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SURFACE TRANSFORMATION AND ENHANCED
ELECTROCHEMICAL PERFORMANCE OF NLS,/NI FOAM
ELECTRODES FOR HYBRID SUPERCAPACITORS

Abstract

The process of sulfurization of nickel foam surfaces to obtain Ni,S, layers with high electrochemical capacitance
and stability during electrochemical cycling has been extensively studied. However, the role of nickel hydroxide
layers, which are expected to form under the electrochemical operating conditions of the Ni,S./NF electrode, has not
been sufficiently investigated. In the present work, it is demonstrated that the hydroxide phase makes a significant
contribution to both electrochemical capacitance and cyclic stability. The Ni,S /NF electrode was fabricated via a
single-step hydrothermal method in the presence of thiourea at 160 °C. The initial structure of Ni,S, on the NF surface
was subsequently modified through electrochemical cycling in a KOH electrolyte. The increase in electrochemical
capacitance of the electrode was accompanied by the formation of multiple nickel hydroxide phases, as identified
by X-ray diffraction (XRD) and Raman spectroscopy. The electrode exhibited high performance stability over
20,000 galvanostatic charge—discharge (GCD) cycles at a current density of 20 A g™, retaining 90% of its maximum
capacitance. The specific capacitance of the Ni,S, electrode was 758 F g™' at a current density of 2.7 A g”'. When
the current density increased to 90 A g!, the specific capacitance decreased to 233 F g!, corresponding to 30% of

the capacitance at 2.7 A g™
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Introduction

Renewable energy relies on inherently unstable energy sources. The development ofreliable energy
systems therefore requires advanced energy storage technologies. Supercapacitors, characterized by
high energy efficiency, represent an important component of such systems, providing smoothing of
power consumption fluctuations and thereby enhancing the stability of energy systems [1-3]. The
main types of electrochemical supercapacitors used for energy storage include electrical double—
layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors. Hybrid electrochemical
supercapacitors combine the advantages of high specific power, enhanced specific energy, and long
service life, integrating the properties of electrical double—layer capacitors and pseudocapacitors to
achieve efficient energy storage.

The most promising materials for hybrid electrochemical supercapacitors include carbon
nanomaterials (graphene, carbon nanotubes), transition metal oxides (MnO,, NiO), conductive
polymers (polyaniline, polypyrrole), and their composites [4-7]. Metal sulfides, such as Ni,S, and
NiS, are also considered promising materials for hybrid electrochemical supercapacitors due to their
high specific capacitance, good electrical conductivity, and structural stability associated with their
layered structure and the ability to undergo reversible redox reactions.

Compared with metal oxides, metal sulfides exhibit several advantages in hybrid electrochemical
supercapacitors, including higher electrical conductivity, enhanced specific capacitance due to rich
redox activity and layered structure, as well as improved mechanical stability during cycling, which
contributes to increased durability and efficiency.

Many metal oxides are dielectric in nature. In contrast, sulfides generally exhibit higher electrical
conductivity than oxides, which facilitates electron transfer, reduces internal resistance, and increases
specific power [8]. Sulfides also demonstrate enhanced redox activity due to the presence of a greater
number of redox—active centers and weaker metal-sulfur (M—S) bonds. As a result, they enable more
extensive Faradaic redox reactions, associated with the multiple valence states of metals and the
lower electronegativity of sulfur compared to oxygen, leading to higher specific capacitance.

The structural flexibility of sulfides contributes to improved mechanical stability during charge—
discharge cycling, resulting in enhanced cyclic stability and improved energy storage performance.
Furthermore, sulfides combined with oxides or carbon—based materials often outperform electrodes
based solely on oxides, owing to synergistic effects that enhance ion transport and increase the active
surface area.

Nickel sulfides (e.g., NiS, Ni,S)) are particularly promising for hybrid electrochemical
supercapacitors due to their superior electrical conductivity compared to nickel oxides, which provides
faster electron transfer and higher power density. In addition, their stable crystal structures, such as
the layered morphology of NiS, provide excellent cyclic stability, maintaining performance over
thousands of charge—discharge cycles. These characteristics, together with their cost—eftectiveness
and relative ease of synthesis, make nickel sulfides attractive electrode materials for efficient and
durable hybrid supercapacitors.

Among nickel sulfides, Ni,S, [9] is especially promising due to its high specific capacitance,
good electrical conductivity, and structural stability. Ni,S, exhibits a balanced combination of redox
properties, while its developed morphology provides a high active surface area and facilitates ion
diffusion, making it suitable for the fabrication of high—performance supercapacitors.

However, under electrochemical conditions in an alkaline environment, Ni,S, can undergo
oxidation at high positive potentials according to the reaction:

Ni,S, + 60H ~ — 3Ni(OH), + 28>~
resulting in the formation of nickel hydroxide phases. Since these phases exhibit high electrochemical
activity and possess high specific capacitance, their formation must be taken into account. However,
to the best of our knowledge, this aspect of Ni,S_/NF electrode modification has been investigated
in only two studies [10,11]. In [10], the Ni,S, layers were obtained by annealing, not by the
hydrothermal method. In Ref. [11], the Ni,S /NF electrode was synthesized via a rapid hydrothermal
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method in the presence of a nickel salt in the growth solution, which reduced the synthesis time to
approximately 3 h.

In the present study, phase transformations in Ni,S /NF electrodes obtained using the conventional
method [9, 12] of nickel foam sulfidation in thiourea are investigated.

Material and methods

Thiourea (CH,N,S) and nickel foam (NF) with a thickness of 1.5 mm (Shenzhen Tianchenghe
Technology Co., Ltd.) and an areal density of 0.03 g cm™ were used as starting materials. Milli—Q
water (18.2 MQ-cm) was obtained using an AQUAMAX—Ultra 370 series water purification system
(YL Instrument Co., Anyang, Korea).

Prior to hydrothermal synthesis, the NF substrates were purified by ultrasonic treatment in a 1
M HCI solution. The substrate was then placed in a Teflon beaker, and 30 mL of a 1 mM thiourea
solution was added. The hydrothermal reactor with a Teflon liner was sealed and placed in an oven
at 160 °C for 24 h.

After synthesis and cooling to room temperature, the autoclave was removed from the furnace. The
solution remained transparent after synthesis, and the resulting layers were dense and mechanically
stable. The NF sample was rinsed with water, subjected to ultrasonic treatment for 30 min, and
subsequently dried.

The surface morphology of the samples was examined using a Quanta 2001 scanning electron
microscope (FEI). X-ray diffraction (XRD) measurements were carried out using a MiniFlex
diffractometer (Rigaku) with Cu Ko radiation (A = 1.5418 A). Raman spectra were recorded using an
NTEGRA spectrometer (NT-MDT, Zelenograd, Russia) with an excitation wavelength of 473 nm.

The electrochemical performance of the Ni,S /NF electrodes was investigated in a three—electrode
configuration using a large—area carbon counter electrode and an Ag/AgCl reference electrode.
Electrochemical measurements were performed using a CorrTest CS2350 bipotentiostat (Wuhan
Corrtest Instruments Corp., Ltd., Wuhan, China), including cyclic voltammetry (CV), galvanostatic
charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS). The capacitance was
calculated from CV and GCD measurements using Eqgs. (1) and (2), respectively:

1
€= v Umax—Umin) Eﬁ I(V}dv’ (1)
14t

C= (2)

where v (V s7') is the scan rate, and U__ —U__ (V) is the potential window in the CV measurements.
The current (V) is integrated over the full CV cycle. For GCD measurements, the capacitance
was determined from the discharge current I (A), discharge time At (s), and voltage drop AU (V).
To determine the specific capacitance, the mass of the NF samples was measured before and after
synthesis. The areal mass of the initial nickel foam was approximately 0.0314 g cm™. Under the
selected synthesis conditions, the mass increase for a sample area of 1 cm? was 1.2 mg cm™. Since
the Ni,S layer is formed as a result of nickel sulfidation, the mass of the synthesized Ni,S, on the NF

substrate was estimated to be 4.5 mg cm™,
Results

Scanning electron microscopy (SEM) micrographs reveal the evolution of the Ni,S /NF electrode
surface before and after cyclic voltammetry (CV). The initial morphology is characterized by thin,
interwoven nanosheets forming an open porous structure, which provides a high specific surface area
and facilitates electrolyte access to active sites.

After intensive electrochemical cycling in an alkaline medium within the potential range from
—0.5 to 1 V, noticeable morphological changes are observed. The structural features become less
distinct, appearing blurred, which may be attributed to the formation of new phases with dimensions
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below the resolution limit of the microscope. During electrochemical oxidation and hydration, a
nanocrystalline layer of nickel oxides/hydroxides forms on the surface of the sulfide, as confirmed
by X-ray diffraction (XRD) data.

a
Figure 1 — SEM images of Ni,S, layers on nickel foam grown by the hydrothermal method:
a — after synthesis, b — after CV measurements in 3M KOH in the range of —0.5 V to +1 V vs Ag/AgCl

Figure 2 presents XRD patterns of the sample after synthesis (curve 1), after approximately 100
CV cycles and stabilization of the CV curves in a 3 M KOH electrolyte (curve 2), and after 20,000
GCD cycles (curve 3). The initial sample exhibits well-defined diffraction peaks corresponding to the
crystalline Ni,S, phase (JCPDS No. 01-073-0698), confirming the formation of nickel sulfide on the
substrate. Intense peaks at 44.5°, 51.8°, and 76.3° are attributed to metallic nickel (Ni) from the NF
substrate. After CV cycling in the potential range of —0.5 to +1 V (curve 2), the intensity of the Ni,S,
peaks decreases, and new diffraction maxima characteristic of hydrated nickel hydroxide appear.
This indicates effective surface oxidation of the sulfide during redox processes over a wide potential
window. After 20,000 GCD cycles (curve 3), the contribution of Ni,S, decreases further, indicating
an increase in the thickness of the nickel hydroxide layer. Additionally, significant broadening of
the nickel hydroxide peaks is observed, suggesting a reduction in the crystallite size as a result of
repeated Faradaic reactions.
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Figure 2 — XRD patterns of the electrode: 1 — initial (pristine) electrode,
2 — after cyclic voltammetry (CV) measurements in 3 M KOH in the potential
range from —0.5 V to +1 V vs. Ag/AgCl, and 3 — after 20,000 galvanostatic
charge—discharge (GCD) cycles in 3 M KOH in the potential range from 0 V to 0.5 V vs. Ag/AgCl
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Raman spectroscopy was employed to identify the composition of the electrode surface before
and after electrochemical measurements, which is particularly important for detecting thin layers of
amorphous and nanocrystalline phases that are not observable by XRD. Figure 3 (curve 1) shows the
Raman spectrum of the as—synthesized sample. The spectrum is characterized by a set of peaks in
the region corresponding to the characteristic vibrational modes of the Ni,S, crystal lattice. The main
peaks are located at 145, 200, 245, 305, and 348 cm™!, which is in good agreement with literature
data for the Ni,S, phase [13]. After short-term CV measurements (40-50 cycles) in 3 M KOH
within the potential range from —0.5 to +1 V vs Ag/AgCl, the Raman spectrum undergoes significant
changes (curve 2). The peaks corresponding to nickel sulfide almost completely disappear, while two
broad bands centered at approximately 480 cm—1 and 560 cm™' become dominant. These bands are
attributed to vibrational modes associated with nickel oxyhydroxide (NiOOH) [14-17].

The obtained results confirm that, during deep anodic polarization (up to 1 V vs Ag/AgCl),
the Ni,S, surface undergoes irreversible electrochemical transformation. The formation of Ni(OH),/
NiOOH phases indicates the development of a reaction layer on the sulfide surface, which provides
Faradaic charge storage processes in an alkaline electrolyte.

Intensity (arb. un.)

0 200 400 600 B0D 1000
Raman shift (cm™)

Figure 3 — Raman spectra of Ni,S, layers on nickel foam: curve 1 — after synthesis,
and curve 2 — after cyclic voltammetry (CV) measurements in 3 M KOH in the potential
range from —0.5 V to +1 V vs. Ag/AgCl

Prior to the investigation of the long—term stability of the Ni,S /NF electrode, a preliminary
activation procedure was carried out. It should be noted that the initial capacitance of the electrode
immediately after synthesis was low. During the initial CV cycles, the current response gradually
increased, and after approximately 50-80 cycles, the CV curves reached a stable state. This behavior
may be attributed to the gradual penetration of the electrolyte into the porous structure, the formation
of electrochemically active sites, and partial surface oxidation.

The long-term stability of the Ni,S/NF electrode was evaluated by galvanostatic charge—
discharge (GCD) cycling over 20,000 cycles in a 3 M KOH electrolyte within the potential range of
0-0.5 V vs Ag/AgCl. Figure 4a shows the dependence of capacitance and Coulombic efficiency on
the number of cycles, while Figure 4b presents a comparison of GCD charge—discharge curves at a
current of 100 mA at the initial stage and after 20,000 cycles.

The cycling data reveal a characteristic process of continued, but slower, electrode activation
during the first 2000 cycles, during which the areal capacitance increases from approximately 3.5 to
52Fcm™.

Considering that Raman spectroscopy results indicate rapid modification of the Ni,S, surface
layer, this increase in capacitance can be attributed to the formation of an electrochemically active
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Ni(OH),/NiOOH layer. After approximately 2000 cycles, the electrode exhibits stabilization of its
electrochemical properties and demonstrates exceptional cyclic stability. Even after 20,000 cycles,
no decrease in capacitance or increase in series resistance is observed. The Coulombic efficiency
remains stable at a value close to 100%, confirming the high reversibility of the Faradaic reactions.

The GCD curves recorded at the initial stage and after 20,000 cycles exhibit nearly identical
shapes with pronounced voltage plateaus (Figure 4b), which is characteristic of battery—type behavior.
A significant increase in charge and discharge times for the 20,000th cycle compared to the initial
cycle confirms the increase in capacitance resulting from surface activation. At the same time, the
preservation of curve symmetry indicates that the internal resistance (IR drop) of the electrode does
not increase significantly over the entire cycling period.

Figures 5 and 6 present the GCD and CV characteristics of the electrode after 20,000 cycles,
while Figure 7 shows the electrochemical impedance spectroscopy (EIS) results. At a low current
density of 0.22 A g™!, the capacitance of the electrode with an area of 1 cm? reaches 3.8 F, which,
considering the mass loading of 4.5 mg cm™2, corresponds to a specific capacitance of 853 F g,

At an operating current density of 2.7 A g”!, the specific capacitance is 758 F g”!, and when the
current density increases to 90 A g™!, the specific capacitance decreases to 233 F g™!, corresponding to
30% of'the capacitance at 2.7 A g''. This indicates that the electrode retains a high specific capacitance
even at high current densities.
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Figure 4 — (a) Capacitance and Coulombic efficiency of the Ni,S /NF electrode as a function
of cycle number; (b) comparison of galvanostatic charge—discharge (GCD) curves at a current
of 100 mA (22 A g™') at the beginning of cycling and after 20,000 cycles in 3 M KOH in the
potential range of 0 V to 0.5 V vs. Ag/AgCl
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Figure 5 — (a) Galvanostatic charge—discharge (GCD) curves at different discharge
current densities (charge current density fixed at 25 mA cm™ for all curves);
(b) specific capacitance as a function of discharge current density.
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Figure 6 — (a) Cyclic voltammetry (CV) curves at different scan rates;
(b) specific capacitance as a function of scan rate.
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Figure 7 — Nyquist plot of the Ni,S /NF electrode after 20,000 cycles.
Electrochemical impedance spectroscopy (EIS) measurements were performed
in the frequency range from 50 kHz to 0.0016 Hz at a DC offset of 300 mV vs. Ag/AgCL
The inset shows the equivalent circuit model of the electrode.

Discussion

The results of the study demonstrate that the high electrochemical performance and stability
of the Ni,S_/NF electrode are due to the phase and structural transformations of its surface during

operation.

The phase transformation of the surface is confirmed by Raman spectroscopy. The spectra (Figure
3) show the disappearance of the characteristic vibrational modes of the Ni,S, crystal lattice after
electrochemical activation. Instead, bands at approximately 480 cm ! and 560 cm™!, corresponding
to stable nickel oxyhydroxide (NiOOH) phases, become dominant, indicating the formation of an

electrochemically active reaction layer.

The structural transformation is supported by SEM and XRD data. Even relatively short—term
CV cycling leads to a reduction in the contribution of the Ni,S, phase and the appearance of new
diffraction maxima characteristic of hydrated nickel hydroxide.
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Prolonged cycling results in the formation of B—Ni(OH), nanoparticles. Significant broadening
of the diffraction peaks after 20,000 cycles indicates a decrease in crystallite size, which increases
the active surface area and promotes Faradaic reactions.

As a consequence of these phase and structural transformations, the electrode demonstrates
exceptional durability, retaining more than 90% of its maximum capacitance after 20,000 GCD
cycles. The activation process during the first 2000 cycles, accompanied by an increase in capacitance
from 3.5 to 5.2 F cm™, is directly associated with the formation of a developed Ni(OH),/NiOOH
layer. The stability of the Coulombic efficiency at approximately 100% further confirms the high
reversibility of the redox processes in the formed nanostructure.

Thus, the high capacitance and stability of the electrode are ensured by synergistic interaction
between the conductive Ni,S /NF framework and the nanocrystalline nickel hydroxide/oxyhydroxide
layer formed under electrochemical conditions, which remains electrochemically active and
mechanically stable over tens of thousands of cycles.

Conclusion

In this work, an electrode based on Ni,S, nickel sulfide on nickel foam was synthesized using
a simple one—step hydrothermal method. This approach is well established in the literature and has
proven to be effective for the fabrication of electrodes for hybrid supercapacitors. However, despite
numerous studies on the properties of Ni,S, supercapacitor electrodes grown on NF via thiourea—
assisted sulfidation, the role of nickel hydroxide layers formed under electrochemical conditions on
the surface of Ni,S, has not been sufficiently addressed.

For comparison, in Ref. [10], Ni,S, electrodes were prepared by annealing an NF substrate in
an H,S—containing atmosphere (5% H,S-95% N,) at 400 °C for 60 min. In Ref. [11], nickel acetate
was introduced into the growth solution to accelerate synthesis, reducing the processing time to
approximately 3 h. However, the results obtained in the present study differ significantly from those
reported in Ref. [11], particularly in terms of the superior stability of electrochemical performance
during cycling.

It has been demonstrated that robust Ni,S, layers obtained by sulfidation of NF in thiourea
undergo surface modification during electrochemical activation in an alkaline medium, resulting
in the formation of an active layer composed of nanocrystalline Ni(OH), phases and stable NIOOH
species. This composite structure provides high specific capacitance and excellent cycling stability.

The obtained results highlight the critical role of the synergistic interaction between the conductive
sulfide framework and the nanocrystalline hydroxide/oxyhydroxide layer. This synergy makes the
Ni(OH),/Ni,S /NF system a promising electrode material for long-life hybrid supercapacitors.
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I'MBPUATI CYHHEPKOHAEHCATOPJTAPFA APHAJITAH NI;S,/NI KOBIK
IJIEKTPOATAPBIHBIH BETKI TYPJIEHYI &K9HE KAKCAPTBIJIFAH
IJIEKTPOXUMUAJIBIK CUIIATTAMAJIAPBI

Anjarna

Hukens xe0iriniH OeTiH CynmbhUATEY TpoIeci KOFaphl AEKTPOXUMISUIBIK, CHIHBIMIBUIBIFEI KOHE 3JIEKTPO-
XUMUSAJIBIK IUKIACY Ke31HAe >KOFapbl TYpPakTHUIBIFBI Oap NizS, KaOaTrTapblH ady MakcaThIHIAa KaH-KaKThI
3eprTeii. Aaiia MeKTPOXUMUSUIBIK )KYMBIC skaraainapbinaa NizS,/NF (Hukenb ko0iri) aekTposiHaa Ty3iesi
Jern O0oJDKaHATBhIH HUKEIb TMIPOKCHUI KabaTTapblHBIH POl aJli KYHI'e JIeHiH )KeTKUIIKTI JIeHreiie 3epTTesIMEereH.
OcbI KYMBICTA THAPOKCHATIK (ha3aHbIH dICKTPOXUMHUSUIBIK CHIHBIMIBIIBIKKA /A, IIUKIIIK TYPAKTBUIBIKKA 7 eJIeyJIi
yitec KocatelHbI kepceeTinmi. NigS,/NF anmexTponsl THoModeBrHa KaTeichiHAa 160 °C Temmepartypanga OipcaThbLibl
THAPOTEPMANABIK onicnieH maibrHmanasl. NF Oeringe Oacranksina TysiumreH NizS, KypsuibiMbl kediinHen KOH
ANEKTPOIUTIHJIE ANEKTPOXUMHSIIBIK [IUKIIACY HOTHIKECIH IE MOTUPHUKAIMSIAHIbL. DIEKTPOATHIH AIEKTPOXUMHUSLIBIK
CBHIHBIMJIBUIBIFBIHBIH aPTYhI OipHEeIe HUKeIb TUIPOKCHAl (pazanapblHbIH TY3UTyIMEH Karap »*YpAi, Oy peHTTeHIIK
mudpaxuus (XRD) sxone Paman criekrpockonuscel aictepiMer pactanabl. DiaekTpo 20 A 17! TOK ThIFBI3ABIFBIHIA
xkyprizinred 20 000 rapBaHOCTATHKATBIK 3apsaa-pa3psia (GCD) mukiti 6aphIChIH/Ia MAKCUMAITIBI CHIABIMTBLTHIFBIHBIH
90%-bIH cakTar, >KOFapbl MUKIIIK TYPAKTBUIBIK KepceTTi. NizS; 3JIeKTPOIBIHBIH MEHIIIKTI CHIABIMIBUIBIFBI 2,7
A-17! ToK TEIFBBOBIFRIHAA 758 @ 17! Kypanel. Tok TRIFBIBABIFE 90 A T7'-Te MeifiH apTTHIPBUIFaH Ke3/1e MEHIIIKTI
CHINBIMIBLTBIK 233 ®-r'-re nmeitin Temenaeni, Oy 2,7 A-T™! TOK THIFBI3ABIFBIHAAFEl MOHHIH IamMaMeH 30%-bIH
Kypauabl.

Tyiiin cesnep: Ni,S,, Huxenb ko0iri, THOPUATI CyNEpPKOHIEHCATOP, HUKEIb THAPOKCH]I, SIEKTPOXUMHAIIBIK

OenCeHIIpY, UKIIIIK TYPAKTBLIBIK.
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"HarnronasnbpHasi HAHOTEXHOJIOTHYECKast 1a00paToOpusi OTKPBITOTO THIIA,
Kazaxckuil HalmoHanbHBIA YyHUBEpCUTET UM. anb-Dapadu, . Anmarsl, Kazaxcran
[IIkona oOpa3oBanus U ryMaHuTapHbIX Hayk, YHUBepcuTeT CIY, r. Kackenen, Kazaxcran
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IHPEOBPA3OBAHUE INOBEPXHOCTH U YIYUYIIEHHBIE
IJIEKTPOXUMHNYECKHUE XAPAKTEPUCTUKMU DJIEKTPOJOB NI;S,/NI
HEHBI AJA 'UBPUIHBIX CYHEPKOHAEHCATOPOB

AHHOTAIUA

IIponecc cynbhupMpoBaHus MOBEPXHOCTH HHMKENEBOW MEHbI [l momydenus cno€s Ni,S, ¢ BBICOKOH dmek-
TPOXMMHUYECKOH EMKOCTBIO M CTA0MIBHOCTBIO MPH 3JIEKTPOXMMUYECKOM LUKIMPOBAHHUH, OBUI MOJPOOHO H3yUeH.
OnHaKo poJb CIOEB I'MAPOKCHIA HUKENS, KOTOPbIE, KaK MPEeAIonaraeTcs, 00pa3yloTcsi B yCIOBHX AJIEKTPOXUMH-
YecKoi paboTHI MIeKTpoIa Ni3SZ/NF (HMKereBas IeHa), T0 CHX MOop He ObUIa JOCTAaTOYHO M3ydeHa. B HacTosmeit
paboTe MoKa3zaHo, YTO THAPOKCHIHASA (ha3a BHOCUT 3HAUMTENBHBIN BKIIA]l KaK B SJIEKTPOXUMUYECKYIO EMKOCTh, TaK
U B IUKIMYECKYIO CTa0MIbHOCTh. DnekTpoa Ni3S2/NF Obul M3roTOBJIEH C MOMOIIBIO OJHOATAITHOTO THIPOTEP-
MaJbHOTO METOZIa B TIPHCYTCTBMU THOMOYEBUHBI pu Temmneparype 160 °C. Ilepsonauanbhas cTpykrypa Ni S, Ha
noBepxHoctn NF Brocienctsum Obuta Moau(UIMPOBaHa B pe3yibTare JIEKTPOXMMHUUCCKUX IIMKIIOB B JJIEKTPO-
mure KOH. VBennuenue 31eKTpOXUMUYIECKOH EMKOCTH HJIEKTPO/IAa COPOBOXKIAIOCH 00pa30BaHHEM HECKOIBKUX
(a3 TuapOKCHIA HUKEINS, YTO OBUIO IMOATBEPIKIICHO C IMMOMOINBI0 peHTreHoBckor audpaxmun (XRD) m pamanos-
CKOH CHEKTPOCKOMHHU. DJIEKTPOA MPOASMOHCTPHPOBAT BHICOKYIO CTAOMIBHOCTh XapakTepucTuk B Tedenue 20 000
IIUKJIOB TaJbBaHOCTaTHYECKOTO 3apsaa-paspaaa (GCD) npu muotHOCTH ToKa 20 A17!, coxpanuB 90% cBoeit Mak-
CHUMaJIbHOH €MKOCTH. YaenbHast éMkocTh anekrpona Ni3S2 cocraBuia 758 ®-r™! npu minoTHocTn Toka 2,7 A1
IIpu yBennuennu naotHocTH ToKa 10 90 A 17! ynenbHas eMKOCTb cHu3uaach 10 233 d-r7', uro cocrasnger 30% ot
3HAYEeHUS [IPH IJIOTHOCTH TOKa 2,7 AT}

Kurouesbie caoBa: Ni S, Hukenesas nena, TMOPUIHBIA CYTIEPKOHIEHCATOP, THAPOKCHI HUKEIS, JIIEKTPOXHU-

MUYCCKas aKTUBaIMsA, HUKIINYCCKAsA CTa0UIBLHOCT.
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