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Kpuctannuyeckas v anekTpoHHas CTpPyKTypa
roadpeHa
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*High electron mobility
*High thermal conductivity
*High tensile strength
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CTpyKTypa KpuUcTannm4yeckoro rpapura
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[ padbeH n okcua rpaduTa

Graphene Graphite oxide (C,0)y (COH) ;.4



[TpupoaHbIN KpUCTannyecknum rpaduT- UCXO4HbIN
MaTepuan anga nonyvyeHuUa okcuga rpadeHa

100pm JEOL 6/23/2 6/23/2009
15.0kV SEI SEM WD 1lmm 11mm

General view of natural SEM image of [0001]
crystalline graphite particles surface of starting graphite



[locnenoBaTeENbHOCTb OKUCITUTENbHOM UHTEPKanaunmnm
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BbloeneHne BogHOWM CycrneH3nn okcuaa

rpadeHa
: Centrifuging for
20 ml H,0, Wgshl.ng rem oving tr?e 0,6% GO aqueous
& filtering suspension

waste graphite

S eRy -

Centrifuging to extract the large 6% GO aqueous
sheets suspension
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CBouncTBa cBODOAHbLIX NIEHOK OKcuaa
rpadpeHa

single-layer flake

e

Formation of free standing GO
membranes from aqueous suspension

Intensity, a.u.




[ndppakumna anekTpoHOB Ha Crioe okcuga rpadeHa




KapTuHa anpakumm anekTpoHoB Ha O4HOCIIONHOW NNEHKe
oKcuaa rpadeHa

[0001]* .

The evidence for single layer structure of free
standing GO films



BonHucTtbin penbed cBoOOAHOU NNEeHKU okcuaa rpadeHa B
oOpaTHOM NPOCTpPaHCTBe

F(u,v,w)= ”dydx exp(2mwh(x, y))exp(27(ux +vy))

Expansion at small w:

Fuyv,w) = S )x (1= 2(o) 5 + 27w, ()
[ =1,exp(—(27w)*h?)

Uncorrelated ripples: ) o
In/ vs w”oc h

Spot’s broadening:
D=w"|Vh|
Additionally:
[VR]" =0
}_22 _| q |




Penbed, oueHKa BbICOTbI 1 MacliTaba
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Graphene attached to a substrate

Suspended=0,3nm
Attached=0,4nm

Suspended graphene is more flat than attached to the film



Temperature dependence of ripple
spectrum

~0. | 100 150 200 250 300
w~U, 18 Temperature, K

Average wavevector qualitatively follows the theoretical predictions,
but roughness decreases with temperature in this temperature range



NMonydyeHue nneHok Ol Ha TBepAbIX NOANOXKaX

Cywika kannu

7Y

SiO, Evaporating a drop

Drop of GO - sucpention

B ——

GO - annealing

T =410, 600, 800 °C
GO - solid film

Lo e




[MonyyeHne ogHOCNOUHLIX rnagkux nrneHok Ol Ha
KpeMHueBbIX NoasioXKKkax metroaom JleHrmiopa-
bnoaoxer

Vi

1.Base; 2. Cup, 3.Film on the water surface,
4.Substrate, 5.Holder, 6.Lifting gear.

AFM image of single layer graphene film



SEM n3obpaxeHunsa ogHocnonHbin nneHok Ol Ha
KPpEMHUN

Vg e
10/15/12 T— T —— ' 10/15/2
WD 8mm WD 8mm




AFM nasobpakeHne n npodunb BbICOT
oagHopoaHbIX dparmeHToB Ol Ha KpeMHUK

4 0 nm

hight, nm
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PeHTreHoBckast (hOTORICKTPOHHAS

criekTpockonusd Ol Ha KpEMHUEBBIX ITOAI0KKAX

synchrotron

o
i, ~120 +240 mA

d

energy analyzer

monochromator

.

Sio,

Si

§:>

XPS:
information depth
~1+2 nm

-10
P <2*10 Torr

NEXAFS :
information
depth

~ 1020 nm
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OueHka TonwuHbl nneHok Ol no cnekTtpam Cls

100000 -

I, cps

50000 |

164

Is/hg
C1s
IG
HOPG
GO - T=800°C |
IGoi
165 166 167 168

Photoelectron energy, eV

- where A and A are the mean free
paths of C1s photoelectrons in GO and
HOPQG, respectively.

at Eg.~160eV A; =2.5SL

[1] Seah M.P., Dench W.A. // Surf. Interface Anal., 1979. V. 1. P.
2.

The distance between Single Layers is 3.5 A

Fig. 1. Cls photoelectron spectra of HOPG and GO film
(T =800°C). Primary X-ray photon energy, hv =450 eV.

GO films with an average thickness of /~2 SL were studied.



Cls XumMmunuyeckum coctaB nneHok O

GO-loffe Inst.
Typical photoelectron spectra of Cls core level

for GO films. The photon energy is hv =450 eV.

Intensity (arb.un.)
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295 290 285 280 Since carboxil group is localized predominantly at

Binding energy (eV) the edges of GO flakes, it may be concluded that

the flakes studied here are rather large.
H-K. Jeong at al., Chem. Phys. Letters 460, 499 (2008).



OpaHocrnounHbIn rpadoeH n3 ogHocnownHoro Of, nony4Yaembln
TEPMUYECKNM BOCCTAaHOBIIEHMEM B BOgOpoOAe

C1s photoelectron spectra of GO, HOPG
and reduced GO in hydrogen

Intensity (arb.un.)
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3meHeHue lWnpuHbl 3anpelteHHon 30Hbl B O TepmoobpaboTkon B
BOJOPOAE NPU pasnnuyHbIX TemnepaTypax

VB photoelectron spectra of GO, HOPG and The conductance of

reduced GO in hydrogen Photon energy 130eV reduced (_30 film bY probe
scanning technique

I?_Ql = _ 300.0 pA

r*Eu(ﬂ:)

VB

Intensity (arb.un.)
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AMP n 3I'P cnekTpbl BoccTaHoBrieHHoro Ol
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The evidence of presence of Mn2* complexes with concentration 10-4
aT% in the graphene films reduced from graphite oxide



BaneHTHasa 30Ha 1 3anpelleHHas 30Ha nermposaHHoro Ol

GO 1s known to be a wide-bandgap n-type semiconductor.

Comparison of the photoelectron and optical

band edge.

Intensity (arb.un.)

' Ez-E;=1.7eV

E,E =296V IELEY g

10 8 6 4 2 0

Binding energy (eV)

Fig. 1. Photoelectron spectra of GO Valence-band for
HOPG and initial GO film. X-ray photon energy, hv = 130
eVvV.

The bandgap reaches 3 eV in studied GO films.

absorption spectroscopy data showed that the
Fermi-level in GO is very close to the conduction

H.-K. Jeong et al., Europhys. Lett. 92, 37 005 (2010).

CB
Ep 7 Ecp

— E~=1.78 eV

Therefore, the photoelectron spectroscopy provedes estimation
of the GO bandgap with the accuracy better than 0.05 eV.

This gap almost doubly exceeds those reported previously.



Intensity (arb.un.)

TpaHcdcopmMmauusa BaneHTHOU 30HbI B nNiieHKX O npu
TepMooobpaboTke

Increase in the annealing temperature leads
to narrowing of the bandgap.

After treatment at T = 800°C, the edge of
the valence band attains the Fermi level.

The high-temperature annealing leads to
restoration of the DOS of graphite,
primarily of the TT- states.

This 1s a result of the rupture of chemical
bonds to the oxygen functional groups and
recovery of the TT-electron sub-system.

10 8 6 4 2 0
Binding energy (eV) Fig. 1. Valence-band photoelectron spectra of HOPG, initial

GO film, and the films annealed at different temperatures.
X-ray photon energy, hv = 130 eV.



YnpaBreHue LWnpuHoun 3anpeLwieHHon 30Hb1 O
OTXXUIOM MpPU pasfinyHbIX TeMnepaTypax

3F ]
GO bandgap
2t
1k
0 L 1 " 1 1 1 "
0 200 400 600 800

TG

Dependence of the GO bandgap width on the
annealing temperature.

One can see that GO bandgap can be
controlled by varying the temperature
of the heat treatment.

By this means, the GO nanolayers can
be modified from dielectric to
conductor through semiconductors
with the bandgap smoothly passing
over the entire optical spectrum:
E,=3%0eV.



Work function, eV

PaboTa BbIxOoga HEe N3MEHSIETCS

150000

100000

Intensity, cps

eF=13.04-8.41=4.63 eV
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s
22 Fig. 1. The cut-curve for work function
4,44 il ] determination.
" . ‘ . .
0 200 400 600 800
438} | | | g Annealing temperature, °C
0 200 400 600 800
Annealing temperature, °C Fig. 2. Dependence of the GO work function on

the annealing temperature.

TpaHchopmauusa aNneKTPoHHOU CTPYKTypbl O npu oTxure
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Bo3MoOXHast TeXHosnorus

nocnenoBaTesibHOro

T=750°C chopmMupoBaHUA NITEHOYHbIX
reTepoCTPYKTYpP AJIA COSNTHEYHbIX

~ I "3V anemenToB Ha ocHoBe OF

Si

T=400°C

Eg ~15eV
Eg <0.3eV

Si

T=20°C

The sequence of the layers is

convenient for photovoltaic: E,~3eV
the narrow bandgap layers treated at E,~1.5eV
high temperature first are placed below, E,<0.3eV

and the wide bandgap layers treated at
low temperatures are placed above.




dopmmpoBaHne ceazen C-H Ha noBepxHocTn Ol npwu
oTXure B Bogopoae rno gaHHbiM XPS

Intensity, arb.un.

H-coverage strongly
P | depends on the

< i
& 5 1 temperature and reaches
£y | e the value H/C ~ 40 at % .
I .-"oa-

284
Binding energy, eV

Cl1s photoelectron spectra of HOPG and the films annealed
in hydrogen at different temperatures: T = 800°C and T =
750°C.

The insert shows decomposed spectrum of the GR750 film.



f'mapupoBaHue Ol B cnekTpax NEXAFS

Intensity, urb.un.

1,0

291.7

HOPG, o - 60°

GR-750, ¢ ~0°

C1s XAS

GR-750, ¢ ~ 60°

295 300

Photon energy , eV

NEXAFS spectra for HOPG and GR750 film.

Decrease in the TT* peak
intensity as compared to
that of PG is a result of
hydrogen atoms attachment
to graphene sheet and
transformation of the
corresponding part of TT-
bonds into C-H 0-bonds.



Intensity, arb.un.

N3meHeHune 3anpeLleHHON 30HbI U TMgpupoBaHue
Ol npu oTXure B BOgopoae

hv=130eV

0,0

6 5 4 L 2 1 0

Binding energy, eV

Valence band spectra of HOPG and the films
annealed in hydrogen at different temperatures: T
= 800°C and T = 750°C.

The VB edge in the film
annealed at higher temperature
is very close to the Fermi level,
indicating occurrence of
metallic conductivity.

On the contrary, the VB edge
in the film annealed at lower
temperature shows the band

gap opening.

The bandgap was estimated to
be 0.3 eV.



LOunccoumauma «ropadnx» monekyn H, Ha noBepxHoCTH
rpadeHa

V (Graphite+H) Hot H, molecule passes
over the barrier in the C-
H potential energy curve;

. F .S
\/ P Hydrogen atom
. @ . approaches carbon atom
g .‘m” to the C-H bond length
. H E, > E(H,) - E(C-H) (0.109 nmy);
\ H, molecule decays due to
. . excitation in collision and

creates C-H bond.

Fig. 1. Scheme of “H, — graphene” interaction.



[TneHkn, nony4YyeHHble BOCCTAaHOBNEHMEM OoKcuaa rapdeHa
N UX BONbT-aMMNepHble XapakTEPUCTUKM
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