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ABSTRACT

Bandurakh.V. The structure and electrochemical properties of nickel
hydroxide/ reduced graphene oxide composite materials.

The dissertation for the Candidate degree in Physics and Mathematics. Specialt
01.04.18717 Physics and Chemistry of a surface. Vasyl Stefanyk Precarpathian
National University, lvand-rankivsk, 2019.

The electrochemical properties of nickel hydroXidediwced graphene oxide
composite materials have been investigated.

Graphene oxide has been synthesized by HummergHB3@nd Marcand our
(GO(MT)) methods with further chemical reduction using hydrazine (R&GOCand
RGO(MT)). The comparative analysis afiviestigation results showed that @4€) is
formed by agglomeration of packages, which are formed-bygraphene sheets (the
distance between sheets is ii®). The average diameter of GB) packages is about
3.6nm, and thickness 08.4nm. GO( [ wuig formed bylarger packages of average
diameter and thickness about6.6 and 5.6im, respectively(the distance between
graphene sheets in the package is abd@nm). The obtained results showed that
RGO(H) consists of packages that are formed {3y gZgphene sheets. The average
thickness of these packagesLs0.75nm and diametef D=2.5nm. RGO(MT) is
formed by packages of thickness about 1.06nm and diametei 7.50nm (one
package contains 3 graphene she&sanning electronic microscopy resigteowed
that RGO(H) is formed by agglomerates with interlayer distance of di&e8% nm
and thickness of 5nm. RGO(MT) is an aggregation of graphene packages of
thickness of about2 nm, that are merged together. Using BET method for nitrogen
adsorption desorption results the value of specific surface area have been obtained
1154 m’Q'ars pore volume O, 6 6 fijRgdfor RGO(H) and RGO(MT),

respectively.



7

The electrical conductivity mechanisms for graphene oxide and reduced
graphene oxide have been describddjher structural homogeneity of RGO(MT)
facilitates the migration of charge carriers in graphene fragments which form
mesoporougreedwith lower values of activation energy. Electrical conductivity in
RGO(H) is caused by hopping migration of charge carriers between graphene
packages that provides highelues of activation energies of charge transfer. Hence,
the obtained different values of activation energy for RGO(H) and RGO(MTH0
0.70eV and 0.060.08eV, respectively are the resaif morphological differencesf
the samplesThe values of actiteon energy of protonic conductivity with hopping
mechanism of charge transfer for GO(H) and GO(MT) are of ab®&0.07 and
0.07-0.10eV, respectively.

Nickel hydroxide/ reduced graphene oxide composite materials have been
synthesized by ultrasound dersion of hydrothermally synthesized nickel hydroxide
and chemically reduced graphene oxide (RGO(H) and RGO(MT)). The average siz
of coherent scattering domains in nickel hydroxidelssnm. The analysis of the
structure ofb-Ni(OH),/ RGO(H) composite raterial showed the presence of plane
defects in this material anthe decrease in average sizes of crystallites of nickel
hydroxide phase in composite material (up tonfr§. It is assumed that ultrasound
dispersion causes the decreasb-Mi(OH), particle sizes with possibility of insertion
of graphene fragments into interlayer space of nickel hydroxide. Specific surface are:
values for b-Ni(OH), a n d-Ni(®H)>/1 [ | ( aré of about20 and 88n*y?,
respectively

The obtained results of optical properties investigateumealed the increase in
band gap energy for composite material, compared t he HApur eotni c
is caused by the dexasein size of nickel hydroxide particles in composite material.

This confirms the influence of synthesis conditions on composite material forming.
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The obtained results from Me&hottky plots are the evidence of contribution of
positive charge carriersto electrical conductivity for b-Ni(OH), and
b-Ni(OH),/ RGQ(H) composite material. The concentration of charge carriers for
electrodes, based drNi(OH), andb-Ni(OH)./ RGO(H) is of aboutl.3820' cn®
and 2.0800' cni®, respectively

The electrodes based @ANi(OH),/ RGO(H) are characterizetly the maximal
specific capacitance value of aboBi3FQ! at a scan rate of0.5mV@! for
potentiodynamic cycling and94FQ* at a current density d¥.08¢ @ at galvanostatic
testing. The maximal value of energy densitytidti(OH)./ RGO(H) conmposite material
is of about 17 W@®g* at power density of abo@DWKg™. It is confirmedexperiment
tally that for electrodes based &rNi(OH),/ RGO(H) composite material the specific
capacitance consists of electrical double layer capacitancesandggapacitance with
contribution 0f91%. The value of electrostimulated diffusion coefficient of protons for
b-Ni(OH)./ RGO(H)composite material is of abalt69D0*? cnr@™.

The synthesis ofb-Ni(OH),/R GO ( [ cojnposite materials with different
componentgnassratio( 2 : 1, 1 hade bde®made: tRinvestigate the influence of
graphene component on their structural, morphological, electrical and electrochemice
properties.The investigation of the structure 6fNi(OH),/R G O ( [ shdwed that
increasing of RGO(MT) ircomposite material causes the increase in predominant
orientation degree db-Ni(OH), crystallites in the direction that is perpendicular to
crystallographic plané It is in good agreement with the above mentioned process of
compo#e material formingluringultrasound dispersion synthesis.

Using impedance spectroscopy metltlod temperature sensitive dependence of
an electrical conductivity on frequency fdo-Ni(OH),/RGOMT) composite
materials has been revealdéids caused byhe presence in composite material of two
components with different electrical conductivity mechanisms which are predominant

at different temperature and frequency values. The increase in temperature an
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frequency results in increasing of graphene compomndtuence. The composite
material with the highest mass fraction of RGO(MT) reveals the frequent independen
temperature dependency of an electrical conductivity with the activation energy value
of aboutO =0.06eV.

Analysing the potentiodynamic dyd ng d-&i{Gi).,/ RGO ( [bu) C 0mp
materials atomponentsnass ratioof about 2:1, 1:1, 1:2 it has been obtained that the
highest value of specific capacitancereachedfor the electrode based on composite

material with thdowest mass fractioof grapheneomponent (145@* at a scan rate of

about 0.5mV@?Y). The maximal values of specific capacitancebfdti(OH)./ RGO [ u )
composite materials are 0 2 a n d* at8ntass Fatiogof components: 1 1
respectively It can be concluded th#te increase in mass fractioh RGQMT) in
composite material nickel hydroxideeduced graphene oxide has the negative

influence on electrochemical properties of the composite materials.

Keywords: reduced graphene oxidaickel hydroxide specific capcitance

specific surface arelaybrid electrochemical capacitor
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Jd&zj SIstetsH O. [JHddd L hdvas' o odt' h jsdzdps d R
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fose Hdg Mlss, o weshls' WwWCdR LOMkshsekz¥
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s ydzO * dzj ls dzwiplgl Olg 02 de@ s A Ols dgsfgds ¢t . [

b-Ni(OH)./o L& dzj yj o 2 kOlsjt' Oz MlsO' dstsy dzd o d «
BjROd L& o dzOC isf deju§ Hadzes inls @dsfwdzsc s, § o
CleOdedy' oL Bj dES lsjedrjdf e s HSO fdg B H s h dgdz ofr
odfOHS & Mysfjt' ¢O Is! Mw fMddajtec’ L d5 o0
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9 Otclssflis "’ ) oW H' odf OHEC " o Bsy 4 JMBEOIS ¢
' L dzsBOdz Isdedn sjrodesdetse’ ydedt L Offssfmize C
Jdzj Ctesn® a3 yded s dOSBYfduyukzo Oy o Jjdzjtcc' ' .
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Jdzj Clsted ydes® j dzj tcc ‘detsoed nf RESEfds' L dtstslad & 5 sdOd;
CsRf sLdlskz ¢ ' Hitets Higasre dzjdazd d dzsts € M d H CGtocOW j «
L O9 H Odzdz" o3, d $MY J ted d3gd dzls Odz! dzts A3z odte’ hj dz
HdMJ elsOyY"' 2dzj HESMdz HY j dadzv .

190VWLBE wBBISd L d20EZC 59 d 3P B tists dss@d3 @t
HdMJ telsOyY" "¢ LH' 2Mdes 90O H dzd W OdIE O R H "dzCd
BOIsj o' OdzsL dzOoa Mlso © ° dztse " Isdzg' = Isj n dzsdzse '
o diefIsjls ' d3d dz' ded e dav s Gt jj @ HStddlz ofdp Cixi dgAsolizliz
Isj tc'HA@PY] MY j tCtsdzH § dzMOlsstc’ o  dizY 1 & fifdzetsty W dz
sCfdHd dBjlkOd 90 (- 0116U006805) .

[BO' C b HEMiztwRR dz@tlzdzy C B sL s’ 9 dzO ¢t

9 Hdeso dzj desegts tSCMMdHE cteOWjdiz O ot
jdzj CgdeAS HABOIs j to* Odz' @ Hdzv &' BtodHdedr Mkt j tcf

Jtoj HBj Is HEshaz Oygezdeo v L 5¢ ' 3§ bkdise Odd
BotelW sdzse' ydeddsd * Jjdzj Slstetsn' o3 ydzd 5 = Ots(
Ldls' @ 6" Htc/»C mfzsodkjdgdd®s sCMdH cOW j dzlz.

[ 4 8O ' dzdeVO onHHC) dd” oHfnyisj Ciddsve dzj dzdzv L Odsks Qpdzdg™
CsR3fsLdls' 9 c'/elcmtzeddz] detf 2 J &€ MdH GctOW j dzz
ted BOdzsets o' L dzd d&3d d3d IstsH Od3d, ofdzde z o d3' fi



17

G' HiesC MdHe ' dztiz® 9§ dz§ dzd 2 B¢ Mdz@ EEO®8 j df dzj €
jdzj Slstetsn* 3" ydz o zOMmisde sfls "’ , HisMdz' HY J dack
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-LH' 2MdedIsd f tstc’ o dgv dzidzlsded ts@alz@ dz'ywdzd B s t& [z §
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1 0C 800 desodL dzO tsHJjtey Odedr tojL zdz SOIs®
1. Ifjteh ] §BCOLOdO &y dd®H ‘fripls! * dedss fipls *dzj
Jdzj Clstcdydese s h Otz IsO WOtOH] oM Cts” * d3dz
O sMmdss ' CiftsLdlsddr/omybplsy dgi dz R tetsS MdH
2. 1 jtehj LH'2Mdej dzts f i35 'ted! deveaigazt gl B 2 SsIOk
o ddOdsMIsj?2 "' BB yYydes o' Hdeso dzj dese s BECMdHE
MO @ s O fudizic@dzts
3. [ jssHtsd3 kZdz stcOLokzCtsoasets HMY jtcczo Odz
CfdisdIsdz’ dB3OIsj to' Odzdo 'GH detsasdejndedi?2 daS Cjdiafr ¢ tc O
4. 1 6w mtse Odasl3' dntfsdzd oc e OW j deso 5° € S i 5 dzi dzls
n i3 ydze f OwOd3j Isted € et H dgtdselzoz jcdzdh2te S ChifigldHH
5, 1 H' 2Mdzgj des Ctsd3f dzj S Mded?2 OdzOdz' L o fffdedse Iz
o 'dasfils’ C@BfLdlsdzdr &BOIs] plcdetse s dz@ ' Ay S
SO o' Hdzso dzj dese s tsSCMdHEZ cwOW jdzz dzO '--
sz j dzj S stetsdz’ Is* .

1 cOCIsdydej L dzOyJ dedz? tsH | tos@dedss te JOuf eds'{f Id
9 0tc' Odzlsd Ctli3f L dlsdzd m BOIS jHalzDdeEjSiglef{ R * 1€ O G
we' BsydzO saditdmissolzoOsd o wCsMmls'™ JWj
Jdggte MmMjonHts' dgdz Mdzsects Isdfz. 1 MisOdztse dzj &
G’ gdz' Mdz' R OwWOCIsjtedmisdS d, L dydedo® tso dz@-fiPlsiz])
deso Ejsdz - * 3" yded s 3 ssHisdz sSCMdHEZ cteOW j daz

[MeBdMmisd?2 o dzj Mes] MK S BEHNQ EEG.0dzls ¢ d 4§ tsdz
s’ 9 HBMdz HY J dzdzv d3OIsj & ®'dA p dzdzv offtBfipldcO o
[199, 202,207,210, 223,224,227,230,238, 246, 248,253,254 ; tsls te d &30 dzdz’
cwWwQ dzz B ssHOBRBd MOBFEEERO IsOo ] PG O dzfs dzls G s
sfHE ¢ tc AW PARR07 10 224,227,230,238,246,248,253,254 ; d&Gdzd
dz A CBE' ' " HiesSCMdHE detsCjfpdsn a® 1§ Yatstxds thiAs 1«
s®d H W ¢ A9 J30 230 246,248,253,254 ; HEMdz H Y j dedzd - ji dzj
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dzetsmls* M d dzls j Lds od@ORF2-210080288c248D253 ; HtsMmdz'-H Y |
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physics and technology of thin films and nanosyste ( iFrarkinsts Ukraine, 2019);
X'V Rzeszowska Konerencja Mgodych Fizy]|
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L dzdm 7 MOl iROAStdzeg Az’ @b OuERa202, 20 12600208070
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3 LO wOREdsS 266t ddL’ § ) $ b amEs s gy i
o' Hats's OCIsdodatsfls® SO RBisy dzd o sfls* dfts GHtosd f
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dkzse s h Otclz) , w g S tef@igdls J uedi® g F dzdz'indsd o t dnls
ojtrndy 2 Jdzj Ctesftetse’ Hdzsfls' Hst® yJ Tdkdand
[4]. { MisOdzdz’ d3 YOty 5L B@o a ™ H B dfzd & shHtz® id §
FoOekz ftcde jtclsO o  Hdgso dzj dzd?2 BCMdH G tol
sCMdHE cteOW jdzze "L sECMdHOB] fjtejn-' HAzd R
dz' € j dzv |, HO L Bsckz BlstedBOIsd oadmtsC L dz0O
jdzj Slstedydz SO jdzj Sltetsn® d3 ydzg o dzOMmilsdoe st
11, | " HtesSCMdH dg € jdzg: Ctod fips@desdd figloOtcH
tsls tc B3O dzdz™ .
stedMmlsOdz ydz© MistekzSCIsktc® 6" HissS M

] " HtesSCMdH dg' € j dzv nOOCIsjtedL iz Is! fRw
sztctss L Ho Bd3O f sdz' d3ts to NiltaHIz ¢ O -tHOH ) §8,9¢ Oy
b-Ni(OH), i o sdztsH ' ° BtezmMdIlsts sHO®BEASI | tdifs tdde ¥ds' A
dzOdetss  j dzj d3j dzls Otcdzts® € tad30,3 26 tzeizc =10,46@5 tzrz d3 W t€ @
' Misd s sHdzkz Wt iow), dzih S o oidlays ifw L {
d OC tso QaiztifOHB 0 d Minksm s * ¢ O dizly & Isq @ ¢  ezis d3’
h Jdias Bz Isfstdcs Btz ds Ols € d3'Cq dds © 0 M @& ,j dD Lis®¢
2/3,1/3,0, w=j0,25[10. (tdfy. 1. 1.1.)

10 tedfm. 1. 1. 2. LtBtOyjdts HJC dz €O | dz
odedL fis wh' tdmMkzdzC O By dZOsds Bzls szt &
h* fMis! BO OlstsBORB] EMdcj dzlz, w g L dzOn tSH W
B sOkzE IsOCddz yddesdz, hts Isted 'L dedm L dzO:
Iste-f * H dzj ¥ . Ni-ODTis 1§ ldz@02 {4tz o3



a) a,
1 Ni: (0,0,0)
2 0:(1/3,2/3,u), (2/3,1/3,
o 2 H: (1/3,2/3,v), (2/3,1/3,
| L.I,r” ,«T—>/
' % g 1 1
it dm. 1.1.1. S tc (DANE@H)Z ' —

ftos' Cy'w jodzj d3jdelsOte tdfm. 1.1.2. wlstk
jdzj B ZsOtcdm® VB4 @ ¢ HiesSMdHEZ: §tor

u= 0, 2220. 4275 [11] M 1jddIOoswmBEdc (
MW j N2t o jidY ¢ ' &30 dzj HR2K G j dzlz ,i dak@ 1ays

ulstclz ¢ BNE@IE), S &zOH O Is! MuNi(OH),, "t ‘odzlshso O dz
dZjdes Hts S todfls Odzs ¢ @O O ls ks O df didso” @lodeEd  difs ¢
B Otses ' 2 o' HMMsOdZ , LV Hise a Oslzj 2 i@ dz' L
UNi(OH)," B ' dz' h tc stz SheOM) 000 HW S d sk,
Ste'ls'sdeOdz’ 7 Osls d ydzsiz@B pizez® ugfs tzdze ' W figs Pdz’
0,7 dzcf3

3 NI (0,0,0), (1/3, 2/3,0), (2/3, 1/3,0)

6 OH: (1/3,0.2), (0,1/3,2), (2/3, 2/3.2)
(2/3,0.2), (0,2/3,2), (1/3,1/3.2)

2 H,0:/(1/3,2/3,1/2),(2/3,1/3,1/2)

»
.1—» b
a

fdfm. 1. 1. 3-Ni(OM)s:oter Is Htteds (€ y' v j dzj B )zl Ote
j dzj 03 dzls Ote z@I=VE B' 76 (& OC Is  Wdzj L dzO QQizdey, 7).
[ Oodz MMl tcde j &ad,C * ) jitdiOi[1F
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LOftesy sdatso OdzO W [Ct] & sjodejdzakj dz C k' ©C
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| | Hdzv DS dzdzy  JA3MH ( O'HY
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O A L EREs T Pists 2 € Is iz texP IsNsid] (

P Ni  wesds)  'iSOf kizdy dsHE3O s ts

5 0= o O, @RJO ldis hotisaizls O dz@30 i@ s © .

e wlsD €60l By — Noi (O

-5 i fls O deSOBIBBAzcE W ezO L o 6w LS

tdf). 1) ZOG Mo OdzO

¢€jCMOC s dz0O
@HdMmy J e’
ZOf W &3S OF
I 6 dzdze
1 j dzg €
Ni ,
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dz0 d&sdesr © 9" -

017 ® H

O IsOH Ofgas@ Is 02097dzd5 Is O
& dzts G s, c 0,0971dzg5 99 HH dgls{ | dz@C 5k
Wsdatsc S50 b te@tg Y &S ls "fplsCsH dz
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| HEcObtse Odz2 MitsdkkzSd d ¢jds, CMdej ds
sls tc d d30 dada™ | Bisy ks Flso ste® o Ols d fyvs 3 tod dz'd
f slste’ B dzts L KIO.W st Bz dzts

1 ted L B' dzr hj dadz’ | dieviz ff glztiz® | deC Md e f totsfls
G' HiesSCMdHE dz Cjodz¢ LB ' dz k' Is! fqw ¢ dzt C°
B Myj L d& 20 Ctodisdit Qiupn £ Mizc& § teizdetsdguw
W stz ' IsW AwO-Ni ®OH ( to.d M. dld3'1tc ¥69) O dadz™ d3q C
Mftcd2dvIsdzd o smlis’ odL dzOyJ dzts, hs Ek Is O¢ ¢
9 0dzj dzlsdzs Bz MilsOde' , "'ts fjtejodh zN(OH. Y [sif 8]
Jdzj Clstetsn’ 3 ydes Bz ¢ dMdej dede’ B s M detd & dzd
MistezS skztcdedis j BMfsa &Y o s

,*%3A Q. A
' 9 ¢ o VJV /
A2t e QA A | A
2 9 N
i -t
B-Ni(OH ) B-NiOOH

tdm. 1. 1. ®BN(OH).& j-NOGH [19].

lted yY' BdBkz L &zOyj dzdzy ff Otc @3l O 'de0 & St d filly @ o
o ' H=0,2126dzd5c= 0,4605dzd8 dzNi(OH), H 5 = B283 dzd3, = 0,485 dzdg dzv
B-NiOOH. w'lsdz'f Ml 2Ctsfmls’ y' ‘' fstekSkkted L
[20].

] tc Ols-NiOOH ° tcsdiB 5§ Hicd Yydaets® &ZzO0 todfm. 1. 1.
CjCMOCEdzOd &z skt 2dzz Ctsds €k, odMmts
BB Hisd Ydes® S ©6d. @datsdulz) tets'Ods®h 'z o
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L) i esd | @D dej nedeims s )
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l esfls" 6 &3 3y h Ot Odz( Ols,ifé\dsﬁ ”“‘dz Cj dzs
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