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Abstract: This paper presents the results of studies on the reduction of dispersed cobalt and nickel metal powders from their salts in am-
monia-alkaline aqueous solutions under hydrothermal autoclave conditions. A unified and environmentally friendly method for producing
these powders has been developed. Hydrazine hydrate, with a 25—50 % excess of the stoichiometric ratio, was used as a reducing agent. This
choice allows for obtaining metal phases that are chemically uncontaminated by decomposition products. The experiments determined the
conditions for the quantitative reduction of cobalt (I1) and nickel (II) ions from ammonia-alkaline aqueous solutions. The synthesis tempera-
ture for the dispersed phases ranged from 110 to 155 °C. It has been demonstrated that under the conditions used, the process is completed
quantitatively within 60 min. Metal concentrations in the solutions were determined using atomic absorption spectroscopy. The results of the
X-ray phase analysis confirm that cobalt forms in the HCP lattice, while nickel forms in the FCC lattice. No other phases, including X-ray
amorphous phases, were observed. It was found that with an increase in the hydrothermal synthesis temperature from 110 to 155 °C, the specific
surface area of cobalt increased by more than 1.5 times, and that of nickel black powders increased by approximately 2 times. Scanning electron
microscopy revealed that cobalt is formed in the shape of lamellar particles with a lateral size of about 500 nm and a thickness of 50 nm, which
aggregate into fractal structures. Nickel is represented by spherical particles arranged in chain-like structures. Using X-ray photoelectron spec-
troscopy, it was determined that the surface of the materials is covered with oxidized forms. The surface atomic concentration of cobalt (0) was
approximately 2 %, while that of nickel (0) was about 25 %.
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9KOJIOTMYECKU Oe3omacHasi METOIMKA MOJYYeHUs 9TUX MOPOIIKOB. B KauecTBe BOCCTAHOBUTEJSI NPUMEHSUIM TUAPAT rMApasuHa ¢ 25—
50 %-HBIM U30BITKOM OT CTEXMOMETPUIECKOTO COOTHOIICHM I, KOTOPBIiA ITO3BOJISIET MOJTyUaTh MeTaJJInUecKue ha3bl, XUMUIECKU He 3aTpsi3-
HEHHbIe TPOAYKTAMU Pa3IoXeHUsI. B pe3ynbraTe SKCIIEpUMEHTOB YCTAHOBJICHBI YCIOBUST KOJIMYECTBEHHOTO BOCCTAHOBJICHUSI MOHOB KO-
6anbra (11) u Hukens (11) u3 aMMuUayHO-111EIOYHBIX BOIHBIX pAaCTBOPOB. Temmeparypy cuHTe3a AMcnepcHbIX (a3 BappupoBaiu B 1HMana3oHe
ot 110 1o 155 °C. TToka3aHo, 4YTO B MUCITOJIb30BAaHHBIX PEXMMaX IMPOBEAEHM S MTPOLIECC KOJMYECTBEHHO 3aBepliaeTcs B TeueHue 60 MUH.
KoHIleHTpalium MeTayioB B pacTBOpaXxX OMpPEenessIi MeTOIaMKM aTOMHO-a0COPOIIMOHHON CIIEKTPOCKONMHU. Pe3ynbraThl peHTreHoda-
30BOTO aHaJIKM3a MOATBEPAUIIN, YTO KoOanbT dhopmupyetcs B ['T1V-, a nukens — B ['LIK-pemieTrke, npyrue cda3sbl, BKIO4YasT PEHTIEHO-
aMOpGHBIE, OTCYTCTBYIOT. YCTaHOBJIEHO, YTO C POCTOM TeMIIepaTypbl TUAPOTEPMaibHOro cuHTe3a oT 110 go 155 °C ynenbHas rjiomanb
MOBEPXHOCTHU KoOajbTa yBeJanuunBaeTcs: 6osee yeM B 1,5 pasa, a MOpPOIIKOB HUKEJIEBON YepHU — NpUMepHO B 2 pa3za. CKaHUpYIoLLel
9JIEKTPOHHOU MUKPOCKOITHEl MoKa3aHo, YTO KoOaibT GopMUpPYETCs B BUAE MIACTUHYATHIX YaCTUIL JaTepaJbHBIM pa3zMepoOM OKOJIO
500 M u TonmKMHOM 50 HM, KOTOPbIE aTPerMpoOBaHbl BO paKTalibHbIe CTPYKTYpbl. HuKenb mpencrasied yactuiamu cepudeckoit pop-
MBI, YIIOPSITOYEHHBIMU B LEMOYKOMONOOHbIE CTPYKTYPbl. MeTOIOM PEHTIeHOBCKOU (OTOINEKTPOHHOIN CIEKTPOCKOMUHU YCTAHOBJIEHO,
YTO [MOBEPXHOCTb MaTepuaioB MOKPbITAa OKUCIEHHBIMU opMaMu. [ToBepxHOCTHAsI aTOMHAasi KOHLeHTpaLus Kobabra (0) cocTaBuia
nopsaka 2 %, a Hukens (0) — okojo 25 %.

Karouessie ciioBa: HUKEIb, K063.J'[bT, ABTOKJIaBbI, TUAPOTECPMAJIbHBIC YCIOBU A, HAHOIMMOPOIIKHA, TIOBEPXHOCTh.
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Introduction

Serious attention to dispersed materials based on
non-ferrous metals is warranted due to their proper-
ties, which are primarily of practical interest. Powders
of nickel, cobalt, and their alloys have been and con-
tinue to be widely used in numerous vital areas of hu-
man activity, including metallurgy [1], heterogeneous
catalysis [2; 3], materials science [4—6], medicine and
biology [7], electronic and electrical engineering [6; 8],
among others. In the paper [9], magnetic carbon ma-
terials containing nickel and cobalt are described for
addressing environmental issues. Furthermore, the
authors of the article [4] have presented information on
the production of corrosion-resistant coatings based on
these metals.

The specific requirements for the composition, dis-
persion ability, morphology, and other essential charac-
teristics of functional materials are largely determined
by their application spheres. Consequently, methods
for producing these materials are actively under deve-
lopment and improvement. The body of research de-
dicated to addressing these issues is extensive. Clas-
sical approaches for obtaining highly dispersed nick-
el and cobalt powders, such as thermal decomposition
or exposure to reducing gases like hydrogen, are well-
established [6; 8; 10]. However, they come with a set of
challenges, primarily associated with the difficulty of
controlling the powders’ dispersion ability due to the
potential sintering of materials driven by diffusion pro-
cesses. Maintaining the required temperature is a sig-
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nificant challenge in heterogeneous reduction to metal
powders. This difficulty may arise from the heat gene-
rated during the reduction reaction, leading to localized
overheating of specific surface areas and, consequently,
the sintering of particles.

Enlargement processes in hydrothermal systems
can be observed at lower temperatures, but spontaneous
heating does not occur, especially with conventional
convection heating methods [11].

Chemical precipitation of dispersed Ni and Co metal
powders from aqueous solutions under the influence of
potent reducing agents has been the focus of numerous
studies. In the article [12], the potential for separating
nickel and cobalt metal phases from their hot salt solu-
tions using sodium hypophosphite is demonstrated. Se-
veral investigations have been dedicated to the reduction
of Ni(II) and Co(II) salts from aqueous solutions using
sodium tetrahydridoborate [13—15]. However, in these
cases, it is essential to consider the possibility of metal
powder contamination with decomposition products of
sodium hypophosphite and sodium tetrahydridoborate,
respectively. Such contamination is entirely unaccep-
table in various practical applications, such as heteroge-
neous catalysis.

The use of hydrazine hydrate as a reducing agent is
highly appealing, as it guarantees the purity of the ma-
terials obtained. It’s not surprising that occasional in-
stances of using this reagent for producing dispersed
metal powders, including nickel and cobalt, can be found
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in the literature [16—19]. In [19], it was demonstrated
that the reduction of mixtures of difficult-to-solubilize
nickel and cobalt carbonates with hydrazine hydrate at
80—95 °C resulted in the formation of nanocrystalline
powders of the respective metals.

The use of hydrometallurgical processes in open
systems, despite their simplicity, is accompanied by
several challenges, including inefficient reagent utili-
zation and environmental pollution. The development
of environmentally sustainable and efficient methods
for producing dispersed materials based on non-fer-
rous metals with the necessary structural characteris-
tics and properties is an urgent objective. This chal-
Ienge can be addressed through autoclave technologies
[17; 18].

The objective of this study is to develop a unified,
environmentally friendly technique for obtaining dis-
persed cobalt and nickel metal powders and to inves-
tigate the structural parameters of the resulting mate-
rials.

Research methodology

In this study, we used high-purity aqueous ammonia
(special puritygrade 23-5; GOST 24147-80), NiCl,- 6H,0
(reagent grade), CoCl,-6H,0 (reagent grade), potas-
sium hydroxide (reagent grade), 64 % N,H, H,O (rea-
gent grade), and gaseous argon (Grade-3). Deionized
water was prepared using the Direct-Q3 purification
system (Millipore, USA). The experiments were con-
ducted in laboratory fluoroplastic autoclaves with vo-
lumes ranging from 30 to 200 cm?, the design of which is
detailed in [17; 20; 21].

The synthesis of dispersed cobalt and nickel mag-
netic powders was carried out within a temperature
range of 110 to 155 °C, following the procedure out-
lined in [17]. The choice of this temperature range is
based on the consideration that at lower temperatures,
the reduction processes may be hindered due to the
possible formation of stable hydrazine complexes,
while at higher temperatures, the system’s pressure sig-
nificantly increases.

The procedure involved placing a measured quan-
tity of CoCl,-6H,0 (or NiCl,-6H,0) in a fluoroplastic
liner and dissolving it in an aqueous solution of ammo-
nium hydroxide. Subsequently, a 10 % sodium hydrox-
ide solution and hydrazine hydrate (in excess of 30 % of
the stoichiometry ratio) were added and stirred. Argon
purging was used to remove air oxygen. Following this,
the autoclave was sealed by securing it within a stain-
less-steel casing and then placed in a thermostat, where
it was heated to the required temperature for a speci-

fied duration (60 min). The thermostat design allowed
for vertical plane stirring. After the experiment, the
autoclave was disassembled, the liquid phase was col-
lected for analysis, and the solid phase was thoroughly
washed with distilled water, dried at a temperature of
100 °C, and weighed. The residual concentration of
cobalt or nickel ions in the solution was used to cal-
culate the extent of metal reduction. Additionally, the
obtained mass of the precipitate was compared to the
calculated mass. The excess of the mass of synthesized
powder over the calculated mass served as an indicator
of the formation of oxidized forms of the metal (oxide,
hydroxide).

The electron-microscopic analysis of materials
was conducted using a scanning electron microscope
TM4000 (Hitachi, Japan) equipped with a microana-
lysis system Quantax 70 (Bruker, Germany) operating
in backscattered electrons mode, with an accelerating
voltage of 20 keV. High-resolution electron micropho-
tographs were obtained using a scanning electron mic-
roscope S5500 (Hitachi, Japan) in secondary electrons
mode, with an accelerating voltage of 3 keV.

The specific surface area of the powders was deter-
mined through low-temperature nitrogen adsorption us-
ing an analyzer ASAP-2420 (Micromeritics, USA), at a
t=—195.75 °C, applying the BET model.

X-ray diffractograms were recorded using a desk-
top diffractometer Proto AXRD (Proto Manufac-
turing, Canada) and CuK, radiation. The recording
was conducted in the angle range of 260 = 15°+100°,
with a spacing of 0.02° and accumulation time at 2 sec
point.

X-ray photoelectron spectra were registered using a
spectrometer SPECS (SPECS GmbH — Surface Anal-
ysis and Computer Technology, Germany), equipped
with a hemispherical energy analyzer PHOIBOS 150
MCD9 (SPECS GmbH). Monochromatic AlK, radia-
tion (1253.6 eV) from the anode of the X-ray tube was
used for excitation. The transmittance energy of the
energy analyzer was set at 20 eV for panoramic spec-
tra or 10 eV for high-resolution spectra. Spectra data
were processed using the CasaXPS software package.
To correct for electrostatic charging, the maximum of
the C 1s spectrum (285.0 eV) arising from hydrocarbon
contaminants was utilized. High-resolution spectra
were approximated using doublets of the asymmetric
Gaussian—Lorentzian form, following Shirley subtrac-
tion of the nonlinear background.

The content of nickel and cobalt ions in the solu-
tions was determined by atomic absorption spectros-
copy using a spectrometer AAnalyst-400 (Perkin
Elmer, USA).

17



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.5e P. 15-24

Belousova N.V., Belousov O.V., Borisov R.V. et al. Production of nickel and cobalt metal powders under autoclave conditions

Research results and discussion

The reduction process of nickel and cobalt salts by
hydrazine hydrate, as demonstrated earlier [17], can be
thermodynamically described by the following equa-
tions:

2CoCly 6H,0 + N,H, H,0 + 4NaOH =

—2Co + 4NaCl + N, + 17H,0, )
— ONi + 4NaCl + N, + 17H,0. )

According to the assumption proposed in [18; 22],
the reduction of nickel and cobalt proceeds through the
stage of formation of stable hydrazine complexes of the
respective metals. These complexes are stable under nor-
mal conditions, and precipitation into the metallic state
occurs at elevated temperatures.

Despite the use of closed systems, the quantitative
progress processes (1) and (2) requires an excess of re-
ducing agent, approximately 20 % above the stoichio-
metric ratio. This excess is necessary due to the potential
oxidation of the reducing agent, which may occur be-
cause of the presence of oxygen in both the gas phase of
the autoclave (owing to incomplete removal) and oxygen
dissolved in the liquid phase.

It was observed that in ammonia-alkaline media, the
reduction of nickel and cobalt at a temperature of 110 °C
is completed within 1 h, while, as per [18], cobalt metal
separation does not occur below ¢ = 120 °C.

Specific surfaces of nickel and cobalt powders

VYnenbHble TTOBCPXHOCTHU MMOPOIIKOB HUKEIA U KobasbTa

Sample No. Metal t,°C Seurfs m?/g
1 110 5.1
2 125 5.8

Co
3 140 6.5
4 155 8.0
5 110 10.2
6 125 15.1
Ni
7 140 21.3
8 155 21.6

Under hydrothermal conditions in a closed system at
t = 110 °C, it was found that the precipitation depth of
cobalt metal is not less than 95 % with a 20 % excess of
hydrazine hydrate from the stoichiometric ratio. With a
50 % excess of the reducing agent, the concentration of
cobalt ions in the solution after metal precipitation, as
determined by atomic absorption spectroscopy, is less
than < 0.1 mg/L.

A similar situation is observed in the reduction pro-
cess of nickel chloride (2). Increasing the synthesis tem-
perature does not result in significant changes in product
output, but it does influence the structural characteris-
tics of the powders (see the table). The specific surface
area of cobalt synthesized at r = 155 °C is nearly twice

IR al 4+
n o 5
| I

u Sample 3

M A Sample &
Sample /

. Sample 5

45 55 65 75 85 95 45 55 65 75 85
20, degree 20, degree

Fig. 1. Fragments of X-ray diffractograms of cobalt (@) and nickel (b) powders (see the table)
The stick diagrams of cobalt JCPDS 05-0727 (P63/mmc, a = 0.25031 nm, ¢ = 0.40605 nm) and nickel JCPDS 65-2865 (FCC, a = 0.35240 nm)

are shown above

Puc. 1. ®parMeHThl pEHTIEHOBCKUX AN paKTOrpaMM MOPOIIKOB KobaJibTa (a) 1 HuKes (b) (cM. TabauILy)

CBepxy MoKa3aHbl ITpUX-auarpaMmel Kobansra JCPDS 05-0727 (P63/mmc, a = 0,25031 uM, ¢ = 0,40605 HM)

u Hukenss JCPDS 65-2865 (I'LIK, @ = 0,35240 um)
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that of the material obtained at # = 110 °C. In the case
of nickel, a similar situation arises: the surface areas of
powders synthesized at 110 and 155 °C differ by approx-
imately a factor of 2. This phenomenon is likely linked
to the formation of a higher number of nuclei at high-
er temperatures due to an increased rate of reduction.
This situation has been discussed in [23] concerning the
preparation of noble metal nanoparticles for catalytic
processes.

Based on the X-ray phase analysis of the precipitates,
the material is composed of a single phase correspond-
ing to the respective metal (see Fig. 1). Cobalt X-ray dif-
fractograms exhibit metal reflections (JCPDS 05-0727)

in the HCP modification, which is characteristic for the
considered temperature range. The parameters for this
phase are ¢ = 0.25031 nm and ¢ = 0.40605 nm. However,
it’s worth noting that [18] suggests that cobalt is formed
from alkaline media with a metastable FCC lattice. In
contrast, nickel adopts an FCC lattice with a cell para-
meter of a = 0.35240 nm. The X-ray diffractograms
display peak broadening, which could be attributed, in
part, to the material’s dispersion.

It’s worth noting that as a result of reactions (1) and
(2), cobalt and nickel are generated in the modifications
that are stable within these temperature ranges, specifi-
cally HCP and FCC, respectively.

Fig. 2. SEM image (a) and energy dispersive spectrum for the imaged area () for cobalt

(sample 3, see the table)

Puc. 2. COM-u3obpaxeHue (a) U SHEPTOAUCTIEPCUOHHBII CITEKTP MO 0oToOpaxkaeMoii oo61actu (b) Aas kobabTa

(00p. 3, cM. TabIUILY)

1, rel. units
: b
Co

2 4 6 E, keV

1, rel. units
b
Ni
2 4 6 E, keV

Fig. 3. SEM image (@) and energy dispersive spectrum for the imaged area (b) for nickel

(sample 7, see the table)

Puc. 3. COM-uszo0pakeHue (@) ¥ SHEProaUCIIepCUOHHBIH CITEKTp 10 0ToOpaxkaemolii ooacTu (b) 1J1st HUKE st

(06p. 7, cM. TaOIUILY)
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Fig. 4. SEM image of cobalt (a, sample 3) and nickel (b, sample 7)

Puc. 4. COM-u3obpakeHus kobanbra (@, 00p. 3) u Hukes (b, o6p. 7)

k 4
7 TC02p31 a ; b
4 Ni2py; 112
Ols
Ols
Cls
Cls

800 600 400 200 E, eV 1000 800 600 400 200 E,eV

r h
I | Co2psp 4 1| Ni2py, d

T T T T 1 1 ) 1
790 785 780 775 E, eV 865 860 855 850 E, eV

Fig. 5. X-ray photoelectron spectra after etching with argon ions for 3 min — panoramic spectra for cobalt (a) and nickel (b)
and high-resolution spectra of Co 2ps; (¢, sample 3) and Ni 2p3 (d, sample 7) lines

Puc. 5. PentreHoBCcKME (POTOIEKTPOHHBIE CIIEKTPHI ITOCJIE TPABJIEHU I HOHAMY aproHa B TeYeHKe 3 MUH — 0030pHbIE
AJist KoGasibTa (@) u HuKedst (b), a TakKe CIIeKTPbI BBICOKOTo paspetueHust inHuit Co 2p3 ), (¢, 06p. 3) u Ni 2p3 ), (d, 06p. 7)
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Electron microscopic investigations have revealed
that during reduction, cobalt forms fractal structures
with dimensions of up to 10 um (see Fig. 2). Upon
closer examination, it becomes evident that these
fractal agglomerates are composed of lamellar parti-
cles, including regular hexagonal shapes, with lateral
dimensions of approximately 500 nm and a thickness
of about 50 nm. Based on the X-ray spectral analy-
sis (see Fig. 2), the material primarily consists of co-
balt (94—98 at.% at various points) and oxygen (2—
6 at.%), potentially indicating the presence of oxi-
dized forms of the metal on the surface, likely in an
amorphous state.

The morphology of nickel as revealed by scanning
electron microscopy (Fig. 3), is markedly distinct.
The particles have a shape closely resembling spheres
and are arranged in chain structures, which become
more distinguishable upon closer inspection (Fig. 4).
According to the X-ray spectrometry analysis, the
material primarily consists of nickel (97—100 at.% at
various points) with a minimal oxygen content (up to
3 at.%).

The extent of oxidized products formed on the sur-
face of nickel and cobalt metal, within a layer up to ~5 nm
thick, can be estimated using X-ray photoelectron
spectroscopy. Panoramic X-ray photoelectron spectra
(Fig. 5, a, b) clearly exhibit the 1S lines of oxygen and
carbon, as well as the 2p lines of cobalt and nickel, re-
spectively. High-resolution spectra were subjected to de-
composition (Fig. 5, ¢) using parameters and line shapes
as presented in [24]. This decomposition identified com-
ponents with energies of 780 eV or higher, correspon-
ding to oxidized forms of Co(Il), along with a com-
ponent corresponding to the cobalt metal (778.1 eV).
Calculations indicated that the total fraction of oxi-
dized forms of cobalt on the surface is approximate-
ly 98 at.%. The nickel line, when scanned within the
narrow 2ps,, range (Fig. 5, d), can be decomposed
into 8 components [24]. The peak at £ = 852.9 eV cor-
responds to the nickel metal, while the other compo-
nents align with the Ni(1I)—OH multiplet set [25]. Ac-
cording to calculations, the fraction of nickel metal on
the surface is 25 at.%.

Conclusion

1. A unified and environmentally friendly metho-
dology for producing dispersed cobalt and nickel metal
powders has been successfully developed.

2. It has been demonstrated that under autoclave
hydrothermal conditions, cobalt and nickel are quanti-
tatively reduced from their ammonia-alkaline salt solu-

tions when hydrazine hydrate is used in excess of 50 % of
the stoichiometric ratio.

3. XRF data confirm that cobalt adopts the HCP
lattice, while nickel takes on the FCC lattice; no other
phases were detected.

4. The X-ray photoelectron spectroscopy method re-
vealed that the materials’ surfaces are covered with oxi-
dized forms of the metals.

5. Furthermore, it has been observed that as the tem-
perature increases from 110 to 155 °C, the specific sur-
face area of nickel increases by a factor of 2, and that of
cobalt increases by 1.6 times.
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