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Abstract: In this work we have synthesized Ti3CyTx MXene powder and studied its structure.
Composite electrochemical coatings (CECs) of Ni-Ti3Cp,Tx MXene were obtained from a sulfate—
chloride bath in the galvanostatic regime. The microstructure of CEC was researched using X-
ray phase analysis and scanning electron microscopy methods. It has been established that a Ni-
Ti3C,Tx MXene CEC microhardness rises by about 1.80 times compared with electrolytic Ni without
a dispersed phase. For corrosion research, different corrosive media is applied. The corrosion—
electrochemical behavior of Ni-TizC,Tx MXene CECs by the chronovoltamperometry method in
0.5 M H,50;4 solution has been investigated. Trials in 3.5% NaCl have shown that Ti3CpTx MXene
inclusion into the matrix of the electrochemical Ni results in a decrease in the corrosion rate by
1.60-1.75 times. These effects are due to the addition of Ti3C, Tx MXene into the nickel matrix and
the formation of CECs with a strengthening fine-grained structure.

Keywords: composite electrochemical coatings; nickel; Ti3CTx MXene; structure; microhardness;

corrosion

1. Introduction

The electrochemical deposition of nickel coatings is one of the most common methods
for modifying the surface of metal products. Electrolytic nickel and the alloys based on
it are superior to many metals in such properties as corrosion resistance, wear resistance,
and hardness, which results in their wide application (gas and steam turbines, chemical
and oil and gas equipment, medical instruments, etc.) [1,2]. By co-precipitating nickel
with dispersed particles of various natures, it is possible to greatly improve its functional
properties. Coatings obtained through the electrodeposition of metals together with the
dispersed phase are called composite electrochemical coatings (CEC). In particular, nickel-
based CECs are known for their excellent adhesion, good corrosion resistance, and abrasion
resistance [2,3].

Compounds of various natures can be used as a dispersed phase in the deposition
of nickel CECs. The modification of the nickel matrix with ceramic particles (SiC [4]
TiO; [5]), polymers [6], and carbon compounds (fullerenes [7,8], carbon nanotubes [9-11],
nanodiamonds [12], graphene, and its derivatives [13-15]) is known.

Recently, two-dimensional materials called MXenes, discovered in 2011, have aroused
great interest [16-21]. MXenes are a new class of two-dimensional nanomaterials based
on early transition metal carbides and/or nitrides and can be represented by a general
formula M1 Xy Tx (m = 1-4), where M is a transition metal (Sc, Ti, V, Cr, Nb, Ta, Nb, Zr,
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or Mo), X-C and/or N, Ty—surface terminations (such as -O, -OH, -F, -Cl) [22]. The meth-
ods for obtaining MXenes are based on a selective etching of the A layer from M,,1AX,
(MAX) structures, where A is usually an element such as Al, Si, Ga, etc. However, Ti3Cp
MXene is the most popular compound among these, due to its availability and unique
set of functional properties. Etching is usually carried out by treating MAX phase pow-
ders in hydrofluoric acid (HF) or mixtures of hydrochloric acid (HCl) and fluoride salts
(LiF, KF, etc.) [23]. The great interest in this class of nanomaterials is associated primar-
ily with their exceptional optical, mechanical, electrical, magnetic, and physicochemical
properties [24,25]. In this regard, MXenes are promising for a wide range of different
applications, such as water treatment, energy storage, catalysts, sensors, and more [26].
In addition, due to the mechanical, tribological, and anti-corrosion properties of MXenes,
they can be used in coatings to improve their anti-friction and anti-corrosion properties
and to increase their microhardness. For example, their application as lubricating additives
makes it possible to reduce the friction coefficient and improve their wear protection due
to the formation of a layer from MXene nanosheets which has unique properties [27,28].
In Ref. [29], a polypyrrole/Ti3Cy Tx coating was applied to stainless steel by galvanostatic
electrodeposition. It has been shown that MXene plays a key role in improving corrosion
resistance, anode protection, and adhesion. Currently, few studies have been published
on the use of MXene in metal composite coatings to improve their properties. The authors
of [30] show that the addition of Ti3C, Tx and Ti3C,Tx /MoS2 particles into the composition
of the Ni-P coating makes it possible to reduce the friction coefficient and increase the
wear resistance, microhardness, etc. Similar results were obtained through the inclusion
of Ti3C,Tx—Ce into the Ni—P matrix [31], where, besides an increase in microhardness,
corrosion resistance was also improved due to the effective blocking of the diffusion of
aggressive substances. Furthermore, 2D MXene, especially Ti3C, Ty, has been widely used
in the realm of corrosion inhibition and protective coatings [32].

However, there are practically no works on the modification of nickel with a TizCpTx
MXene compound, so it is relevant to obtain composite nickel coatings containing TizCy Tx
MXene and to research the influence of this compound on the operating characteristics of
electrolytic nickel.

The purpose of this study is to obtain Ni-TizCyTx MXene composite coatings in a
stationary mode of electrolysis and to examine their structure and their physical-mechanical
and corrosion properties.

2. Materials and Methods
(a) TizCyTx MXene synthesis

The Ti3AlIC; MAX phase precursor powder was obtained using the molten salt-assisted
synthesis method [33] from TiC elemental powders (Mark B, TU 87 48-42-6-84, 0.8-1.5 um,
Mreda, Beijing, China), Ti (PTM -1, TU 14-22-57-92, Polema, Tula, 88 Russia), and Al (PA
4, less 100 um, Russian Standard 6058-73, Nizhny Novgorod, Russia). To do this, the
corresponding powders with the stoichiometric molar ratio TiC:Ti:Al = 2:1:1 were mixed
and pressed into cylindrical granules with a diameter and height of ~12 mm, which were
immersed into molten KCI-NaCl salt (molar ratio 1/1) and kept in the muffle furnace at
1300 °C for 3 h in an air atmosphere. The resulting powders were washed with deionized
water until the salts were completely removed, filtered, and dried at 100 °C.

Hydrofluoric acid (HF, 49 wt.%, Russian Standard 10484-78, Russia) was used for the
selective etching of aluminum layers from Ti3AIC; MAX phase to create layered TizCoTx
MXene titanium carbides. For this, 100 mL of HF solution (25 wt%) was poured into a
Teflon reactor, into which 5 g of the Ti3AIC; MAX phase powder was then immersed in
small portions. The reaction was carried out at 30 °C for 60 h with constant stirring. The
resulting suspension was washed several times with HCl (6 M) and then with deionized
water until neutral pH ~ 6 was reached, and then it was dried in the vacuum oven at 60 °C
for 24 h.
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(b) Electrodeposition of nickel-Ti3C,Tyx composite coatings

Composite Ni-TizC,Tx MXene coatings were deposited on a steel substrate (steel 45)
from a sulfate—chloride bath (Table 1).

Table 1. Electrolyte composition and deposition parameters used for Ni-TizC,Tx MXene.

Electrolyte Composition Concentration, g/L Deposition Parameters
NiSOy4-7H,O 220 Temperature t =45 °C, pH ~ 4.5
NiCl,-6H,O 40 Constant stirring
CH3COONa 30 Cathode current densities

Ti3C, Tx MXene 1 ic=7,8,9,10 A/dm?

Ti3C,Tx MXene was added into the bath in the form of a powder. Electrochemical
deposits of pure nickel were obtained from the above-mentioned solution without Ti3CyTx.
The thickness of all studied coatings was 20 um. Pretreatment of the electrode surface
consisted of mechanical cleaning by sandpaper from 200 to 2500 grit systematically, anodic
etching in 48% H3PO,4 with Pb counter electrode, and washing in distilled water.

(c) Investigation of structure and properties

The phase composition was studied with the help of ARL X'TRA device (Thermo
Scientific, Ecublens, Switzerland) applying Cu K« radiation (A = 0.15412 nm). TizC,Tx
powders morphology and the surfaces of the nickel coatings were examined using an
ASPEX Explorer scanning electron microscope (ASPEX, Framingham, MA, USA).

Electrochemical measurements were performed on a P-30] potentiostat (Elins, Russia).
The potentials were set relative to a saturated silver chloride reference electrode and
recalculated on the hydrogen scale.

Vickers microhardness (HV) was measured using a PMT-3 instrument (AO LOMO,
Russia). A tetrahedral diamond pyramid was statically pressed into the Ni electrolytic
deposits under a load of 100 g. The average penetration depth of the imprint was 3.06 um.
The distance between the imprints was no more than two diagonals. Based on the tests
conducted, values of both diagonals of the imprint were determined. The calculation of
HV was carried out according to the data of seven parallel measurements. The experiment
error was 3%.

To assess the corrosion—electrochemical behavior of nickel coatings, anodic potentiody-
namic plots were obtained in the 0.5 M H>SOj4 solution (potential sweep rate V,, =8 mV/s).
Corrosion rate was studied in 3.5% NaCl solution.

3. Results and Discussion

The properties of CECs significantly depend on the properties and structure of the
dispersed particles. Figure 1 shows the X-ray diffraction patterns (XRD) of the Ti3AlC,
MAX phase powder obtained by sintering in the melt of salts and TizC,Tx MXene powder
synthesized by the selective etching of Al from the MAX phase structure. The phase
composition of the initial powder used for etching is represented by TizAlC, (JCPDS 52-
0875) as the main phase, and a small content of the secondary phase Tip AIC. After the
MAX phase powder treatment in the HF solution, significant changes are observed in the
diffraction pattern. All the peaks corresponding to the Ti3AlC; phase disappear and wide
peaks appear at angles 26 = 7.78° and 26 = 15°, which confirm its transformation into a
multilayer TizCoTyx MXene. In this case, the peak obtained upon reflection from the (002)
plane shifted towards smaller angles from 20 = 9.47° to 20 = 8.91°. Thus, it is possible to
draw the conclusion that the lattice parameter c increased due to the destruction of Ti-Al
bonds and an etching of the Al layer from the Ti3AlC, structure.

The study of Ti3AlC; powders using scanning electron microscopy (SEM) after their
treatment in hydrofluoric acid shows that their morphology is represented by layered
accordion-like particles (Figure 2a,b). This indicates that the Al layers were successfully
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etched from the MAX phase with hydrofluoric acid, resulting in a layered 2D TizC,Tx
MXene structure.

Ti;C,T, MXene
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Figure 1. XRD patterns of Tiz AIC; MAX phase and Ti3CpTx MXene.

(d)

Figure 2. SEM images of Ti3C,Tx MXene (a,b), pure Ni (c), and CEC Ni-Ti3C, Tx MXene (d) deposited
atic =10 A/dm?.
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The study of the process of the joint electrodeposition of nickel with Ti3CyTx MXene
by taking potentiodynamic plots (PDP) shows that the inclusion of the Ti3Cy Ty dispersed
phase into the nickel-plating electrolyte affects the kinetics of electrode processes. A nickel
deposit in the presence of dispersed particles is formed on the cathode at less negative
electrode potentials. Electrodeposition currents of nickel-TizC,Tx MXene CECs increase
compared with pure nickel (Figure 3), which indicates an increase in the rate of the cathodic
process. During electrodeposition, Ni ions in the electrolyte with a positive charge are
absorbed by TizC,Tx particles due to electrostatic forces. Nickel cations with adsorbed
particles move towards the cathode and reduce on the electrode surface, forming a nickel
deposit together with the dispersed phase. The TizC;Tx MXene compound (Figure 2a,b)
has a developed multilayer structure with a large specific surface area, which provides
more vacant places for nucleation. This increases the rate of nucleation and the deposition
rate of the nickel matrix as a whole. The higher the nucleation rate, the more metal grains
are formed on the surface, which must determine the fine grain size of the electrochemical
deposits. The SEM study of the surface of nickel coatings shows that the dispersed phase
of Ti3C,Tx MXene significantly changes the morphology of nickel deposits. The Ti3C,Tx
layers prevent excessive nickel grain growth and promote the formation of a fine-grained,
uniform deposit, which is consistent with the analysis of coating morphology using the
SEM method (Figure 2c,d). Under the influence of TizC, T, there occurs a transition from
an amorphous, coarse-grained, and disordered structure of pure nickel (Figure 2c) to a
fine-grained, uniform, and dense structure of the composite coating (Figure 2d).
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Figure 3. Potentiodynamic plots of Ni electrodeposition process (1) and Ni— Ti3C, Tx MXene CEC
(2) (potential sweep rate Vp =10 mV/s).

Nickel forms a face-centered cubic lattice, which corresponds to the peaks at 44° and
52° in the diffractogram (Figure 4). When nickel is modified with the Ti3CpTx MXene
compound, the intensities of the peaks at 44° and 52°, which correspond to the nickel (111)
and (200) planes, increase significantly compared with pure nickel. This indicates a change
in the crystal structure under the influence of the dispersed phase—the growth of a nickel
crystal occurs simultaneously in two directions (111) and (200), and the peak corresponding
to the crystal plane (200) is predominant for the nickel-TizC,Tx CEC, while for pure nickel,
according to Figure 4, the preferred crystal growth orientation is the (111) plane. The
appearance of the peaks corresponding to Ti and C in the nickel-TizC,Tx CEC diffraction
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pattern proves the inclusion of Ti3C, Ty into the metal matrix of the electrochemical coating.
The peaks corresponding to Ni in the XRD pattern of the Ni coatings increase significantly.
The intensity ratio of the composite coating changes because TizC, Ty has a layered structure.
Nickel deposits and grows on the Mxene sheets, which leads to changes in the crystallite
structure and, hence, to an increase in the peaks (the Mxene sheets affect the crystal growth).

—— Ni - Ti;C,T, Mxene ° * - Ni (ICSD 01-073-6826)
Ni A-Ti(1CSD 01-079-6208)
* —C (ICSD 01-080-3904)

Intensity (a.u.)

*
2 | A
aT— TP TP

M—n _JL_,_ ;\ j

rTrrrr-rrrTrTr T rTrTd

— .
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)
Figure 4. XRD patterns of Ni coating and CEC Ni-Ti3C,Tx MXene deposited at ic = 10 A/dm?.

The penetration of a dispersed phase into the structure of an electrochemical metal
matrix leads to a shift, not only in their composition and structure, but also in their
operational properties. Of significant practical interest are the physical and mechanical
characteristics of metal surfaces, in particular their microhardness. With an increase in the
cathode current density, the microhardness of the researched nickel coatings grows (Table 2).
This is probably due to the inclusion of hydrogen and hydroxides in their structure, which
leads to the distortion and compression of crystallites. On the transition from Ni coatings
without a disperse phase to Ni-Ti3CyTx CECs, there is a growth in microhardness of
about 1.80 times in the investigated interval of current densities (Table 2). This effect
is due to several reasons. First, this is due to the formation of a fine-grained structure
and the dispersion strengthening of the nickel matrix in the presence of Ti3CyTx. The
embedded TizC, Ty sheets are located between the forming nickel grains, preventing their
growth and, thus, ensuring the grinding of the grains of the composite coatings. The small
grain size increases the length of the grain boundaries and prevents the movement of
defects (primarily dislocations) along the crystal lattice. Secondly, the excellent physical—-
mechanical properties of the Ti3C, T particles also contribute to an increase in the hardness
of the studied CECs. Moreover, the embedded particles are distributed along the grain
boundaries and act as a barrier to the propagation of slip planes.
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Table 2. Microhardness HV 19 values in MPa of Ni coatings *.

Cathode Current Density i, A/dm? Ni Ni-TizC, Ty
7 1938 3563
8 2150 3894
9 2350 4189
10 2459 4565

* Microhardness of steel substrate (steel 45) is 894 MPa.

Another important property of electrochemical deposits is corrosion resistance. The
following aspects are relevant to this problem: increasing the reliability of metal products
to reduce material losses and prevent industrial accidents, as well as the preservation of
the world’s metal resources. When metal comes into contact with an electrolyte solution,
electrochemical corrosion occurs, which is a combination of two conjugate heterogeneous
processes: the anodic oxidation of the metal and the cathodic reduction of the oxidizer. In
the case of composite coatings, the nature of corrosion damage is conditioned by both the
characteristics of the metal matrix and the dispersed phase.

The corrosion—electrochemical behavior of the Ni deposits was investigated in 0.5 M
H,SO4 solution using the chronovoltamperometry method. The anodic PDPs of Ni and the
Ni-Ti3CyTx MXene CEC (Figure 5) show that the particles of the disperse phase increase
the potential and, accordingly, decrease the active anodic dissolution current of the studied
coatings. The potential for the beginning of the passivation of pure Ni and CEC Ni-Ti3C,Tx
are close. A characteristic feature of the anodic PDP of the Ni-TizC,Tx CEC is a wide,
pronounced passive area, while for a Ni deposit not containing an MXene disperse phase,
it is significantly smoothed. It should be noted that the rate of metal dissolution does not
depend much on the potential value and can only decrease slightly when the potential
shifts to the more positive values. Consequently, the broadening of the passive region for
the composite coating is associated with the influence of the MXene dispersed phase. On
the basis of chronovoltamperometry studies in 0.5 M H,SO; solution, it was expected the
corrosion rate of the Ni-Ti3C,Tx CECs to be less than that of the Ni deposits without a
disperse phase.
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Figure 5. Potentiodynamic polarization plots of Ni (1) and Ni-Ti3C,Tx MXene (2) (deposited at
ic =10 A/dm?) in 0.5 M H,S0;.
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The corrosion rate of the nickel-based electrolytic deposits was measured using the
weight loss, when kept in 3.5% NaCl for 24 h (the templates were weighed before and after
dipping), with the help of the next equation [34,35]:

KW

Corrosionrate = ————
ATD

where K is constant (8.76-10%), W is the mass loss in g, A is the exposed area of a coating
template (1 cmz), T is the dipping time in hours, and D is the density of nickel (8.90 g/ cmg).

Tests in 3.5% NaCl medium show that the corrosion rate of Ni-TizC,Tx deposits
decreases by 1.60-1.75 times in comparison with that of electrolytic Ni without MXene
(Table 3). It is difficult to single out only one reason for this effect. When analyzing the
influence of Ti3C,Tx on the corrosion behavior of the studied Ni coatings, it is worth paying
attention to several factors. The Ni-TizC,Tx coatings have a regular fine-grained structure,
in contrast to Ni without an MXene phase (Figure 2c,d), which conditioned a uniform
distribution of the corrosion current over the surface. Wetting the coating surface with
a corrosive medium is important. A fine-grained metal surface is more difficult to wet,
which results in a slower corrosion rate. It should be noted that corrosion is a spontaneous
process with a Gibbs free energy negative value. The tendency of nickel to suffer corrosion
damage depends on the crystallographic orientation, which conditions the surface free
energy per unit area of the material. The ability of metal ions to penetrate through the
cross-section of the dispersed particles in the coating affects the corrosion behavior. The
high impermeability and stability of the Ti3C,Tx MXene phase contribute to the lengthening
of the diffusion path for an aggressive environment and prevents the penetration of Ni?*
ions through the micro-particle cross section. The effect of the dispersed phase in the
matrices of CECs is observed only if the particles form compounds that are more resistant
to corrosion than the metal deposit at the phase boundaries or throughout the volume.
Obviously, compounds like that are also formed in the volume of the studied composite
coatings. All the above-mentioned reasons working in common determined a decrease in
the corrosion rate of Ni-Ti3CyTx CECs compared with electrolytic Ni without MXene.

Table 3. Corrosion rates in mm/year of nickel coatings *.

Cathode Current Density i, A/dm? Ni Ni-TizCpTx
7 0.656 0.410
8 0.574 0.328
9 0.451 0.287
10 0.328 0.205

* Corrosion rate of steel substrate (steel 45) is 0.881 mm/year.

4. Conclusions

In this work we synthesized Ti3C,Tx MXene powder and studied its structure. The
conducted electrochemical research allows us to conclude that in the galvanostatic elec-
trolysis mode, CECs are formed from the sulfate—chloride nickel plating bath including
Ti3C, Tx MXene particles. The addition of TizC,Tx MXene into the nickel matrix leads to a
transformation in the microstructure and has a remarkable effect on the physicomechanical
properties and corrosion rate of obtained CECs. The modification of electrolytic Ni by the
Ti3C,Tx MXene results in a growth in the microhardness of coatings by about 1.80 times,
and their corrosion rate decreases by 1.60-1.75 times. These effects are due to the formation
of a fine-grained structure and the strengthening of the nickel matrix by adding Ti3CyTx
particles. The Ni-Ti3C,Tx MXene CEC obtained at ic = 10 A/dm? has better operating
characteristics.
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