

Fig. 2. (a) STM image of hydrogenated graphene/SiC
{Balog et al. (2009)}. (b) Same image as in (a) with inverted
color scheme, giving emphasis to preferential hydrogen
adsorption on the SiC surface. Hydrogen dose at Tpeam) = 1600 K,
t=5s, F=10"-10" atoms/cm’s (Pgas = 0.1 mPa [1-3])
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3.2. The physics of intercalation of the solid H,
nanophase into hydrogenated graphite nanofibers
(with metallic catalysts)

Fig. 3 and 4 show some data those have been
considered in [1-3].

Obviously, it is a manifestation of the spillover
effect, relevance to providing of the necessary partial
pressure of atomic gaseous hydrogen (when the material
hydrogenation at initial molecular hydrogen pressure
Py, =8 MPa).
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Puc. 3. ®asoBas gnarpamma penitepus {Trunin et al. (2010)}:
agunabatbl (1, 2) n n3oaHTtponsl (S/R), ® — aKCNepMMeHTanbHbIe
AaHHble; 3 — KpuBas NnasrieHus], yTOMNWEHHasi IMHUS OTBeYaeT

3KcnepyvMeHTanbHbIM AaHHbIM. [lnarpamma nokasbiBaeT, YTo

npu T =300 Ku P =50 Ma Bogopoa HaxoauTcs B TBEPAOM
MOMEKyNSPHOM COCTOSIHUM BBICOKOM MNOTHOCTH (~0,5 r/cm’)

Fig. 3. Phase diagram of deuterium {Trunin et al. (2010)},
adiabats (7, 2) and isoentrops (S/R), ® — the experimental data;
3 — melting curve, where the thickened portion is the
experimental data. The diagram shows that at T = 300 K and
P = 50 GPa hydrogen exists in the solid molecular state of
a high density (~0.5 g/cm®)

4. Conclusions

1. The “thermodynamic forces” and energetics of
forming of graphene nanoblisters (under atomic
hydrogen treatment, without catalysts) in the surface
HOPG layers (Fig. 1) and epitaxial graphenes (Fig. 2)
have been quantitatively described, particularly, the
conditions of the thermal-elastic thermodynamic
equilibrium [1-3].

2. The physics of intercalation of H, gaseous
nanophase of a high density into graphene nanoblisters
(Figs. 1, 2) have been revealed [1-3].

3. The physics of intercalation of the solid H,
nanophase into hydrogenated graphite nanofibers with
Pd-catalyst (Figs. 3, 4) have been considered [1-3].

Puc. 4. MukpodoTorpacums {Gupta et al. (2004)} rpacpmTtoBbIX
HaHoBonokoH (MHB) ¢ Pd-kaTtanusatopom,
rmapupoBaHHbix npu 300 K 1 HaYanbsHOM AaBneHun
Pit2gasy= 8 MIMa), nocne ynanenus ns Hux (npu 300 K, 3a 10 muH
{Park et al. (1999)} nHtepkanupoBaHHol HaHoda3sbl TBepAoro H,
(17 macc. %) Bbicokoi AnoTHocTh ~0,5 ricm® (aHanua [1-3]).
CTpenku Ha pyCyHKe yka3blBaloT Ha LienenofobHble 3akpbiTble
HaHOMopbl MMH3006pa3HoN hOPMbI, FAe HaxoAMNack UHTEpKa-
nmpoBaHHas HaHodasa TBepaoro H; (noa AaBneHvem
~50 Ma, cornacHo aaHHbIM Ha puc. 3) [1-3]. Takyto xe
BENMUYMHY AaBneHUss MOXHO Takke nonyuuntb [1-3],
paccmaTtpvBas gedopmMaLmnio MmaTepuana u HanpskeHus,
HeobXxoauMble ANst 06pa3oBaHUs 3aKPbITbIX HAHOMOP NIMH30-
obpasHoi hopMbl (3a CHET 3HEpruM accoumaLmMmn aToMoB BOAO-
poaa B MOSeKynbl, «3anepTbie» BHYTPU HaHonop). O4yeBnaHo,
4YTO 9TO HarNsig4Hoe NposiBreHve cnunnosep addekra, obecne-
YmBaroLLero HeobxoanmMoe napumansHoe AaBneHe aToMapHoOro
raszoobpasHoro Bogopoaa (npu rmapupoBaHnn Matepuana npu
HavanbHOM AaBneHnM MoneKkynspHoro Bogopoda Py, = 8 Mla)

Fig. 4. Micrograph {Gupta et al. (2004)} of graphite nanofibers
(GNFs), with Pd-catalyst (hydrogenated at 300 K and initial
Pi2gasy= 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 ~0.5 g/cm® (analysis [1-3]).
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, according to data on
Fig. 3) was localized [1-3]. Such a pressure level can be also
evaluated [1-3] by the consideration of the material deformation
and the necessary stresses for forming the lens shape closed
nanopores (at the expense of the energy of association of
hydrogen atoms to molecules “captured” inside the nanopores)

4. In the light of analysis [1-3], the spillover effect is
obviously manifested in data {Gupta et al. (2001, 2004)}
(Fig. 4) and data {Park et al. (1999)}.

5. It can be used for solving of the very current
problem of the hydrogen on-board efficient and safety
storage.
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