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Abstract: Nickel coatings consisting of oriented structures have unique catalytic properties. However, the temperature
range for the use of such coatings is not determined, and a comprehensive study of their thermal properties in aggressive
environments is required. This work studied the influence of the characteristics of the habit of nickel crystals on their reac-
tivity with increasing temperature (thermoreactivity). The authors studied nickel coatings produced by electrodeposition
with the addition of inhibitory additives, in the form of alkali metal chlorides to the electrolyte. Differential thermal analy-
sis was used to study the reactivity of coatings in temperature fields. Oxygen was used as an aggressive medium.
The phase composition of the samples after heating was determined, using a powder X-ray diffractometer. The introduced
additives in the form of alkali metal chlorides allowed forming coatings consisting of crystals of a cone-shaped habit.
It was found that the introduction of additives, in the form of alkali metal salts into the electrolyte, makes it possible to
change the habit of nickel crystals, and increase the surface area of the coating by approximately 10—15 %. The study
showed that electrodeposited nickel coatings, consisting of crystals in the form of micro- and nanocones, have (compared
to the control coating) a reduced thermoreactivity. Experimental data allowed concluding that a decrease in the intensity of
oxidation on the coatings under study, may be associated with the presence of a preferential development of certain crys-
tallographic faces of the crystals, which causes a change in the nature of the nickel-oxygen interaction, and as a conse-

quence, a change in the oxidation intensity.

Keywords: nickel coatings; nickel electrodeposition; cone-shaped crystals; thermoreactivity.

Acknowledgments: The paper was written on the reports of the participants of the XI International School of Physical
Materials Science (SPM-2023), Togliatti, September 11-15, 2023.

For citation: Matveeva N.S., Gryzunova N.N. Features of thermoreactivity of electrolytic nickel coatings with different sur-
face morphologies. Frontier Materials & Technologies, 2024, no. 2, pp. 67—75. DOI: 10.18323/2782-4039-2024-2-68-6.

INTRODUCTION

The development of modern technologies raises
the requirements for electrodeposited metal coatings.
Traditionally, nickel plating is used to protect against
corrosion, increase the wear resistance and strength of
parts, decorative surface finishing, etc. However, re-
cently, the technology for producing nickel coatings or
films, consisting of arrays of oriented structures has
been actively developed. Among the large volume of
scientific information, a significant number of publica-
tions covers, specifically the methods of forming nickel
coatings with a developed surface, consisting of arrays
of oriented structures [1-3]. In particular, in [1], magne-
tron sputtering of a nickel target was used to produce
films from nickel nanocolumns. In [2-4], the electro-
deposition method was used to create oriented structures
on surfaces of various natures. In works [2; 5; 6], nickel
coatings consisting of columnar structures were pro-
duced by modifying the electrolyte. The authors of [2]
proposed to introduce a modifying agent, in the form of
hydrochloric ethylenediamine into the electrolyte to
obtain arrays of nickel nanocones. In works [6-8], cal-
cium, sodium and potassium chlorides played the role of
modifying agents. The authors of [9] produced vertical-

ly arranged arrays of nickel micro- and nanorods by
galvanostatic electrolysis onto a titanium substrate,
without any solid templates or surfactants.

Analysis of publications, allowed identifying works
covering the study of the properties of coatings, made from
arrays of oriented structures. In [10; 11], the corrosion
properties of highly hydrophobic hierarchical nickel coat-
ings were studied. Research showed that the corrosion re-
sistance of coatings increases when using a chloride elec-
trolyte, and nanostructured nickel as a matrix. In [12],
it was proposed to use a nickel-cobalt developed surface, as
a metal frame to create highly efficient supercapacitors.
Studies [2] of the magnetic properties of arrays of nickel
structures have demonstrated the existence of strong aniso-
tropy. It was proposed to apply a silicon composite to ni-
ckel substrates, with a developed surface to increase
the capacity of lithium-ion batteries [2; 13].

Nickel coatings with a developed surface, consisting of
oriented structures or cone-shaped crystals, have high po-
tential for practical application. In semiconductor technolo-
gy, they are supposed to be used to create sensor devices
and magnetic information storage devices [14]. Nickel coat-
ings are used as ultrahydrophobic layers [10; 11],
supercapacitors [12], and catalysts [15—-17]. In [13], it was
proposed to use electrodeposited nickel micro- and nano-
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cones, to create a hierarchically structured current collector
for lithium batteries.

In the above works, the magnetic, hydrophobic, corro-
sion, and catalytic properties of nickel coatings with a de-
veloped surface were studied, but there are no publications
related to studies of their thermal properties in aggressive
environments.

In this work, thermoreactivity will be understood to be
the intensity of nickel oxidation in oxygen, under the influ-
ence of elevated temperatures. It is known [18] that reacti-
vity can depend on the crystal structure, defect concentra-
tion, and the metal surface morphology.

The purpose of the research is to study the influence
of the habit characteristics of nickel crystals in electro-
deposited coatings on their reactivity when increasing
temperature.

METHODS

Nickel coatings, consisting of cone-shaped crystals,
were produced by electrodeposition from a nickel elec-
trolyte based on grade Ch NiSO4-7H,0 in a concentra-
tion of 3 mol/l. To produce coatings with different sur-
face morphologies, alkali metal salts (sodium chloride
and potassium chloride) taken in the same molar amount
(3 mol/l of electrolyte), were introduced into the initial
electrolyte.

Electrodeposition was carried out on substrates — stain-
less steel microgrids. The substrates were pre-prepared for
electrodeposition: cleaned, degreased, washed, and dried.
Nickel NPAN (semi-finished anode non-passivated nickel)
was used as an anode. Electrodeposition was carried out at
temperature of /=60 °C and current density of j=1.5 A/dm’.
Electrodeposition time was =600 s.

To assess the surface morphology of the resulting nickel
coatings, a Carl Zeiss Sigma scanning electron microscope,
and an Olympus LEXT OLS4000 laser scanning micro-
scope were used. To identify the influence of crystal habit,
and surface morphology of electrodeposited nickel coatings
on their reactivity (nickel behaviour in an aggressive envi-
ronment with increasing temperature), differential thermal
analysis (DTA) was used, which was carried out on
a DTG60/60H device. Oxygen was used as an aggressive
medium. Heating was carried out from room temperature to
1100 °C at a rate of 10 deg/min, with a gas supply rate of
35 ml/min. To carry out differential thermal analysis of
nickel coatings of different morphologies, disks with a di-
ameter equal to the internal diameter of ceramic crucibles for
direct annealing in the device were cut out. The weight of
the samples was the same, and amounted to m=(7.0+0.5) mg.
For each type of coating, at least 10 calorimetric studies
were carried out.

The phase and approximate quantitative composition of
the samples was determined, using a Shimadzu XRD-7000
powder X-ray diffractometer. Phase identification was per-
formed using the JCPDS powder diffraction reference
standard database, by comparing peak intensities and
interplanar distances. The oxidation intensity was assessed
using an X-ray diffractometer, based on changes in
the quantitative composition of the phases of the samples
after heating.

RESULTS

Fig. 1 presents microphotographs of the samples under
study. Fig. 1 a shows the surface morphology of a sample
produced from a pure electrolyte, without the addition of
chlorides — a control sample. Scanning electron microscopy
images showed that in this case, the nickel coating has
a morphology without a pronounced surface microrelief
(Fig. 1 a). When introducing the additives under study into
the electrolyte, the surface relief changes significantly
(Fig. 1 b—d), due to the formation of coatings consisting of
cone-shaped habit crystals. In the coating with sodium chlo-
ride (Fig. 1 b), crystals with pentagonal symmetry are found
in significant quantities (Fig. 1 c). At the same time, a more
uniform surface morphology is observed in coatings, pro-
duced with the potassium chloride introduction into
the electrolyte (Fig. 1 d).

Detailed microscopic studies showed that the potassium
chloride introduction into the initial electrolyte, allows pro-
ducing a coating, consisting of almost 100 % cone-shaped
crystals (Fig. 1 d, 2 a). Of these, about 40 % of the crystals at
the base in the transverse direction are nanosized (“a” para-
meter in Fig. 2 b). Determining the surface area of nickel coat-
ings, using a laser scanning microscope, showed that the in-
troduction of additives in the form of alkali metal salts into
the electrolyte allows both changing the habit of nickel crys-
tals in the coating, and increasing its surface area. Thus, if we
take the control sample surface area (nickel coating produced
from a pure electrolyte (Fig. 1 a)) as 100 %, then the surface
area of coatings produced from electrolytes with NaCl and
KCl additives increased by 10 and 15 %, respectively.

Using electron scanning microscopy, the average size of
nickel cones in the coatings under study was assessed.
Fig. 2 c presents a diagram of the dependence of the aver-
age size of cone-shaped crystals in the coating on the type
of additive in the electrolyte. In Fig. 2 d, the ratio of
the cone height to its base is estimated. The results obtained
indicate that the potassium chloride addition to the electro-
lyte allows increasing the coating surface area, due to
the pronounced anisotropy of crystal growth. Thus, the use
of potassium chloride makes it possible to produce finer-
crystalline coatings, consisting of cone-shaped habit crys-
tals with an average size of 300—400 nm.

The results of DTA studies are presented in Fig. 3-5.
In the graph (Fig. 3) of the control sample, no peaks of heat
absorption and heat release are observed throughout
the entire temperature range. The sodium chloride electro-
lyte sample exhibits two peaks. In the temperature range
from 600 to 710 °C, there is an endothermic peak; in
the temperature range from approximately 810 to 870 °C,
there is an exothermic peak (Fig. 4). For another sample
(from an electrolyte with potassium chloride), two similar
peaks can also be observed, but shifted to a higher tempera-
ture range. Endothermic peak is from 630 to 740 °C, exo-
thermic peak is from 830 to 880 °C (Fig. 5).

Fig. 6 shows diffraction patterns with marked phase
lines for all three types of coatings. Due to the fact that
the coating is applied to stainless steel microgrids, in addi-
tion to the nickel and nickel oxide phases, phases of other
compounds can be observed. The noise present in the dif-
fraction patterns is determined by the presence of fluores-
cent iron in the microgrid itself.
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c

Fig. 1. Electron micrographs of a nickel coating on a stainless steel microgrid:
a — sample of pure electrolyte; b, ¢ — sample with added sodium chloride; d — sample with added potassium chloride
Puc. 1. Dnexmponno-mukpockonuyeckue CHUMKU HUKENe6020 NOKPLIMUS HA MUKPOCEMKe U3 Hepcageroujeli Crmanu.
a — obpaszey u3 wucmoeo anekmpoauma, b, ¢ — obpasey ¢ dobasnenuem xnopuoa nampus; d — obpazey ¢ dobasneHuem X10PUOA KAIUsL

The approximate quantitative phase composition sug-
gests that the control coating undergoes significant oxida-
tion (approximately 53 % of nickel was oxidised), the oxi-
dation intensity of coatings made of electrolytes with addi-
tives is lower (for coatings from an electrolyte with NacCl, it
was approximately 17 %, for coatings from an electrolyte
with KCI — approximately 39 %).

DISCUSSION

We associate the first peaks in the samples with the an-
nealing of defects of growth origin and with the nickel
recrystallisation processes within this temperature range.
According to the Bochvar’s formula (7,=a X T}, Where T,
is the recrystallisation temperature, a is a coefficient de-
pending on the metal purity, T is the melting tempera-
ture), the recrystallisation of nickel can begin already at
a temperature of 7,=0.4T,,.,. For nickel, this is (according
to various sources) approximately 580—600 °C. In the nick-
el coating of the control sample, the recrystallisation pro-
cess is not as pronounced as for the samples under study.
In our opinion, this is associated with the fact that during
the formation of coatings on the samples under study, selec-
tive inhibition of crystal growth occurs. Due to the inhibi-
tion of some crystallographic faces, others received prefe-

rential development. The work [13] presents the results of
X-ray diffraction analysis of such coatings. They showed
that when adding sodium chloride or potassium chloride to
the electrolyte, the crystals formed in the coating exhibit
preferential development of (111) faces and inhibition of
the development of (200) faces.

Coatings with the addition of sodium chloride contain
cone-shaped crystals with pentagonal symmetry [19; 20],
which have large stored internal energy [21]. Therefore, in
coatings made of electrolyte with NaCl, an intensive
recrystallisation process begins at lower temperatures.

According to thermal analysis, the change in enthalpy
(AH) at the occurrence of the first peaks for the coating
with KCl is approximately 20 % greater than for the coating
with NaCl. This may indicate that structural changes in
these samples occur more actively, which may be associat-
ed with the dimensional characteristics of the crystals
(Fig. 2).

We associate the further peaks (Fig. 3, 4) with phase
transformations that occurred during the oxidation of nickel
in oxygen. According to reference data, visible oxidation of
nickel in an oxygen-containing environment is observed at
temperatures above 700-800 °C. The occurrence of exo-
thermic peaks in the thermograms of the samples is ob-
served in a similar temperature range.
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Fig. 2. A view of cones in the coating, where a is the base, h is the cone height, o is the angle at the apex (a);
schematic representation of a cone-shaped nickel crystal and its geometric parameters (b);
diagram of the average size of nickel crystals in the coating with different additions to the electrolyte (c);
diagram of the ratio of the linear dimensions of cones in coatings of different morphologies (d)

Puc. 2. Buo KoHyco8 6 nokpvlmuu, e0e a — OCHo8aHue, h — blcoma KOHyca, 0. — Y20l Npu 8ePUUHE (@);
cxXeMamuuHoe u306padicenue KOHycoo6pa3HO20 KPUCMALA HUKENA U e20 2eomempuyeckux napamempos (b);
ouazpamma cpeonezo pazmepa KpUCmailod HUKes 8 NOKPbIMuU npu pasuvlx 000a8Kax 6 2neKmpoaum (c);
oUazpamMma OmHOUeHUs TUHEHbIX PA3MepPO8 KOHYCO8 8 NOKpbImuUsX pasuou mopgonozuu (d)

X-ray phase studies of samples, showed that when heat-
ing nickel in oxygen, its surface oxidises. However, for
the control coating, oxidation occurs gradually and more
actively within the entire temperature range.

As late as in the middle of the 20th century, the oxy-
gen adsorption on films of nickel, and other metals was
studied. It was discovered that chemisorption on different
crystallographic surfaces occurs with varying intensity

degrees [22]. Later works [23] confirmed this specificity
in terms of reaction rate. All this suggests that the de-
crease in the intensity of oxidation on the coatings, under
study, may be associated exactly with the presence of
preferential development of certain crystallographic facets
in the crystals. This causes a change in the nature of
the nickel-oxygen interaction and, as a consequence,
a change in the oxidation reaction rate.
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Fig. 3. Thermogram after annealing of microgrids with a nickel coating produced from the pure electrolyte in oxygen.
1 — graph of temperature changes in the device chamber;
2 — graph of changes in the mass of the studied samples during the heating process; 3 — DTA curve
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Fig. 4. Thermogram after annealing of microgrids with a nickel coating produced with the addition of sodium chloride in oxygen.
1 — graph of temperature changes in the device chamber;,
2 — graph of changes in the mass of the studied samples during the heating process; 3 — DTA curve
Puc. 4. Tepmozpamma nocie omicuea MUKPOCEMOK ¢ HUKeNE8bIM NOKPbIMUEM,
NOTYYEHHbIM ¢ 000AGIeHUeM XA0PUOA HAMPUsL, 8 KUCIOPOoOe.
1 — epaguk usmenenus memnepamypo 6 kKamepe npubopa,
2 — epapux usmenenus maccuvl ucciedyemvix obpasyos 6 npoyecce nazpesanus, 3 — kpueasn JJTA
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Fig. 5. Thermogram after annealing of microgrids with a nickel coating produced with the addition of potassium chloride in oxygen.

1 — graph of temperature changes in the device chamber;

2 — graph of changes in the mass of the studied samples during the heating process; 3 — DTA curve
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Fig. 6. X-ray patterns of nickel coatings after differential thermal analysis
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CONCLUSIONS

It is possible to change the habit of growing crystals in
the coating, and control their sizes, both by selecting the
electrodeposition mode and by introducing various inhibito-
ry additives into the electrolyte.

Differential thermal analysis of the behaviour of sam-
ples with additives in oxygen, showed the presence of two
pronounced peaks. We associate the first of them with
the recrystallisation of nickel, and the relaxation of large
elastic stresses, caused by a high concentration of growth
defects in the coating. We associate the second peak with
selective chemisorption, with the result that the nickel oxi-
dation (within a very narrow temperature range), first oc-
curred at a high speed (a sharp change in enthalpy oc-
curred), then slowed down significantly. This led to the fact
that the intensity of nickel oxidation on the samples under
study, was significantly lower.

Analysis of experimental data, allowed concluding that
electrodeposited nickel coatings consisting of crystals, in
the form of micro- and nanocones have (compared to the
control coating) a reduced thermoreactivity even when
heated to 1100 °C, which ensures additional possibilities for
the use of such coatings, for example, as catalysts operating
at high temperatures.
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Annomayus: HuxeneBble TOKPHITHS, COCTOSIINE U3 OPUCHTHUPOBAHHBIX CTPYKTYp, 00Jaal0T YHUKAIbHBIMU KaTaJlH-
THYECKUMH cBoMcTBaMHU. OHAKO TeMIEpaTypHBIH MHTEPBaJ NMPUMEHEHHS TaKUX MOKPBHITHH HE ONpeneseH, U Tpedyercs
BCECTOPOHHEE N3y4YCHNE MX TEPMHUYECKHX CBOICTB B arpecCHBHBIX cpenax. B pabore m3ywanoch BiusiHHE 0COOCHHOCTEH
raburyca KpUCTAIJIOB HHUKENIS Ha WX PEAKIHOHHYIO CIIOCOOHOCTH C IOBBIIICHHEM TEMIIEpaTyphl (TEPMOPEAKIHOHHYIO
cnocoOHOCTh). MccnenoBanuck HUKEIEeBbIe OKPHITHS, MTOJIyYEHHbIE METOZOM 3JIEKTPOOCAXKICHHS C 100aBICHUEM B JJIEK-
TPOJIUT UHTHOUPYIOIIKUX T00ABOK B BHJIE XJIOPHU/IOB IICIOYHBIX META/UIOB. [ UCClieIOBaHMS PEAKIIMOHHOM CITOCOOHOCTH
MOKPBITHH B TEMIEPaTypHbIX MOJIAX NpUMeHsuics nuddepeHnnansHplii TepMuueckuid aHaiau3. B kadecTBe arpeccuBHOU
cpensl HcHoib30Bajcs Kuciopod. Pa3oBelii cocTaB 00pa3IoB MOCe HarpeBa OMPEeAessUICS MPU MOMOIIM MOPOIIKOBOTO
peHTreHoBCcKoro audpakromerpa. BBeaeHHbIe 10OaBKM B BHAE XJIOPHIOB LIEJIOYHBIX METAJIIOB MO3BOJIMIN CHOPMHUPO-
BaTh MOKPBITHS, COCTOAIINE U3 KPHCTAJUIOB KOHycooOpa3Horo raburyca. OOHapyKeHO, YTO BBEJECHHUE B AJIEKTPOJIUT J100a-
BOK B BHJIE COJICH MIEOYHBIX META/UIOB IO3BOJISIET U3MEHUTH Ta0UTYC KPHCTAJUIOB HUKEINS M YBEJIWYUTDH IUIOIIAIbL IO-
BEPXHOCTH MOKPBITHs puMepHO Ha 10—-15 %. TTokazaHo, 4TO 3IEKTPOOCAKICHHBIE HUKEIEBBIE OKPBITHS, COCTOSIINE U3
KPHCTAJUIOB B BHJE MUKPO- 1 HAHOKOHYCOB, 00JIa/1atoT (110 CPaBHEHHUIO C KOHTPOJIBHBIM ITOKPBITHEM) HOHMXEHHOH Tep-
MOPEaKIMOHHON CIIOCOOHOCTBIO. DKCIEPHUMEHTAIbHBIE JaHHbBIE TIO3BOJIMIIM CIIENIaTh BBIBOJ, YTO YMEHBIICHHE HHTEHCHB-
HOCTH OKHCJICHHSI Ha MCCIIEAYEMBIX MOKPBITHAX MOXKET OBITh CBSI3aHO C HAJMYMEM NPEUMYIIECTBEHHOTO Pa3BUTHUS OIpe-
JIENICHHBIX KpUCTaJIorpaduyeckux rpaHell y KpHCTaJUIOB, YTO OOYyCJIaBIMBaeT M3MEHEHHE XapakTepa B3auMOJCHCTBUS
HUKeJS ¢ KUCIOPOJOM U, KaK CIeJCTBHE, N3MEHEHHE HHTCHCUBHOCTH OKUCIICHHS.

Knrouegvie cnoga: HUKENEBbIE MOKPHITHS; EKTPOOCAKICHIE HHUKENS; KOHYCOOOpa3HbIe KPHCTAIIIBI; TEPMOpEaKIIu-
OHHasl CHOCOOHOCTb.
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