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ABSTRACT 
Boichuk V. . Synthesis, structural, morphological and electrochemical properties 
of nanocomposite systems based on Ni and Mo compounds and carbon materials. – 
Manuscript. 
Thesis for the degree of Doctor of the Physical and Mathematical Science in 
specialty 01.04.18 - Physics and Chemistry of a Surface. – Vasyl Stefanyk 
Precarpathian National University, Ivano-Frankivsk, 2019. 

 
The complete experimental study of the correlation between obtaining condi-

tions and structural and morphological parameters of composite systems based on 
carbon nanomaterials (CM) (reduced graphene oxide (rGO), micro- and mesopo-
rous carbon) and nickel hydroxides, molybdenum sulfides and oxides, ultrafine ni-
ckel-iron spinel, as well as capacitive characteristics of electrochemical capacitors 
based on these materials in aqueous alkaline electrolyte has been realized. The 
microporous carbons were obtained by chemical activation of previously carboni-
zated plant raw material. The comparative analysis of the influence of acid and 
alkaline activation conditions on the electrochemical properties of porous carbon 
materials has been carried out. It was determined that ultrasonic and nitric acid 
treatment causes the increase in the specific surface area from 950 up to 1880 m2/g 
for carbon materials carbonizated at 900°C and activated with orthophosphoric 
acid. The synthesis method allows controling the ratio of micro- and mesopores. 
The additional treatment procedures increase the specific capacity of electroche-
mical capacitors with aqueous electrolyte (6M KOH) by 1.5 times. The increasing 
of activation agent (NaOH) concentration in the case of alkaline activated carbons 
causes the increase in micropores volume regardless of carbonization temperature. 
The increasing of carbonization temperature from 600 up to 900 °C leads to the 
mesopores formation under the same conditions of chemical treatment with the si-
multaneous compaction of the material at macro-level. The specific surface area 
values increase with the increasing of activation agent concentration for once acti-
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vated samples obtained at 600 and 900 °C. The slight decreasing of BET surface 
area for double activated CMs obtained at the same concentration of activation 
agent was observed for both carbonization temperatures. Samples obtained at ma-
ximal values of NaOH concentration have a maximal (582 m2/g) value of specific 
surface area. The small deviation of flat band potential values was observed for 
CM synthesized at 600 °C when CMs obtained at 900 °C are characterized by 
changes of Efb values in a wide range. Double activated CM carbonizated at 600 °C 
and 900oC at m(NaOH):m(C) weight ratio equals to 0.75 have the highest charge 
carriers concentration in combination with the relatively high values of at band 
potential and have the best preconditions for good performance as an electrode ma-
terial for supercapacitors. The maximal values of specific capacitance of CM car-
bonized at 600oC and 900oC are about 100 and 120 F/g, respectively. The variation 
of activation agent concentration and the number of activation procedures allows 
controlling the specific surface area and relative content of micropores and 
predicting the contributions of double layer capacitance and diffusion-controlled 
redox capacitance to the total capacitance of microporous carbon. 

The comparative analysis of electrical properties of graphene oxide samples 
synthesized by Hummers and Marcano-Tour route and also reduced graphene oxi-
de samples obtained using hydrothermal hydrazine-assisted treatment was perfor-
med. It was determined that excluding the NaNO3, increasing of KMnO4 content 
and the use of H2SO4 / H3PO4 mixture determine structural and morphological pro-
perties of GO and rGO. Plate-like agglomerates of GO(H) samples consist of cohe-
rently scattered primary packages with average sizes of about 3.6 nm and width of 
about 3.4 nm while the GO(MT) material is formed by larger particles with ave-
rage sizes and width of about 6.6 and 5.6 nm, respectively. The activation energies 
of hopping proton conductivity for GO(H) and GO(MT) are 0.06-0.07 and 0.07-
0.10 eV, respectively. It can be assumed that the number of epoxy groups located 
on the edges of graphene sheet is increased for this material. It causes relatively 
more structural inhomogenity of rGO(H) after reduction. rGO(H) material consists 
of individual plate-like particles with the average diameter of about 15-35 nm and 
width of about 5 nm, whereas rGO(MT) material consists of randomly aggregated 
carbon packages (average width of about 12 nm) which form a mesoporous 3D-
grid. The fragmentation of rGO(H) material results in the higher concentration of 
structural defects and holes in graphene planes. Electrical conductivity of both rGO 
samples is caused by charge migration in the graphene fragments and the hopping 
transfer of charge carriers between packages of graphene layers. The different va-
lues of activation energy for rGO(H) and rGO(MT) materials (0.60-0.70 eV and 
0.06-0.08 eV, respectively) are the result of morphological differences between 
rGO(H)  and  rGO(MT)  samples  with  specific  surface  area  of  about  1154  and  
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856 m2/g and a pore volume of 0.66 and 0.29 cm3/g, respectively. Higher structural 
homogeneity of rGO(MT) contributes to charge carrier migrating in the meso-
porous grid of graphite fragments with lower activation energies when hopping 
migration between separate graphene packages in the case of rGO(H) involves hi-
gher activation energy of the charge transfer process. 

Ultrafine MoO2 and composite material of MoO2 with reduced graphene oxide 
(MoO2 / rGO) and nanoporous carbon (MoO2/C) were obtained by hydrothermal 
route.  All  the  samples  consist  of   monoclinic  MoO2 phase. Average sizes of 
coherent scattering domains for 2, 2/rGO  and  2/C materials were 
5.2, 6.0 and 6.4 nm, respectively. For 2/rGO composite material the average 
thickness of stacked graphene planes is about 1.8 0.3 nm (XRD data) so it consists 
of 2-3 graphene planes. The MoO2/C material is more homogeneous and small 
carbon fragments form "shells" around MoO2 particles. Graphene component is 
characterized by micro- and mesopores with maximum diameters of 1.45 and 
3.25 nm, when pore distribution for 2 are in the range of 7-20 nm. There is a 
«narrowing» of the pore distribution range for the oxide component of MoO2/rGO 
and MoO2/C composite materials, compared to the «pure» MoO2 that is the result 
of filling in the interparticle pores with carbon fragments. The electrical 
conductivity of the obtained materials was investigated by impedance spectroscopy 
(IS) in the temperature range of 25-200 oC and was fitted with Johnsher model. 
The electrical conductivity activation energy for MoO2 is 0,146 0,015 eV. The 
presence of two conduction mechanisms (activation energies of about 
0.10 0.01 eV and 0.23 0.01 eV) for MoO2/rGO dominating at different 
temperatures is observed. An increase in the temperature causes the redistribution 
of the electrical conductivity contributions for the oxide and graphene components. 
The models of MoO2/rGO and MoO2/C CM were proposed. The increased 
electrical conductivity of composite materials allows using redox component of 
MoO2 capacitance effectively. The specific capacitance value of the MoO2 / rGO 
composite material calculated from galvanostatic cycling data at 1 A / g current 
density reaches 395 F / g. The capacitance value of this material from CVA data is 
232 F / g at scan rate of 0.5 mV / s. The calculated values of diffusion coefficient 
are 1.3 10-12 and 4.1 10-12 cm2 / s for MoO2 / rGO materials with component ratio 
of  1:1 and 1:2,  respectively.  The scheme of possible mechanisms of MoO2 / rGO 
electrode redox response was proposed. 2 / mesoporous carbon (component 
mass ratio of 1:1) and MoO2 /  rGO  (component  mass  ratio  1:1)  have  a  close  
capacitance dependencies on the potential scan rate but further increasing of 
carbon content caused the decrease in Faradaic component and total capacitance 
value. MoS2 / carbon nanocomposite materials were obtained via hydrothermal 
synthesis at the presence of ionic (cetyltrimethylammonium bromide) and non-
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ionic (Triton-X) surfactants and microporous carbon. Micelles of detergents played 
the role of templates and initial shape and size of MoS2 particles. It is shown that 
the resulting material consists of MoS2 layers alternating with amorphous carbon. 
It was determined the increasing the interatomic distances within the (001) 
crystallographic plane for MoS2 nanoparticles and shown the presence of single 
atomic layers formed by S-Mo-S structural units without considerable inter-
stacking. The annealing at 500oC leads to the destruction of crystal ordering for 

MoS2 for composite materials obtained by surfactant-assited methods. The nano-
composite material obtained on the base of microporous carbon consists of tur-
bostratically stacked nanosheets of MoS2 with the relatively low ordering separated 
by amorphous carbon fragments. The annealing at 500oC leads to the agglo-
meration of MoS2 particles  and  the  formation  of  carbon  shells  around  them.  The  
use of MoS2/rGO and MoS2/C CMs as an electrode for aqueous electrolyte hybride 
supercapacitors allows achieving specific capacitance values up to 200 F/g. 

Simple and effective hydrothermal synthesis of -Ni(OH)2 / rGO using ultra-
sonic dispersion of hydrothermally synthesized -Ni(OH)2 and chemically reduced 
graphene oxide was proposed. The preferred orientation of -Ni(OH)2 crystallites 
in (001) crystallographic plane was observed. The increasing of carbon component 
in composite material leads to the increase in sample dispersion degree. The incre-
asing of interplanar distance along crystallographic direction c for -Ni(OH)2 /rGO 
composite (component’s ratio of 1:2) can be explained by insertion of carbon 
atoms. The frequency dependencies of conductivity of initial components ( -
Ni(OH)2 and rGO) and composite materials at different component’s ratio were 
investigated. The protonic conductivity mechanism is dominating for pure -
Ni(OH)2 up to 150 oC. Activation energy of electronic conductivity for reduced 
graphene oxide was about 0.07 eV. The frequency and temperature dependences of 
electrical conductivities were observed for the samples with component ratio of 1:2 
and 1:1. The formation of -Ni(OH)2/rGO nanocomposite at component ratio of 
1:2 leads to frequency-independent conductivity with activation energy value of 
about 0.06 eV. The dominating of electrostatic and Faradaic capacitance response 
was observed for rGO- and -Ni(OH)2-based electrodes, respectively. The maximal 
capacitive performance was observed for -Ni(OH)2/rGO composite material with 
component ratio of 2:1. The specific capacitance increasing for -Ni(OH)2/rGO 
system in comparison with pure -Ni(OH)2 and rGO is a result of increase in both 
electron and ion transfer (the growth of K+ ions diffusion coefficient  from 2.1 10-12 
to 4,5 10-12 cm2/s was observed) due to the increase in electrical conductivity and 
electrode / electrolyte interface area. 
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The hydrolysis of iron and nickel salts was analysed from the viewpoint of 
partial charge theory. A relationship between the pH and the protolysis degree (h) 
was established. It is assumed that nucleation of specific phase is caused by spatial 
arrangement of the primary monomers M(OH)h(OH2)6-h](4-h)+ (M=Fe3+, Fe2+, Ni2+)  
during the polycondensation. The use of UV-vis spectroscopy allows observing the 
changes of optical transmission of iron nitrate and nickel nitrate aqueous solution 
at  predicted  pH  values  which  correspond  to  formation  of  different  types  of  
hydrocomplexes. In particular, at pH values of about 11.0 the formation of 
[Fe(III)

2Fe(II)Ni ) 2-( )2(OH2)10]+4 complexes begins with the next olation and 
oxolation and that leads to nucleation of oxyhydroxydes as a centers of spinel 
phase formation. The crystal-quasichemical analysis revealed the precence of non-
compensated nagative charge in B-sublattice of NixFe3-xO4-  spinel at >0 values 
when electrical neutrality of crystal lattice at <0  is  a  result  of  mutual  charge  
compensation in the octahedral sublattice. Under >0 condition the concentration 
of Fe2+ Fe3+ pairs that are responsible for percolation-type elelctrical conductivity 
decreases linearly with the increase in the concentration of Ni2+ regardless to 
anionic nonstoichiometry. At <0 the formation of cation vacancies in octahedral 
sublattice are probable at Ni2+ ions concentration <0.4 at/ per unit formula when 
the anionic non-stoichiometry is predominant at the relatively higher Ni2+ ions 
concentration values. These conclusions were experimentally tested at the 
synthesis of ultrafine iron and nickel spinels.  

Ultrafine nickel iron spinel NiFe2O4 and NiFe2O4 / rGO nanocomposite mate-
rials were synthesized via self-combustion method using glycine (G), citric acid 
(CA) and urea (U) as a chelating agent. The obtained powders were annealed at the 
temperature of 600 oC. The average crystallite sizes for NiFe2O4 materials obtained 
at glycine- and citric acid-assisted routes are smaller in comparison with composite 
materials annealed at the same temperature. At the same time NiFe2O4/ rGO com-
posite materials obtained using urea as chelating agent has smaller average particle 
sizes compared to the pure NiFe2O4 obtained under the same conditions. The su-
perparamagnetic behavior of nickel spinel nanoparticles for NiFe2O4 and NiFe2O4 / 
rGO materials was investigated. It was determined that the highest temperature sta-
bility of ultrafine particles is observed for NiFe2O4 (G)  and  NiFe2O4 / rGO (U) 
samples. The average particle sizes of NiFe2O4 (G) after annealing at 300oC calcu-
lated from Mossbauer data are about 12 nm that is very close to the results obtai-
ned from XRD data – 11 nm. The difference in structural and magnetic properties 
of NiFe2O4 (U) sample are explained by the predomination of RLCA-type of pri-
mary clusters aggregation at a stage of gel formation with the obtaining of relati-
vely large particles during the combustion process. The implementation of DLCA-
type aggregation for NiFe2O4 (G)  and  NiFe2O4 (CA) materials causes relatively 
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smaller average particle sizes. The presence of graphene oxide colloidal particles 
leads to the formation of growing centers in the reaction medium that results in the 
promotion of cluster aggregation for NiFe2O4 / GO (G)  and  NiFe2O4 / rGO (CA) 
materials and the increase in average particle sizes. For NiFe2O4 / rGO (U) sample, 
the presence of graphene oxide particles leads to the transitions from RLCA- to 
DLCA-type of aggregation with a significant decrease in average particle sizes. 
The  use  of  NiFe2O4/rGO (U) composite-based electrodes allows reducing the 
agglomeration of particles and obtaining high values of the specific surface area 
(up to 136 m2/ g) with specific capacitance up to 215 F/g at the value of effective 
diffusion coefficient of about 3.9 10–12 cm2/s.The comprehensive analysis of the 
influence of morphological and electrophysical properties of composite systems 
based on ultrafine nickel hydroxide and molybdenum oxide and sulphide, iron-ni-
ckel spinel and CMs on capacitive characteristics of electrochemical capacitors 
that are formed on their basis allowed to outline the ways of hybrid devices develo-
ping with electrostatic and pseudocapacitive mechanisms of charge accumulation. 

Keywords: carbon nanomaterials, reduced graphene oxide, Ni(OH)2, MoO2, 
MoS2, NiFe2O4, pseudocapacitance, electrochemical capacitor.  
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 . 

 2  
 90 ° .  

 
 600 °  (  BS600), 700 °  

(BS700), 800 °  (BS800)  900 °  (BS900)  20 .  
 5%-  



58 

HCl  pH  90 °  
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,  

 ( .2.10).  
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,  (  
BS600) - .  

 
 

.  
 0,65  1,55 ,  

 3,2 .  
 

.  
 

 (  
-15, Lonza Group, Basel, )  

 3:1.  
 6 . ,  

,  
 «25 25».  

 0-1 ; 
 10-150 .  

 AS.  
,  

.2.14, . 
 

, -
,  (  140 -

 10 )  BS600 ( .2.14, ). 
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, ,  
 

0,25 0,04 2. 
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 0,25-

1,00 )  
 600  900 . 

, 
 200-

250 -
 

.  
 

-
 (m(NaOH)/m(C))  

0,25; 0,5; 0,75  1,00 ,  
.  2 , 

 90 °  
600 °    10 °  20 .  

 
.  HNO3  

 50 °  N2.  
-

 EDS Quantax (Bruker Nano GmbH)  
 VEGA 3 TESCAN. -

 ED  
.2.19.  

 2,9 ± 0,3 . % . -
 [79],  N-  

 3,1% . 
  

 90 ° . -
. -

 m(NaOH)/m( ), 
  ,  

. , MC-025-600-1 – , 
 m(NaOH)/m(C) = 0,25  

 600 °  
.  MC  2. 

 [80]  
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 2  
,  

 MC 
 

 
SBET,  

2  
Smicro, 

2  
Vmicro, 

3  
Smeso, 

2  
Vtotal, 

3  
ND,  
cm-3  

Efb,  
V 

MC-025-600-1 268 268 0,06 – 0,06 2,33x1020 -0,40 
MC-05-600-1 320 320 0,08 – 0,08 1,20x1020 -0,14 

MC-075-600-1 423 423 0,12 – 0,12 9,98x1020 -0,39 
MC-1-600-1 408 377 0,16 31 0,18 1,12x1021 -0,39 

MC-075-600-2 417 395 0,12 22 0,13 4,03x1021 -0,43 
MC-1-600-2 379 289 0,14 90 0,21 1,95x1021 -0,47 

MC-025-900-1 168 132 0,07 36 0,10 4,26 x1020 -1,39 
MC-05-900-1 197 150 0,08 47 0,12 1,43 x1021 -2,83 

MC-075-900-1 321 215 0,11 106 0,20 1,10 x1021 -1,08 
MC-1-900-1 582 551 0,23 31 0,25 7,01 x1021 -1,36 

MC-075-900-2 351 250 0,12 101 0,20 1,52 x1022 -0,90 
MC-1-900-2 566 520 0,22 46 0,25 2,58 x1021 -1,91 

 
-

 MC -
 180 °  18 . -

 BET.  (Vmicro, 
3 ), - (Smicro,  2 )  (Smeso, 

2 )  t .  
 NLDFT .  

 
600 °  ( .2.20, ), -

 m(NaOH)/m( )  I , 
,  IUPAC.  

-
 ( .2.20, ). ,  

, , -
 (IV ),  

 
 ( .2.20, ).  

,  
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900 ° ,  
 m(NaOH)/m(C)  0,25  0,75, 

,  NaOH 
 

.2.20, ).  
, , 
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,  
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,  
 ( .2.24).  

600)  2 =15-30  40-
50 ,   ( -  

)  
, 
-
 
 

.  
-
 

-
,  

-
 ( .2.25)  

 
-
 
 

 (  488 )  
T64000 Jobin-Yvon .  

 1 2,  
.  

 
,  

.  
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 E2g 

 sp2  
.  D -  

  sp3 , -
-
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,  
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 ID/IG   -
-

 (m(NaOH):m(C)) -
 0,75, . , 

,  
 

m(NaOH):m(C) = 0,75   ,  
 m(NaOH):m(C)  1. -

 (ID/IG )  1/La [83]: 110 4(2.4 10 ) /a D GI I ,   La ( ) –  

,  ( ) – -
. -

, -
. 2.25 .  

 m(NaOH):m(C) = 0,75 -
 (600  900oC) -

. -
 0,01   - 100  

 Autolab PGSTAT12 -
 GPES/FRA-2.  

 
 Ag/AgCl .  
, -

 
,  Zview-2.  

 
, -

. ,  
-

 [84]:  
-

; -
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. 
, -

 
-

.  
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,  
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,  
, .2.29.  

 Rs-(R1-CPE1),  Rs –  
.  ( ) 

 
CPEP

CPE
CPE

iT
Z

)(
1 ,  PCPE 

 0  PCPE  1,  TCPE ,  PCPE = 1, 
 PCPE = 0,5 ,  PCPE  0.   

 CPE1  
 

,  
, . 

 R1,  CPE1,  
. -  

 C2-(R2-CPE2),  
2-R2 -  

, 2 –  
,  R2– ,  

,  
, .  CPE2-(R3-C3) 

 
,  

. , 
 [85]. 
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, . ,  
 R1  

,  
.  R1  

.  R1  
,  

 
.  R1  

, . 
 

. 3 
 MC, 

 
 

 
 CPE1-T  

.  
 CPE2-P  0,39  0,45 , 

 600 °  0,36 0,55 ,  
900 ° , .  

 CPE2-P  0,5  
 [86]. -

 (R3-C3)  
-

.  CPE  

 Rs, Ohm R1, Ohm CPE1-T CPE1-P CPE2-T CPE2-P R3, Ohm C3, mF 
MC-025-600-1 0,15 – 0,39 0,78 1,80 0,39 – – 
MC-05-600-1 0,10 – 0,96 0,95 2,68 0,43 – 4,98 
MC-075-600-1 0,14 – 1,84 0,84 5,48 0,41 – 7,87 

MC-1-600-1 1,78 0,52 2,44 0,89 3,67 0,45 2,03 1,26 
MC-075-600-2 0,28 0,87 1,79 – – – – 0,31 
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. ,  

900 ,  (  120 )  
-1-900-1, -

. , 
, -075-900-2 -1-900-2  

 (  
-075-900-2) .  

, ,  
,  

 (  ) -
. -

, -
-

 900  
 

. , -
-

 (  950  900 2 )  
 
 

 (6  
).  

 (  1660 2 ), 
 1880 2 .  

,  
- .  

 ( -
-  

 – 175-200 -
 200-10 .  

,  
. 

, 
 NaOH  

 
 



91 

 (600  900 ° )  
 

- .  
 

. , -
, , -
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 [89]  

, , 
,  

 [90],  [91]  
  [92]. 

 

3.1.   
 (GO) - , -

,  
. -

, ,  – 
 [93].  
 ( ) -

.  
 

.  
 -  (GO) ,  

, ,  
 ( .3.1) [94].  

 
.3.1.  

 1,62-2,57 [95].  GO  
 2 - 4,   8 4 5 - 8 2 3 

[96].  
,  – 

,  
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,  
 ( .3.2).  

,  
 ( ,  

, ).  
) ,  [97] 

 
.3.2.  [97]. 

,  
,  

,  
 

.  
-

, -
-

. -
 

.3.3), -
 C-O- -

 [98]. 
, 
-
-

 GO  [99].  
 sp2–   sp3 -

,  
 

 1,3 -
 4 , -

.  

 

.3.3.  
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) (CF)n,  
–F  sp 2  

 sp 3  [100].   -
,  

,  [101].  
 

-
) (C2F)n,  [102] , 

.  
 GO,  [103], -

, -
, . 

 
 ( .3.3) [104],  

 ( ) , -
,    

 [105]. -
  [106], -

. , , 
, , 

,  
. 

-
,  

0,7 .  
,  [107] 

. 3.4.  
 

 0,6-0,8  
 

.  
-

 sp2  sp3 -
, 
 
 

. 

 
.3.4.  

,  
  [107] 



96 

3.2.   
 GO  

 
)  [108]  

 
, -

 ( . 3.5).  
, , H2SO4, HNO3, KMnO4, KClO3, NaClO2 . 

[109] 

 
.3.5.  

 [110]. 

 
 19 

.  KClO3  1:3  
 HNO3  60 °  4 .  

 HNO3  H2SO4  
 KClO3  7 ,  

.  
 

 
 [111], ,  

[112].  NaNO3  K2MnO4 (  
 3:0.5)  H2SO4. -

 ( ),  KClO3 
 K2MnO4  ( -

 ClO2),  NaNO3  HNO3  
 [113].  

(NO2  N2O4)  Na+  NO3–,  
. 
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 [114],  KMnO4 
 NaNO3  

H2SO4/H3PO4  9 : 1  50°C  12 .  
,  

,  
.  GO  

 ( )  
 GO [115].  

 
 (  GO  

 4-6 ),  GO  
,  

.  
 NaNO3  NO2,  N2O4  

ClO2, . 
 

3.3.   
 
 

.  [116],  C1s 
XPS  FT-NMR  13C,  GO  

,  
.  GO 

,  
 

.    
 

.  
 (rGO):   [117],  

[118],  [119],  [128] .  
 

-
 GO.  2000  
2  

.  
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,  40  300 ° ,  1000 °  – 130  

[120]. ,  
 GO  2,5 . -

,  
,  

, . 
 

, -
 

 [121]. -
,  

, -
-

. , . 
 

 30 % [121],  
.  

 
 [122].  

 
, , -

, -
   [123].  

 
. 

,  [121]  <500 ° -
 = 7,  750 °  – 13.  

,  
 500°  50 ,   

700°  – 100 ,  1100°  – 550  [124].  [125]  
 2000°  

,  
2000 =15-18.  

, . ,  
 

 GO .  [126] 
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 GO  Ar/ 2  450°  
 

 1000 =14,9. 
 

-
, -

.  ,  
[127]  45  
700 , ,  

 280 .  
 10  40  

. ,  
,  GO ,  

, .  
 

 
 ( )  

 1 2. -
-

 [128].  GO -
, -

, , -
 10 . -

 
.  

 
 

GO .  
 
 

.  
 [129].  

 ( , )  
 

. -
 C / O  10. -
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 rGO, -
,  99,6  C / O  12,5.  

, ,  (NaBH4) 
 

, ,  
, ,  

NaBH4 , ,  [130].  
 [131].  

rGO  
C / O  12,5  77  / .  

 
.  

, , ,  
 ( , NaOH), , ,  

 ( , NaBH4).  
, ,  

,  
 

(rGO) .  
 
3.4. ,  

  
  

 
 [111].  (Aldrich, #282863,  

5 )  NaNO3 (2.5 )  H2SO4 (110 , 
98 %)  0°C.  
KMnO4 (15 )  30  
5-10°C.  GO  Mn  NaOH 

 pH  10  
.  3  35 °C  

.  (230 )  
 50 °C . 

 95 °C  H2O  (360  )   H2O2 

(40 , 30 %).  
 (4 , 150 W)  (  30  

), ,  
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 HCl (125 , 10 % ),  
.  

,  60oC -
,  GO( ). 

  
 [114] 4  (Aldrich, 

#282863)  184  H2SO4  
 4 .  KMnO4 (24 )  

 5 °C  30 .  35 °C 
 2  H2O (184 ).  

 4  H2O 
(184 )  H2O2 (30 %)  . 

 1 ,  
 HCl =7.  

,  
 60oC  GO( ). 

 GO -
.  GO  

(200 ) .  (3,00 ) 
, -

 120oC  24 .  
,  85°C 

.  rGO( )  rGO( )  
.  

,  
 ( . 3.6 )  2    

 11,64o  10,28o.  ( .3.7)  
 – 0,76  0,86  GO( ) 

 GO(MT),  
,  0,335 . -

 
 [108]. -

 (002)  
/ cosD K ,  K = 0,89,  –  (0,15405 ),  –  

 2  –  
.  (10) 
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 2  = 42o  
 (D)  K = 1,84 [132]. 
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 D = 6,6  L = 5,6 , 
 5–6 . -

.  rGO( )  rGO(MT),  
 ( .3.6, )  ( .3.8). 

 rGO( )  2–3 ,  
 0,75  2,5 .  
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0.01 0.1
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.3.9.  ( )  (  
) , .  

 
 

-
 

 I=f(s),  n = 2 
, 2 <n <3 – , 3 <n <4 

, n = 4  
 n> 4 .  

 rGO  
 (n=4)  (n=1,90)  

-
-

. -
 I=f(s)  n = 3,58  

 s 
),  

-
 

. -
 Ds  

 6-n.  
 (Rg)  

-
, -

 lnI=f(s2) 
. 3.9, )  

-
 Rg
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,  2,1, 3,0 
 25 , . , ,  rGO -

, -
 2,42.  D -

 Rg [133] 52
3 gD R .  (65 15 ) 

 S .  
 rGO -

 
ln(Is)=f(s) ( . 3.9, ).  L  

 R  

 
2 20

exp
2

gs RI
I s

s
,  

2
2

2g
RR . -

,  L << R  
  ,   5,2 ± 0,4  5,7 ± 0,4 .  

 F(d)  (d–
),  

 GNOM [134].  F(d)  
-

 4,2  
7,6  45:55 ( .3.10). 

 SEM ( .3.11)  ( .3.12)  
, 

, . 
 
 

 
 

.3.11. , 
 GO,  ( )  ( ) 
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.3.12. , 
 GO,  ( )  ( ) 
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, -
,  1154  856 2 -1  rGO( )  rGO(MT) -

 0,66  0,29 3 -1 ( -
 BJH).  (DFT ) -

 0,5–15,0 -
 rGO( )    1,3  3,3  

.3.13, ).  rGO(MT) -
 1,3-5,5 .  rGO(MT) -

 
rGO( )  1,4-1,5 .  

 rGO( )  rGO(MT), 
.  

 GO  rGO  
 20-200 ,  (  

0,5-0,6 , -10 )  10  
1,5-2,5 .  0,1  
105 ;  

 ( . 3.14).  
 

 75 C . -
 (f),  GO( )  GO(MT)  ( . 

3.14, ).  GO(MT) -
,  GO( )  

 101-103 ,  
 (f) , -

. 
 25-75oC  

 
 (–OH, –COOH,  C–O–C),  

.  
. ,  

 GO ,  
 [135].   -

 6 10-5  
2 10-2  55  90 % [136].  

,  (T)  T 100oC . 
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 (  ln( ((T))  T-1)  
 25-75oC ( . 3.14, - ).  
 0,06-0,07  0,07-0,10 e  GO( )  GO(MT) -

. , ,  
 

,  GO [136].  
 (< 0.1 e )  

,  
.  
 

, ,  
,  

.  
 

 rGO(H)  rGO(MT) ( .3.15, )  ( .3.17, ) 
 

.  

 
. 3.15.  rGO(H): 

(T) ( ),  (f)/ dc  ( ),  dc  
  ( ),  dc   ( ) 

) )

) )
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 (T)  

.3.15, .3.17, ): 2 21
dcT

T
,  dc – -

,  – . -
 (f)  rGO  dc; 

 ( .3.15, ),  
 

 [137].  rGO(H)  
 dc(T) –  25-100oC  

 ( .3.15, ),  ( .3.16, ).   
 rGO( )  –  

 ( .3.16, ).  
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 rGO(H) (a)  rGO(MT) ( )  

 dc     ( .3.15,  3.17, ) 

 0 exp a
dc

ET
kT

 0 exp aET
kT

,  Ea 

– , 0  0  
 [138].  Ea,  

 ln( dc) (1/T)  ln( )(1/T)  0,58  0,69 e , 
 ( .3.15, ).  

 (f)/ dc,  
rGO(MT),  ( .3.17, ), 

.  
 (f)  dc  ,  

 

) )
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 ( .3.17, ).  
 )   ( .3.16, ). -

 Ea,  dc(T)  (T) ( .3.17, 
)  rGO( )  0,081  0,055 e ,  ( .3.17, ). -

 rGO  >1000 Hz  
,  

 
 

.    

  r ( r j )  

 [139]: 2 21
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T
 2 2
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s T

T
,  s – 

,  –  
,  – ,  –  

, (T) – .  
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(T) ( );  (f)/ dc  ( );  dc  
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) )
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, ,  

 Z  Z  ( . 3.18, , )  

. 3.19, , ) : 2 2
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Z l
SZ Z  2 2
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Z l
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0SM Z
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0SM Z
l
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, 
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) )
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.    

 
,  

 [139].   
. 

,  
 

 [140].  

 tan /  
.  

   
,  

 ( . 3.18, , )  ( . 3.19, , ).  

 ,  
2 2

01
s T

T  
2 2

2

2 2
s s

,   
.   GO  rGO   -

 sp2 . ,  
 10-9    40%  sp2  

 35 .%)  103 ,  
sp2 ,  80% (  10 .%) [141]. 

,  GO,  
,  

,  sp3 , 
.3.14, .  

 rGO  
 

.  [139], : 0/T .  

ac ,  
 ( . 3.15, , 

.3.17, ).  ( ')  
, ,  

 rGO(H)  rGO(MT)  125 °  75 ° . 
 ( '')  
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,  
 

, ,  
.  

 
, ' '' [142]. 
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25 50 75 100 125 150 175 200

1x106

2x106

3x106

rGO(H)

'

 

Temperature, oC

 100 Hz
 1000 Hz
 10000 Hz
 100000 Hz

25 50 75 100 125 150 175 200

0

2x106

4x106

6x106

8x106

rGO(MT)

'  

Temperature, oC

 100 Hz
 1000 Hz
 10000 Hz
 100000 Hz

 

25 50 75 100 125 150 175 200

106

107

108

109

rGO(H)

''

 

Temperature, oC

 100 Hz
 1000 Hz
 10000 Hz
 100000 Hz

0 25 50 75 100 125 150 175 200 225

106

107

108

109

rGO(MT)

''  

Temperature, oC

 100 Hz
 1000 Hz
 10000 Hz
 100000 Hz

 

0 25 50 75 100 125 150 175 200

100

101

102

103

rGO(H)

ta
n

 

Temperature, oC

 100 Hz
 1000 Hz
 10000 Hz
 100000 Hz

0 25 50 75 100 125 150 175 200 225

100

101

102

103

104
rGO(MT)

ta
n

 

Temperature, oC

 100 Hz
 1000 Hz
 10000 Hz
 100000 Hz

 
 

. 3.19. ' ( , ), ''( , )  tan  ( , )  
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, 
-

. -
 (Lerf-Klinowski)  [117]. -

 
 

,  sp2 
 [96].  

.  
,  
.  

, 
 [141]  C1s XPS  [116].  

,   
.  sp2  

 
 [108].  

, ,  
 

 [143].  
.  

.  
 

.  
GO  

,  
 FTIR  [144], [145],   

[146].  
,  

 [116].  GO 
.3.20.  

 rGO(H)  rGO(MT) -
,  

.  
 rGO(H), ,  

 
. ,  GO  
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 100 ,  
 200  [116], -

 rGO, , 
  ,  « » 

 ( 85oC). ,  
-

.  
,  

, , -
,  GO. -

 GO(MT)  GO(H) -
.  

 [114], ,  NaNO3,  
 KMnO4  H2SO4/H3PO4 -

 
-
 

. -
,  

-
-
 

-
 ( .3.21, ). 

 
,  

-
 GO, -

, -
 rGO [147]. 

 
-
-

 GO 
-

 sp2- .  
-

 
.3.20.  

GO  

)

)

)

)

)



117 

 5-200  [148] 
 sp2  [141]. 

 GO ,  
,  

 GO(H).  
 

–  
 [149]. 

 
.  

 
 

-
 

-
 

GO(H),  
-

 GO( ) 
-
-
 
 

.  
-
 
 

,  
 

-
,  (GO(H))  

 (GO(MT)),  
(rGO),  

-
 NaNO3,  KMnO4  

H2SO4 / H3PO4. ,  GO(H)  
,  

 

.3.21.  rGO   
 

 GO,  
 ( , , )  
 ( , , ). 

)

)

)
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-Ni(OH)2+OH-  NiOOH + H2O + e-. 
 

. -
,  

 ( . 5.22, , , ),  
 

.  
 

.  
 (C), ,  

 [239].  
 rGO  -Ni(OH)2  65  18 -1  

 0,5-5 -1 .  ( )). 
 -Ni(OH)2 / rGO  -Ni(OH)2  

 (145 -1  s = 0,5 -1)  
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 -Ni(OH)2 / rGO  102  89 -1  
 1:1  1:2 . 

, , -
   

 15 ,  1-2 , -
 0,49±0,03 . 
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 [243],  [244].  

 [245]  
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: 
3
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2
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 ( )  
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 Fe2+,   Ni2+,  h  1 
=10-11  h=2 =13-14.  

 
 11, ,  

 [Fe(III)(OH)2(OH2)4]+  
[Fe(II)(OH)(OH2)5] +.   -   
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 [274] ( .6.16). 
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[Fe(III)(OH)2(OH2)4]+  [Fe(II)(OH)(OH2)5] +;  – -,  
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 ( . 6.17): 
 [Fe(III)(OH)2(OH2)4]+ +[Fe(III)(OH)2(OH2)4]+  (  1),  

 [Fe(III)(OH)2(OH2)4]+ +[Fe(III)(OH)2(OH2)4]+ (  2)  
 [Fe(II)(OH)2(OH2)4]+ + [Fe(II)(OH)2(OH2)4]+ (  3)  
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.
 

 

 +2  
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 Fe(III)  Fe(II) , , 

 
[Fe(III) Fe(II) ( )3(OH2)7]+2    

.  
 ( .6.18). 
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[Fe(III)

2Fe(II)
2 )6(OH2)10]+4 

2[Fe(III)(OH)2(OH2)4]+ [ Fe(III)
2 )4(OH2)6]+2 + 2H2O, 

[Fe(III)(OH)2(OH2)4]+ +[Fe(II)(OH)(OH2)5]+  
[Fe(III) Fe(II) ( )3(OH2)7]+2 + 2H2O, 

2[Fe(II)(OH)(OH2)5]+ [ Fe(II)
2 )2(OH2)8]+2 + 2H2O 

2[Fe(III) Fe(II) ( )3(OH2)7]+2  
[Fe(III)

2Fe(II)
2 )6(OH2)10]+4 + 2H2O, 
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 1040  ( .6.23, ), -
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[Fe(III)

2 )4(OH2)6]+2,  [Fe(III)Fe(II) )3(OH2)7]+2,  [Fe(II)
2 )2(OH2)8]+2,  

[Fe(III)Ni(II) )3(OH2)7]+2  [Ni(II)
2 )2(OH2)8]+2.  

 11,35  
[Fe(III)

2Fe(II)Ni ) 2-( )2(OH2)10]+4  
  .  
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 NiFe2O4 ( .6.28)  
,  Ni2+ ( <0,3) -

,  
.  (  

 )  0,0<x<0,4,  
. 

,   
[294]  [295]. 

 
 
6.5. ,  

 Fe3O4  NiFe2O4 

-
.  

 ( )  ( )  
 Fe2+/Fe3+=1/2.  2  

l,  Fe2+.  125  
 0,3  Fe3+  0,15  Fe3+ -

  1 .  10%  
NH4OH .  

 7,5-8,0. 
 

70-80 C  24 .  
,  

,  
 ( .6.29, ).  

 (311) ,  
 

 D  (  

, =0.89): 
0,89

cos
D  ,   –  Cu-K -

,  -  ,  –  
.  

 (311)  
 2 =30-40   

 ( .6.29, ).  



233 

10 20 30 40 50 60 70
2 , degree

In
te

ns
ity

, a
rb

. u
ni

ts

spinel

NiFe2O4

Fe3O4

(400)
(220)

(440)(311)

30 32 34 36 38 40

NiFe2O4

Fe3O4

(311)

In
te

ns
ity

, a
rb

. u
ni

ts

2 , degree   
 

. 6.29.  Fe3O4  NiFe2O4 ( )  
 2 =30-40   

 ( )  (311) ( ) 

 

 Fe3O4  NiFe2O4 
 (2,93 0,22)  (2,84 0,19), ,  

 3,0 0,2  
.  

,  
-

. 
 /  

 H4  IUPAC 
[296]. ,  

,  
.  

 NiFe2O4 -
 p/p0,  Fe3O4,  

. 
, 
 

 (S ).  
 S  [297]  

 (P/P0; 1/[ ((P0/P)-1)]),  -  
.  

) )



234 

0.0 0.2 0.4 0.6 0.8 1.0

20

40

60

80

100 NiFe2O4

Fe3O4

Relative pressure, p/po

Vo
lu

m
e 

ad
so

rb
ed

, c
m

3 /g

2 4 6 8 10 12 14 16
0.000

0.002

0.004

0.006

0.008

0.010

 NiFe2O4
 Fe3O4

Po
re

 v
ol

um
e,

 c
m

3 /g

Pore diameter, nm  

. 6.30.  
 Fe3O4  NiFe2O4 

 Fe3O4  NiFe2O4 
 135  163 2 .  

 d  6

ï èò

d
S

 ,  

.  [298]  5,16 
3 (5,16 106 3). ,  

 8 .  NiFe2O4  
5,375 3 [299],  7 . 

,  
,  
.  

-
 

 [260].  
 

.  
 – .  

 ( ),  
 ( )   ( .) , , 

 ( ).  
, 

.  
   

,  



235 

. ,  
,  

-
, .  

 
,  

, , 
,  

, , . 
 

  
2sinE K V ,  , V- .  

 f  

 [ , +d ]  
0

exp sin

xp sin

E
kT

f
E dkT

.  

 
 

 kT KV .  
, -

 

: 0
0

exps
KV
k T

, 

 

 0-  

,  
-

. -
 

0,98 10-7  ( .6.31).  
, -

 
 –  V, 

 
,  

 
.  

 
. 6.31.  

 
 

57  



236 

 
. , 

  3 105 3 (3 104   3) 
 [300]  1,06 105 3 (1.06 104   3) [251]. , 

,  [301]  
 

 10-30  
6 10 6 3,   6 10 5 3. ,  

. 
,  [302]  

 S
V

KK K
a

,    Kv  Ks 

–    
,  –  

.  -
 

-
-

, -
 [303] ( .6.32).  

,  
 

-
-

 [304]: 
2 3, 1 2.27 10.42 6.54oK a x K a x x x , 

  –  ( .6.33). 
,  

,  
 

. , ,  
,  

[305]  [262].  
 ,  

,  K  V  
 / -

.  [303]  

 
. 6.32.  

, -
 (  

  ) [303] 



237 

 
. ,  Fe3O4  

 177 , , -
 90 .  

-
-

,  
 

[306].  
-
-

.  
 
 
 
 

,  
  

 ,  
 .  

,  
,  

.  
 [307]  

,  
, , 

  ,  
.  
,  

, -
 ( , -

 [308]); -
 

[309].  
, , -

, , -

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

K(
a,

x)
/K

0(a
)

,  

. 6.33. -
-

-
 (  [304]) 



238 

,  (  
, ),  

.  
-

 ( . 6.34, , ). -
, , -

, -
, ,  Fe3O4  

, ,  
 NiFe2O4 , -

.  
 

 

-10 -5 0 5 10

In
te

ns
ity

, a
rb

. u
ni

ts

Velocity, mm/s

240 K

290 K

210 K

180 K

160 K

120 K

80 K

-10 -5 0 5 10

290 K

240 K

200 K

160 K

120 K

80 K

Velocity, arb. units

In
te

ns
ity

, a
rb

. u
ni

ts

 
. 6.34.  Fe3O4  NiFe2O4  

 80-290   
 

 
,  



239 

.  
-

   
 57Fe  " "  
. -

, ,  
 r  

 Fe57 ( 0 = 1,4 10-7 ).  
 Fe3O4  120 ,  

,  – -
,  57Fe , -

-  ( . 6.34, ).  NiFe2O4 -
 80 -

 ( . 6.34, ), . -
 

,  
 

 57Fe ( . 6.34). 
 

 V  [310]:  

0, , 1
2
kTH V T H V T
KV

, 

 0 ,H V T –  

. , ,  [311]  
 

  (1,3 1,9) 105 3,  
-

 ( ).  
 ( ) ( .6.35, )  

, ,  
 80  ( .6.35, ).  

 



240 

50 100 150 200 250 300
440

460

480

500

520

NiFe2O4

Fe3O4

R=0.96

Hy
pe

rf
in

e 
fie

ld
, k

O
e

R=0.99

Temperature, K  
50 100 150 200 250 300

0.92

0.94

0.96

0.98

1.00

NiFe2O4
Fe3O4

No
rm

al
iz

ed
 h

yp
er

fii
ne

 fi
el

d

Temperature, K  
. 6.35.  ( )  ( )  

 57Fe  
Fe3O4  NiFe2O4  

 

 
.  

 Fe3O4  NiFe2O4 
 (3,42 0,36) 10-4 1/  (6,04 1,19) 10-4 1/ .  

 
 - 

(9,5 0,3)  (7,9 0,5)  Fe3O4  NiFe2O4 . 
, ,  

 
-

.  
, ,  

[Fe(III)
2Fe(II)Ni ) 2-( )2(OH2)10]+4,  

 
 pH 11,0.  

 NixFe3-xO4- ,  
  0,0<x<0,4  

 
. 

 
 Fe3O4 

 NiFe2O4 . -
. 

 [240-311]

) )



241 

 7 

, -
 

 
 

,  
 -  [312]  

 [313]  [314] ,  
 [315]  

 Li-  [316]  
 [317].  

,  
,  

 
.  

 15-25 , 
 

 < 10 .  
 ,  

 
 
 

.  
 3d-  ( , )  

 [318].  
 rGO  

,  
 
 

 ( ) [319]. 
/rGO  

, -
,  NIS/rGO -

-
.  

  



242 

7.1. ,  
 

 

 
 

 ( )  ( ),  
, .  

. -
 

.  
 (  NIS). 

 (1,164 )  
 (3,234 )  (120 )  

 25 .  
 

 10,0.  
 180°  10 . 

 
 60°  

.  
)  (Fe) [Fe1.6Ni0,4] O4.  

 [320] 
 

 /  (  NIS / rGO), -
 (80  GO  60  

 2 ) -
. 

 10.0 
 5  NaOH.  

 180°  10 , -
, . 

  ( .7.1) 
 rGO  

 2 =17-33  2  = 25o ,  
 (002)   rGO  

 [108].  
 



243 

-
 [132].  

,  rGO -
 ( )  

 3,4 ,  4-5 .  
 rGO 

 20-35  
 5  ( .7.2. ).  

 NIS, -
 (PDF 00-

023-1119,  a = 0,8367 ).  
 26 .  SEM,  NIS -

-
 70-

80 , -
-

 15-30  ( .7.2, 
). ,  

,  
 
 

-
, -

-
 

.  
 , , -

  NIS/rGO  
 8-9 .    2 =15-27 -

 rGO- .  
(002)  2  = 26,6o,  

 0,335 .  
 2  = 24,7o  rGO   2  = 22,5o  

rGO-  
 0,360  0,395 . -

 rGO , 

10 20 30 40 50 60

(2
20

)

(4
40

)

(5
11

)

(4
00

)

(2
22

)
(3

11
)

(0
02

)In
te

ns
ity

, a
rb

. u
ni

ts

NiFe2O4/rGO

NiFe2O4

rGO

2 , o  
. 7.1. XRD  rGO, 

NIS  NIS / rGO  



244 

,  
 rGO  

.  
NIS/rGO -

 
 15-25  

.7.2, ). 
 
 

-
. -

 rGO ( .7.3, ) 
 IV  H4 ,  

 
 

 [321].  
-

  -
, (  1150 2 )  

 1,3  
.7.3, ).  IV -

 
NIS/rGO,  

-
 ( . 7.3, ),  

 
 

 [322].  
-

 2-8  
 

5,1  ( .7.3, ).  NIS/rGO 
 150-160 2 .  NIS   III 

 ( .7.3, ),  
 

.  

 

. 7.2. SEM  
 rGO (a), 

NIS ( )   NIS / rGO ( ) 
 

)

)

)



245 

 45-
55 2 ,  

 ( . 7.3, ). 
 

5 10 15
0.00

0.01

0.02

0.03

0.04

0.05

0.06

Po
re

 v
ol

um
e 

[c
m

3 /g
]

Pore size [nm]

 rGO
 NIS/rGO
 NIS

 
 

.7.3.  (a)   
)  rGO, NIS  NIS / rGO 

 
 

-
-

 (SAXS).  
-3  Cu-K  

 ( =0,15418 ),  
 (200)  LiF.  

,  
 

. -
,  

s  =0,015 A-1
    (

4 ( )s sin  - , - -

).  0,1 ,  
 ( 2 )d= 0,02 .  

 
 : 

*
exp .(2 ) (1 / ) { (2 ) (2 )}oI K K I I ,  *(2 )I -  

, exp.(2 )I - , (2 )oI - 

) )



246 

, 
exp

(0)
(0)

oIK
I -  

,  2 0o ).  
 

. 
-

 34( ) ( )
3

F r r N r ,  N(r) - -

 r.  GNOM ( -

. . ).  ( )F r  
, -

.  ( )F r  
,  (m(r)  ~  r3) 

: 
0

drr)r(Fr kk
.  

 

0

2 )( dssIsQ , ,  

, , , 
.  
.  

 Q = 2 2 2V. 
-

 s,  
 s = 0,007-0,170 Å-1 ( .7.4, , )  7.  

 
 

 I(s)  s-n,  n = 2  
, 2 < n <  3  ,  3  <  n <4  

, n = 4 –  n > 4 – . 
 NIS ( )  

 s , -
 

.  n  



247 

 5,6, -
   

 [323].  
62 ,  
10 . , 

.  
 
  

0.01 0.1
s, A-1

NiFe
2
O

4

n=5.60

 
0.000 0.005 0.010

NiFe2O4

Parameter Value Error
A 12.55191 0.05242
B -446.47258 6.94223

A 23.14848 0.0438
B -18915.73056 370.75285

Ln
(I)

 [a
rb

. u
ni

ts
]

s2, A-2  
0.000 0.005 0.010

Ln
(Is

) [
ar

b.
un

its
] 

s2, A-2

A 11.0557 0.03632
B -667.33302 10.28411

 

0.01 0.1

NiFe2O4/rGO

n=3,0

s, A-1  
0.00 0.01 0.02 0.03

Ln
(I)

 [a
rb

. u
ni

ts
]

Parameter Value Error
------------------------------------------------------------
A 14.99459 0.02498
B -277.01138 3.37169

Parameter Value Error
------------------------------------------------------------
A 21.67463 0.09033
B -18369.45436 905.57581

Parameter Value Error
------------------------------------------------------------
A 13.61499 0.02118
B -146.56666 1.07659

LDH4

s2, A-2  
0.000 0.005 0.010

Ln
(Is

) [
ar

b.
un

its
] 

s2, A-2

180

 
. 7.4.  I -

 s,  
 ln(I)=f(s2)  ln(sI)=f(s2)  NIS  NIS / rGO  

 
    

. 7.4, ) .  NIS  
,  50 .  

 
 42  55  

 40:60  ( . 7.5, ). 
 



248 

0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

NIS

Peak Area Center

1 7.2448 41.843
2 18.730 56.417F(

d)

d, nm  
0 20 40 60 80 100 120

0.000

0.002

0.004

0.006

Peak Area Center

1 0.015572 4.1279
2 0.021204 7.8912
3 0.017694 16.300
4 0.069103 35.002

F(
d)

d, nm

NIS/rGO

 
. 7.5.  F(d)  

 NIS  NIS / rGO  

 

 7. 
 NIS  NIS / rGO,  

 

 

 

 

 

 
 
 
  
  NIS/rGO  

 60 .  
 rGO  NIS/rGO,  

 
. -

, -
, , , -

 4, 8, 16  35  ( .7.5, ). 

 Rg, Å d, nm 

NiFe2O4 
238 33 61.5 0.9 

36.5 4.5 10.3 1.6 

NiFe2O4/rGO 
234 52 60.3 1.3 

18.9 3.1 5.3 0.9 

) )



249 

,  
 

NIS ( .7.6) -
-

,  
. 
 

-
 2 ,  

 
 Fe3+ -

-
 ( .7.6,  8). 

-
 

Fe3+  
,  

 
 

.   
 

  8 
 

 NiFe2O4 (NIS)  NiFe2O4 /  
 (NIS / rGO ) 

 
 

Site Is,  Qs,  H, k  S, % G,  
NIS, T=295 K 

A 0,36 0,01 -0,003 0,001 518 1 34,1 0,41 0,03 
B 0,26 0,01 -0,009 0,002 485 1 59,2 0,52 0,03 
D1 0,19 0,01 0,51 0,02 – 2,5 0,40 0,04 
D2 0,41 0,02 0,62 0,02 – 4,2 0,52 0,05 

NIS / rGO, T=90 K 

A 0,48 0,02 0,001 0,001 526 2 35,4 0,50 0,04 
B 0,36 0,02 0,017 0,002 488 3 63,1 0,76 0,05 
D 0,49 0,03 0,66 0,03 – 1,5 0,48 0,04 

 

-10 -5 0 5 10

90K

290K

NIS/rGO

NIS
In

te
ns

ity
 [a

rb
. u

ni
ts

]

Velocity [mm/s]  
. 7.6.  
  NIS  290  

 NIS / rGO,   90 K  



250 

0 1 2 3 4 5 6 7 8
0

10

20

30

 
 

 
 

, %

 

.7.7.  
 
 

 (Fe) [Fe1.6Ni0,4] O4 

 
 0,  

 Fe3+ . 
 [324]. ,  

 Fe3+  (A)  
(B)  SA 

 SB  ( ):
 

3

3

[ ]
[ ]

A A B

B B A

Fe S f
Fe S f   [325],   A

B

f
f

= 0,94 - -
 Fe3+. -

 Fe3+ .  
 (Fe) [Fe1.64Ni0.37] O4  

(Fe) [Fe1.6Ni0,4] O4,  
, . 

,  
.  

,  
,  

 1:2,  (Fe) [Fe1.59Ni0,41] O4. 
  Ni2+  

 Fe3+ -
-

.  Fe3+  
 

nnzn
z kk

!nz!n
!zP 1  ,   z  -  

 
 Fe3+  

- 
, n -  
 Fe3+ (0  n  z), k -  

 Ni2+  
.  Fe3+ - 

-
 8  

6 ,  



251 

 ( ) [326]. 
 

  .7.7. 
-
-

, -
 Fe(a)-O-Fe(d) [327].  

.  
 

. ,  
 [327].  

, -
 Fe3+ -

.  

: 
kT
KV

r exp0 ,  

0  10-9-10-11 , V– , K– , T – 
. ,  r 

 lf =141,8  (  57Fe). 
 

(5-6)  105  3 [328].  
,  

,   , -
, ,  

 ( ) , -
, 

.  
 NIS / rGO  

 (290 ) ( .7.8)  220  150 ,  
 

.  
,  

, 
.  

,  
 



252 

 9  ( .7.9). ,  90  
 (  1 -2 %)  

. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

. 7.9  
,  290  90  

 
 9-3 . , ,  

,  3 .   
 NIS / rGO  90K  

 NIS  L  
-

 Fe3+.  
 NIS / rGO  (Fe)[Fe1.68Ni0.32]O4,  

 
.  

-10 -5 0 5 10

90K

150K

220K

290K

In
te

ns
ity

 [a
rb

. u
ni

ts
]

Velocity [mm s-1]  
 

. 7.9.   
NIS/rGO,  

 90-290 K  



253 

 

50 100 150 200 250 300
460

470

480

490

500

510

520

530

(Fe)[Fe1.68Ni0.32]O4

R=0.98

H
yp

er
fin

e 
fie

ld
, k

O
e

Temperature, K
 

. 7.10.  
 57Fe  

 
NiS/rGO  

 

 

 

 

 

 

 

 

 

 

 

, 
 

 [310],  6  
 Fe3O4  NiFe2O4.  

-
 

-
 

,  
 

 (  
5 ) -

-
 

Fe3+,   
 
 
 

.7.10). -
-
 

2x10-9 4x10-9 6x10-9 8x10-9 1x10-8
10-10

10-8

10-6

10-4

 
+

-
 

 
 

+ 
 

 
-

 

lf =141.8 ns

T=90K T=290K

R
el

ax
at

io
n 

tim
e,

 s

Particle size, m  
 

. 7.8.  
 

 



254 

  0, , 1
2
kTH V T H V T
KV

,  0 ,H V T –  

. ,  
   

(1,3 1,9) 105 3,  ,  
 4,1-4,6 .  

.  
-

 (  Expert 3L,  0,01 .%). -
  0,03-0,05 .,  -

,   , -
, .  

 
 

 NIS  NIS/ rGO  .  
 (f)  NIS  

 -  ( ) -
 ( .7.11, ).  

 
,  

.  (f) -
 NIS  20-200oC -

 [167]. 
 

10-1 100 101 102 103 104 105

10-7

10-6

10-5

 20oC
 50oC
 75oC
 100oC
 125oC
 150oC
 175oC
 200oC

, O
hm

-1
m

-1

, Hz
10-1 100 101 102 103 104 105

10-4

10-3

, Hz

, O
hm

-1
m

-1

 20oC
 50oC
 75oC
 100oC
 125oC
 150oC
 175oC
 200oC

 
 

. 7.11.   
 NIS (a) NIS / rGO ( ) 

) )



255 

 
: n

AC dc A ,  dc – - 
, A – , n–-  ,   

 (n = 0,  
 n = 1 ). 

dc, A  n . 7.12,  
. 

 

25 50 75 100 125 150 175 200

10-7

10-6

10-5

, O
hm

-1
m

-1

 

Temperature, oC   
0 25 50 75 100 125 150 175 200

10-10

10-9

10-8

0.7

0.8

0.9

1.0

 Adc

Temperature, oC

n

A dc
, O

hm
-1
m

-1
 n

 

0.0020 0.0025 0.0030 0.0035

-17

-16

-15

-14

-13

-12

-11

(1/T), K-1

ln
(

, O
hm

-1
m

-1
)

 
 

. 7.12.   (a)  dc  ( )  
 (A  n)  NIS, ( ) 

 
 

-
 

, 
 [329]. 
,  

, ,  
. ,  

) )

)



256 

 
 [330].  

 ln( dc)  1/T ( .7.12, ). 
 (Ea = 0,37  0,02 ) . 

,  
 Fe2+  Fe3+   Ni3+  

Ni2+   0,45  
[331].  n  

.  n 
-

 [332].  n 
 25  50oC  

, , ,  
, .  

 d-  
 Fe3+-O-Fe2+  Ni2+-O-Ni3+.  

 (n)  
, ,  

 75-100 oC.  
 NIS / rGO  

25-75  s ,  
 
 

 ( . 7.11, ).  
 NIS / rGO  

,  25-75  
,  100  

 ( .7.13, ) -
 

,  
.  

 (Ea)  NIS / rGO 
.  

 100-200°  
.7.13, ).  ln( ) = f( -1)  



257 

 
 NIS / rGO – Ea = 0,23 0,01 . 

 

25 50 75 100 125 150 175 200

10-4

10-3

Temperature, oC

, O
hm

-1
m

-1

 105 Hz
 104 Hz
 103 Hz
 102 Hz
 101 Hz
 100 Hz
 10-1 Hz
 10-2 Hz

0.0020 0.0025 0.0030 0.0035

-10

-9

-8

-7

-6

T-1, K-1

ln
(

, O
hm

-1
m

-1
)

 105 Hz
 104 Hz
 103 Hz
 102 Hz
 101 Hz
 100 Hz
 10-1 Hz
 10-2 Hz

 

. 7.13.  ( )  
 NIS / rGO ( )  

  
 -

.  NIS / rGO  
  , -

.  rGO  
 –C–C–  

 rGO.  
 d-

 NIS.  
 Me3+-O-Me2+,  
 [333]. ,  

. 
 

,  (100 ) ( . 7.13).  
 NIS/rGO  

 125-200° ,  
 

. 
 

  

) )



258 

 
. 7.14.  

 

7.2.  
 

 NiFe2O4 / ,  
 

  
 ( ) – -

,  –  
, , -

, -
, -

,  
. ,  

, -
 [334].  

 (  <50% -
). ,  – ,  

 – , , , 
, , , .  

 
.  (  

) .  
 7.14. [335]. 

 
 
 
 
 
 

,  
 NO3. 

 
,  



259 

 

. 7.15.  -   
, 

 [337] 

,   
.  

 600-1350  
 

 800-900  [335]. 
 – 

 ( ) .  
 

.  
.  

 
 

.  
, ,  

.  
, , 

,  
  . 

 (CO (NH2)2),  
(NH2CH2COOH)  (C6H8O7) [336].  

 
 NH4OH  NH4NO3.  

 9.  
  ,   

 [337]  NiFe2O4 -
 ((Ni(NO)2 6H2O  

Fe(NO3)3 9H2O))  
 .7.15).  

 35-42   
,  

 
.  
 

 (3,24 -1) 
 (2,98 -1)  

 (2,76 -1).  



260 

 
:  

,  
.  

 

 9 
 ( ),  

 
 

- 
 

 
 

 
 

 

 

 

192,12 175  

 

 

60,06 135  

 
 

75,07 262  

 
 

32,05 250  

 
 

62,07 163  

 
 

90,08 153  

 
 

72,06 440  

 
 

,  
. ,  



261 

 
,  [337] 

.  
 [338], -

 NiFe2O4  30-5  
-
 

20–55 2 , -
 
 

. 
 –  

 
,  

 
 

. ,  
 

. ,  
,  

 
.  

 
,  

. ,  
,  

. ,  
,  

. ,  
 

.  
  

 –  
.  

 
, , , ,  

 ( , , ). 



262 

 (  
), , 

. 
 

, ,  
,  

.  
 

 6-7 [339, 340],  
, 
 
 

,  
. 

-
 

: + =
,  M – ,  – ,  

– .  
 

: = [ ]
[ ][ ]

. 

,  
 

.  
-
 

 (0,001 )  
(0,001 ) -

  b, -
 

 ( .7.16, ). -
 7 0,1  

.  
[341],   -

 
 

 (H3-hL)-h (h=1,  2,  3,  L-

250 300 350 400 450 500 550

0.0

0.2

0.4

0.6

0.8

1.0

6

5

Tr
an

sm
iti

on

1-0
2-b=0.1
3-b=0.3
4-b=0.5
5-b=1
6-b=2

Fe + CA

, nm

4

32

1

0.5 1.0 1.5 2.0

0.0

0.1

0.2

0.3

0.4

0.5

b

 350 íì
 370 íì
 390 íì
 400 íì
 410 íì

Tr
an

m
iti

on

 
. 7.16.   

 
 (a)  

 
 b ( ) 

)

)



263 

). -
, -

, -
 

, 
   

 L-3.  
,  

 
-
 

250-550 . , 
 
 

-
 
 

.7.16, ).  
 [342], 

 
-

 
 ( )  [FeL]0  [Fe2L2]0 

.7.18).  b   
FeL2.  

, =6-7 -
 
 

,  
 

.  
 
 

.  
, 
 

 

 

 
. 7.17.  

 
-

 Fe3+  (H2L)-1  
 

 [342] 

 
. 7.18.  

 
 



264 

 250-550  ( .7.19, ).   
 b  

 Fe3+  1,0-1,5 ( .7.19, ). 
 [NiL]-  [Ni2L3]5-. 

,  
 [343] ,  

 [NiL]-  
 [NiL2]4-, . 

 
 
 

 
 

 2:1)  
.  

 ( .7.19, ). ,  

250 300 350 400 450 500 550
0.8

0.9

1.0

, 

5

6

4
3

2

1

1-0
2-b=0.1
3-b=0.3
4-b=0.5
5-b=1
6-b=2

Ni + CA

 

0.0 0.5 1.0 1.5 2.0

0.96

0.97

0.98

0.99

1.00

 

 395 
 405 
 415 
 425 
 435 

b  

200 250 300 350 400 450 500 550

0.0

0.2

0.4

0.6

0.8

1.0

1-0
2-b=0.1
3-b=0.3
4-b=0.5
5-b=1
6-b=2

, 

Fe + Ni + CA

 

0.0 0.5 1.0 1.5 2.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

b

 

 350 
 370 
 390 
 410 
 430 

 
 

. 7.19.    
 (a) ,  (0,001 )  

  ( )  
 b ( , ) 

) )

)

)



265 

 
 [FeL]0. 

 
 NiFe2O4 /  

 
-

 Ni(NO3)2 6H2O, Fe(NO3)3 9H2O .  
:  (C2H5NO2,  

 G),  (C6H8O7 H2O,  CA)  
(CH4N2O,  U). -

 Ni / Fe 
1:2,  

 1:1 (  / ). -
 65-70°  

.  
 

. ,  300° ,  
.  /  

.  
,  

 
, .  

   1:0,5  
.  

 [344].  
 300, 400, 500, 600  900oC.  

: (G), (CA)  (U)  
, . 

 
 (  Cu K ).  

 ( )  
.  

 NiFe2O4  
NiFe2O4/rGO, -

. 7.21. 
 



266 

10 20 30 40 50 60

(440)(511)

(422)(400)

(331)

(220)

In
te

ns
ity

, a
rb

.u
ni

ts

2 ,o

NiFe2O4(G)
Glycine

900oC

700oC

500oC

300oC

10 20 30 40 50 60

NiFe2O4/rGO(G)
Glycine

(440)
(511)

(422)
(400)

(331)

(220)

In
te

ns
ity

, a
rb

.u
ni

ts

2 ,o

900oC

700oC

500oC

300oC

 

10 20 30 40 50 60

NiFe2O4(CA)

900oC

700oC

500oC

300oC

(440)
(511)

(422)
(400)

(331)

(220)

in
te

ns
ity

, a
rb

.u
ni

ts

2 ,o

Citric acid

 
10 20 30 40 50 60

NiFe2O4/rGO(CA)
(440)(511)

(422)
(400)

(331)

(220)

in
te

ns
ity

, a
rb

.u
ni

ts

2 ,o

Citric acid

  

10 20 30 40 50 60

900oC

700oC

500oC

300oC

Urea
NiFe2O4(U) (440)

(511)
(422)

(400)

(331)

(220)

in
te

ns
ity

, a
rb

.u
ni

ts

2 ,o
10 20 30 40 50 60

NiFe2O4/rGO(U)
Urea

900oC

700oC

500oC

300oC

(440)
(511)

(422)
(400)

(331)

(220)

in
te

ns
ity

, a
rb

.u
ni

ts

2 ,o   
. 7.21.  NiFe2O4   NiFe2O4 / rGO, 

   (a, ), 
 ( )    ( , )  
 300, 500, 700  900oC 

 

 NiFe2O4 (JCPDS 22-1086) -
,  300oC. 

-
, 

) )

) )

) )



267 

. NiFe2O4 (CA)  
NiFe2O4 / rGO (CA)  300oC.  

 300°  NiFe2O4(U) ,  NiFe2O4 / rGO (U) 
 500° . 

rGO- ,  
,  

,  
 ( .7.22, , ).  

,  
NiFe2O4 / rGO (U)  

 ( .7.22, ).  
   

. 

300 400 500 600 700 800 900

10

15

20

25

30

35

NiFe2O4/rGO(G)

NiFe2O4(G)

G
ra

in
 s

iz
e,

 n
m

Temperature, oC  
300 400 500 600 700 800 900

10

15

20

25

30

35

NiFe2O4/rGO(CA)

NiFe2O4(CA)

G
ra

in
 s

iz
e,

 n
m

Temperature, oC  

300 400 500 600 700 800 900

10

15

20

25

30

35

NiFe2O4/rGO(U)

NiFe2O4(U)

G
ra

in
 s

iz
e,

 n
m

Temperature, oC  
.. 7.22.  

 NiFe2O4  NiFe2O4/ rGO,  
 (a) , ( )  ( )  

 

) )

)



268 

 
(77 ) , -

, -
 ( .7.23, , ).  DFT-  

 
 

 2  3  
.7.23, ). , . 

,  
, . 

 

0.0

0.5

1.0
5

10

15

20

25

V3

V2

V, 3

P/P0V1
0.0

0.5
1.0

20

40

60

80

100

VG3

VG2

V, 3

P/P0VG1  

2
4

6
8

0.005

0.010

V3

V2

V, 3

d,
V1

2
4

6
8

0.01

0.02

VG3

VG2

V, 3

d,

VG1  

.7.23.   ( , )  
 ( , )  NiFe2O4   NiFe2O4/ rGO, -

 300 ,  
, (V1, VG1)  (V2, VG2)  (V3, VG3) , -

 (  V  VG)  

) )

) )



269 

-
, ,  (136 2 ) 

 NiFe2O4/rGO (U).  
 3 ,  

,  
. ,  

 NiFe2O4/rGO(G)  NiFe2O4/rGO (CA).  
 – -

, -
-
 

 60 
 15  2 . -

 
 

-
-

,  
 

.  
, -

-
 
 

NiFe2O4/ rGO,  300 -
 – ,  

.7.24). 
 

-
,  (57Co  Cr)  

11,7 107 .  -Fe. 
 0,01 .  

 NiFe2O4  NiFe2O4/rGO,  
 

. 7.25.  

600 800 1000 1200 1400 1600 1800 2000
0

20

40

60

80

100

120

140 NiFe2O4/rGO (U)

NiFe2O4/rGO (G)

NiFe2O4/rGO (CA)

,  

 
 

 
2 /

 

. 7.24.  
NiFe2O4/ rGO  

300  
,  

 
 



270 

 

-10 -5 0 5 10

In
te

ns
ity

, a
rb

. u
ni

ts

900oC

700oC

600oC

500oC

400oC

300oC

self-combusted

origin xerogel
NiFe2O4(G)

600oC

Velocity, mm s-1
-10 -5 0 5 10

In
te

ns
ity

, a
rb

. u
ni

ts

Velocity, mm s-1

900oC

700oC

600oC

500oC

400oC

300oC

self-combusted

origin xerogel
NiFe2O4(CA)

-10 -5 0 5 10

NiFe2O4(U)

900oC

700oC

600oC

500oC

400oC

300oC

self-combusted

origin xerogel

In
te

ns
ity

, a
rb

. u
ni

ts

Velocity, mm s-1  

-10 -5 0 5 10

NiFe2O4/rGO(G)

Velocity, mm s-1

900oC

700oC

600oC

500oC

400oC

300oC

origin xerogel

In
te

ns
ity

, a
rb

. u
ni

ts

-10 -5 0 5 10

NiFe2O4/rGO(CA)

Velocity, mm s-1

900oC

700oC

600oC

500oC

400oC

300oC

origin xerogel

In
te

ns
ity

, a
rb

. u
ni

ts

-10 -5 0 5 10

NiFe2O4/rGO(U)

Velocity, mm s-1

In
te

ns
ity

, a
rb

. u
ni

ts

900oC

700oC

600oC

500oC

400oC

300oC

origin xerogel

 
. 7.25.  NiFe2O4  NiFe2O4/ rGO,  

 ( ),  ( )   
 ( , ) 

 
 (  ,  , 

 ,  ,  S) 
 10, 11, 12).  

  

) ) )

) ) )



271 

 10.  NiFe2O4(G)  
 NiFe2O4 rGO (G) 

 

   Is,  Qs,  H, k  S, % G,  
NiFe2O4(G) 

 D 0.44 0.61 – 100 0.42 

300 
D 0.32 0.84 – 25.4 0.53 
A 0.37 -0.02 517 24.7 0.38 
B 0.26 -0,01 486 49.9 0.55 

400 
D 0.33 0. – 30.1 0.58 
A 0.36 -0.02 518 23.1 0.37 
B 0.26 0.01 487 46.8 0.53 

500 

A1 0.36 -0.01 523 21.0 0.31 
A2 0.36 0.00 507 16.8 0.39 
B1 0.25 0.02 485 40.3 0.45 
B2 0.30 -0.08 449 22.0 1.08 

600 

A1 0.35 -0.03 521 22.1 0.34 
A2 0.36 -0.01 506 16.3 0.37 
B1 0.25 0.02 482 36.9 0.42 
B2 0.26 -0.04 455 24.6 0.81 

700 A 0.36 -0.03 521 44.4 0.36 
B 0.25 0.01 487 55.6 0.36 

900 A 0.36 -0.01 524 48.8 0.35 
B 0.25 -0.02 489 51.2 0.40 

   Is ,   Qs ,   H, k  S, % G,   

NiFe2O4 / rGO (G) 

 
D1 0,36 0,76 – 25,7 0,46 
A 0,36 -0,02 515 26,9 42,5 
B 0,25 -0,01 484 47,4 0,58 

300 
D 0,32 0.84 – 25,4 0.53 
A 0,37 -0,03 517 24,7 0,38 
B 0,26 -0,01 486 49,9 0,55 

400 
D 0,33 0,82 – 30,1 0,58 
A 0,36 -0,02 518 23,1 0,37 
B 0,26 0,01 487 46,8 0,53 

500 

A1 0,36 -0,01 523 21,0 0,31 
A2 0,36 -0,01 507 16,8 0,39 
B1 0,25 0,02 485 40,3 0,45 
B2 0,30 -0,07 449 22,0 1,08 

600 

A1 0,35 -0,03 521 22,1 0,34 
A2 0,36 -0,01 505,7 16,3 0,37 
B1 0,25 0,03 482 36,9 0,42 
B2 0,26 -0,05 455 24,6 0,81 

700 A 0,36 -0,03 521 44,4 0,36 
B 0,25 0,01 487 55,6 0,47 

900 A 0,36 -0,01 524 48,8 0,35 
B 0,25 -0,02 489 51,2 0,39 
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 11.  NiFe2O4 )  NiFe2O4 / rGO ( ) 
 

   Is,  Qs,  H, k  S, % G,  
NiFe2O4 ) 

 D 0,42 0,59 – 100 0,40 

300 

D1 0,32 0,78 – 46,6 0,57 
D2 0,36 0,47 – 7,2 0,27 
A 0,34 -0,22 483 32,2 0,73 
B 0,36 -0,18 501 13,4 0,24 

400 

D 0,32 0,81 5,0 0,55 
A1 0,36 -0,04 522 18,8 0,30 
A2 0,34 -0,05 506 37,1 0,48 
B1 0,25 0,02 491 15,9 0,29 
B2 0,25 -0,05 484 23,1 0,54 

500 

A1 0,36 -0,04 520 13,9 0,26 
A2 0,37 -0,07 506 20,6 0,38 
B1 0,26 0,01 480 35,9 0,47 
B2 0,31 -0,01 459 29,7 0,81 

600 

A1 0,34 -0,04 521 21,6 0,35 
A2 0,36 -0,11 510 22,0 0,37 
B1 0,25 0,01 482 40,6 0,49 
B2 0,27 -0,11 448 15,8 0,86 

700 

A1 0,36 -0,01 526 19,0 0,32 
A2 0,36 -0,05 515 30,4 0,39 
B1 0,25 0,01 487 44,7 0,42 
B2 0,30 -0,05 453 5,8 0,42 

900 
A1 0,36 -0,04 523 52 0,42 
B1 0,23 0,09 494 14,2 0,34 
B2 0,25 -0,09 488 33,7 0,42 

NiFe2O4 / rGO ( ) 

 D1 0,33 0,83 – 91,0 0,46 
D2 0,39 0,57 – 9,0 0,35 

300 
D1 0,32 0,81 – 62,2 0,58 
A 0,39 -0,04 506 10,0 0,35 
B 0,29 -0,02 475 27,8 0,84 

400 
D 0,32 0,79 33,0 0,70 

A1 0,36 -0,13 513 13,1 0,26 
B2 0,27 0,01 480 53,9 0,87 

500 
D 0,32 0,78 – 9,9 0,58 
A 0,35 -0,12 513 26,8 0,28 
B 0,27 0,02 476 62,7 0,77 

600 A 0,35 -0,12 516 45,7 0,33 
B 0,26 0,01 480 54,3 0,55 

700 A 0,36 -0,10 518 55,6 0,36 
B 0,25 -0,02 484 44,4 0,42 

900 A1 0,35 -0,07 520 54,1 0,39 
B1 0,25 0,01 488 45,9 043 
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 12.   NiFe2O4(U)  NiFe2O4 / rGO (U) 
   Is,  Qs,  H, k  S, % G,  

NiFe2O4(U) 
 D 0,40 0,53 – 100 0,42 

300 

D 0,31 0,85 – 4,7 0,54 
A1 0,36 -0,03 523 17,9 0,27 
A2 0,34 -0,04 506 37,4 0,44 
B1 0,24 0,04 492 14,7 0,26 
B2 0,26 -0,05 484 25,4 0,48 

400 

D 0,34 0,78 – 2,0 0,38 
A1 0,31 -0,04 524 28,0 0,36 
A2 0,36 0,01 509 18,7 0,30 
B1 0,24 0,01 492 19,3 0,30 
B2 0,25 -0,02 486 32,0 0,59 

500 

A1 0,35 -0,02 523 31,3 0,36 
A2 0,38 -0,05 513 17,9 0,31 
B1 0,25 0,03 493 17,7 0,32 
B2 0,25 -0,05 485 33,1 0,63 

600 

A1 0,32 0,00 532 4,3 0,17 
A2 0,25 0,01 488 45,9 0,42 
B1 0,36 -0,03 524 21,0 0,28 
B2 0,36 -0,13 513 28,8 0,28 

700 

A1 0,35 0,03 530 9,5 0,27 
A2 0,23 0,01 487 32,8 0,33 
B1 0,36 -0,08 520 28,1 0,33 
B2 0,34 -0,03 505 29,5 0,69 

900 

A1 0,35 -0,02 525 36,7 0,37 
A2 0,24 0,02 491 10,6 0,27 
B1 0,33 -0,01 503 31,2 0,73 
B2 0,22 -0,03 486 21,3 0,48 

NiFe2O4 / rGO (U) 

 D1 0,29 0,69 – 85,9 0,44 
D2 0,50 0,72 – 14,1 0,28 

300 D 0,33 0,70 – 100 0,53 

400 D1 0,32 0,81 – 79,5 0,55 
D2 0,35 0,47 – 20,5 0,30 

500 

D1 0,45 0,00 – 32,1 4,99 
D2 0,31 0,80 – 8,3 0,85 
A1 0,35 -0,07 511 9,0 0,34 
A2 0,32 0,01 489 5,2 0,30 
B1 0,26 -0,01 468 17,9 0,56 
B2 0,35 -0,07 511 9,0 0,34 

600 

A1 0,36 -0,02 523 25,1 0,31 
A2 0,36 -0,01 506 20,1 0,37 
B1 0,25 0,01 483 42,2 0,43 
B2 0,29 -0,07 453 12,6 0,56 

700 

A1 0,35 -0,02 524 30,1 0,34 
A2 0,36 -0,03 509 17,0 0,36 
B1 0,25 0,01 489 41,7 0,41 
B2 0,28 -0,11 456 11,1 0,63 

900 

A1 0,35 -0,01 525 34,7 0,32 
A2 0,36 -0,05 512 14,5 0,29 
B1 0,24 0,08 493 15,4 0,29 
B2 0,24 -0,04 484 35,4 0,42 
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 = 1 [354].  
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