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Abstract: Protective coatings are important for enhancing tribological behavior, preventing surface
degradation, and reducing friction-induced energy losses during the operation of mechanical systems.
Recently, tribocatalytically driven formation of protective carbon films at the contact interface has
been demonstrated as a viable approach for repairing and extending the lifetime of protective
coatings. Here, we study the effect of catalytic metals, specifically their composition and amount, on
the tribocatalysis process. To achieve this, we test the tribological performance of electro-deposited
amorphous CoNiP and CoCuP coatings in different hydrocarbon-rich environments. Our results
indicate that the tribocatalytic repair of wear-induced damage is optimal when Ni and Cu are included
in the Co-P matrix at 5 wt% Ni and 7 wt% Cu, respectively. Characterization of the wear tracks
suggests that among the considered samples, the tribofilms formed on the surface of Co7CuP have
the highest concentration of graphitic carbon, leading to a more significant reduction in the COF and
wear rate. The carbon tribofilm formation was more pronounced in decane and synthetic oil than in
ethanol, which is attributed to the difference in the length of the hydrocarbon molecules affecting
viscosity and the lubricant film thickness during boundary lubrication sliding.
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1. Introduction

Surface and interface degradation, along with friction-induced energy loss, are major
factors contributing to failure of machines’ components and increase in global carbon emis-
sions [1]. Implementing effective lubrication techniques based on advanced liquid [2,3] and
solid [4,5] lubricants and coating materials [6-8] and reducing friction can yield significant
benefits, including cost savings, reduced waste, and environmental advantages. How-
ever, liquid lubricants are not always compatible with the requirements of the mechanical
systems and the use of protective coatings offers a temporary solution to friction- and
wear-related issues, since their lifetime is limited [8,9].

Recently, tribocatalysis [10], the process of in situ formation of lubricating and wear-
reversing carbon films at the sliding interface induced by local heating [11,12], shear
forces, and the presence of hydrocarbon sources and catalytic metals, has demonstrated its
effectiveness in suppressing damage and wear [13-15]. The compatibility of tribocatalysis
with a wide range of hydrocarbon gases or liquids acting as a source of carbon [16,17] and
catalytic metals lowering the energy for hydrocarbon transformation [18] make the process
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tribocatalysis is attractive for lowering frictional losses, since carbon-based films, such as,
for example, graphene [19,20] or diamond-like carbon [21,22], enable easy shearing in an
incommensurate state configuration [23-25].
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found that Pt-Au films on noble alloy surfaces formed carbon-based tribofilms, reducing
wear rate compared to 440 C HT steel. Recent investigations have highlighted the superior
tribocatalytic activity and reactivity of longer-chain hydrocarbons, such as hexadecane,
compared to shorter-chain counterparts [27-29]. Furthermore, evaluations of coatings and
molecular dynamics simulations have shown that longer-chain n-alkanes reduce friction
and enhance surface protection by facilitating the formation of uniform tribofilms and
mono-layers in the asperity contact interface [29,30]. In all previous efforts, though, limited
comparison across various catalytic systems has been performed, mostly due to the lack of
a coating approach adaptable for the incorporation of different catalytic elements.

Electrochemically deposited cobalt-phosphorus coatings are attractive across various
fields, including magnetic storage devices, hydrogen generation systems, and protective
films [31]. Since the deposition conditions and material precursors can be easily manipu-
lated to control the crystallinity and incorporation of additional elements into the coatings,
amorphous Co-P coatings with inclusion of Pt have been proposed as a base for magnetic
recording [32] or with inclusion of Ni as a base for hydrogen generation [33].

This study highlights the efforts in designing coatings that enhance the tribological per-
formance of mechanical systems through activation of tribocatalytic activity. Specifically, the
impact of catalytic materials, Cu and Ni, on the tribocatalysis behavior of Co-P-based amor-
phous coatings is examined. Cu and Ni are selected based on the previous studies demon-
strating their promising characteristics as catalysts [34-37] and tribocatalysts [10,14,16].
Additionally, this study seeks to examine the universality of tribocatalysis for the formation
of carbon-based tribofilms across hydrocarbon-rich environments and synthetic oils to
evaluate their efficacy in reducing friction and wear.

2. Materials and Methods
2.1. Synthesis of CoP-Based Tribocatalytic Coatings

Electrodeposition was used to design a coating consisting of a Co-P matrix with the
inclusion of Ni and Cu at different concentrations. For this, hardened (~60 HRC) and polished
(~50 nm roughness) AISI 52100 steel substrates were initially rinsed with acetone followed by
isopropanol, and then they were anodically cleaned for 3 min at 5 V in a solution containing
35 g/L NaOH, 25 g/L NaCO;3, and 1 g/L SDS to remove any residual greases and organic
surface contaminations. The surfaces of the samples were then treated for several seconds
(~20 s) using a diluted solution of sulfuric acid (10 wt% of sulfuric acid in DI water) at room
temperature to improve the adhesion of the coating during the deposition. During the electro-
deposition, a cobalt electrode and an AISI 52100 substrate were used as the anode and the
cathode, respectively. For surface activation, after being anodically cleaned using the same
procedure described for the substrates, the anode was submerged in 1:1 solution of HCl in DI
water and sonicated for 30 s at room temperature. The electrolyte bath used for the coating
deposition was prepared by mixing CoCl, as the source of Co metal (210 g/L), H3POy4 as
the phosphorus source (50 g/L), sodium hypophosphate as the reducing agent (20 g/L), and
sodium saccharin as a leveler and a brightener (1 g/L). The pH of the bath was kept at 1.5 at
80 °C. Different quantities of nickel chloride and copper (II) chloride were added to the bath
to facilitate formation of Co-Ni-P and Co-Cu-P coatings as shown in Table 1. The thickness
of the resulting coatings was approximately 12 um, controlled by the deposition time. This
thickness was selected to provide protection to the surface while not impacting the mechanical
characteristics of the substrate responsible for the contact formation.

Table 1. Summary of the resulting composition of the coatings.

NiCl, (g/L) CuCl, (g/L) Ni (wt%) Cu (wt%) P (wt%)
CoP 0 0 0 0 12.5
Co5NiP 10 0 49 0 12.2
Co7NiP 20 0 7.4 0 11.3
Co5CuP 0 0.5 0 4.8 11.6

Co7CuP 0 1 0 6.8 11.2
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2.2. Tribological Analysis

The tribological analysis tests were performed in an macroscale pin-on-disk tribometer
(Anton Paar, Graz, Austria) in a reciprocating mode. The temperature during the tests was
kept at 50 °C, selected based on the earlier studies showing increased tribocatalytic activity
in an ethanol environment under such conditions [13]. All the tests were performed using
AISI 52100 steel flats (McMaster Carr, Elmhurst, IL, USA), 1 inch (25.4 mm) in diameter,
uncoated or coated; and AISI 52100 steel balls, 6 mm in diameter, purchased from McMaster
Carr. The experiments were conducted at 2 Hz, with a stroke length of 1.4 mm, leading to
a maximum linear speed of 0.88 cm/s. The tests were performed under applied normal
loads, and the corresponding maximum Hertzian contact pressures were 0.5 N (0.33 GPa),
1N (0.42 GPa), 2 N (0.53 GPa), and 5 N (0.71 GPa). The maximum Hertzian contact pressure
was calculated using Equation (1):

1
1 (6FE*2\?
p=1 ( a ) M
where P, is the maximum contact pressure, F is the applied load, and R is the radius of the
counter body. Also, E* equals:

1 1-9 1-93
_— = —_— 2
E* E TR @)

with E; and E; being the elastic moduli, and v; and v, being the Poisson’s ratio for two
surfaces in contact.

Three different liquid lubricants were used as a source of hydrocarbons, namely,
decane, ethanol, and polyalphaolefin (PAO4). The lubricants were selected to assess the
tribocatalytic mechanism across different environments and unravel their effect on the
nature of the tribofilm. Variations in the molecular structure and thus the characteristics of
the lubricants were expected to impact tribofilm formation by affecting the contact pressure
needed for the dissociation of the hydrocarbon molecules. During the tests, the samples
were covered with 60 cc of lubricant.

2.3. Characterization

Analysis of the chemical modifications induced by sliding was performed using an
FEI Nova 200 NanoLab scanning electron microscope (SEM) equipped with an energy-
dispersive X-ray spectroscope (EDS) (KNI Lab at Caltech, Pasadena, CA, USA). A Zeiss
optical microscope was used to visualize the wear tracks and counter body wear. The
structure of the coatings, specifically the phases, were analyzed with Rigaku Ultima III
X-ray powder diffractometry (XRD) (Rigaku Americas Corporation, The Woodlands, TX,
USA) using Cu Ka radiation scanned from 20-90° with a step size of 0.02° and a scan rate
of 1°/min.

Raman spectroscopy analysis was performed using a Renishaw Raman spectrometer
(Renishaw, Wotton-under-Edge, UK) equipped with a green laser at a wavelength of 532 nm.
For the 2D mapping, acquisition of the individual spectra was performed with a £10 nm
accuracy for the position of a stage. The power of the laser and the exposure time were
adjusted to minimize the heating, and thus any possible material transformations, of the
samples during the analysis.

A Filmetrics optical interferometer (KLA Instruments, Milpitas, CA, USA) was used
for the 3D profiling of the wear of the samples after the tests.

An INano nanoindenter (KLA Instruments, Milpitas, CA, USA) was used for analyzing
changes to the hardness and elastic modulus of the coatings. For this, the hardness values
were collected independently for each indent and then formatted in the form of 2D maps to
represent changes in the mechanical behavior inside and outside the wear tracks.

X-ray photoelectron spectroscopy (XPS) data acquisition was performed with a PHI 5000
Versaprobe spectrometer (ULVAC-PHI, Kanagawa, Japan) with monochromatic 1486.6 eV Al
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K« radiation with an energy resolution of 0.1 eV. The samples were mounted using copper
tape to improve the electrical conductivity at the surfaces. All the binding energies were
rechecked using the C 1s peak at 284.5 eV.

3. Results
3.1. Characterization of the Deposited Coatings

Two sets of coatings were deposited electrochemically when tuning the content of
the metallic elements in the electrolyte. The first set used adjustments to the Co*?/Ni*?
ratio to synthesize Co5NiP (~5 wt% of Ni) and Co7NiP (~7 wt% of Ni) coatings. Such
concentrations were selected based on our prior work demonstrating improvement in
mechanical and tribological characteristics [38]. For the direct comparison of the effect of
the nature of the catalytic elements, the second set employed adjustment in the Co*?/Cu*?
ratio to synthesize Co5CuP (~5 wt% of Cu) and Co7CuP (~7 wt% of Cu) coatings. An
electro-deposited amorphous Co-P coating without inclusion of Cu or Ni was used as
a reference sample. To sustain the amorphous nature of the coating, the P-content was
regulated by adjusting the current density during the electro-deposition process within the
range of 11-12 wt%. Table 1 summarizes the amount of NiCl, and CuCl, used to generate
each composition and the composition of the resulting coatings. Copper exhibits a higher
deposition rate compared to nickel due to its lower overpotential [39]. This characteristic of
copper explains the utilization of a lower concentration of CuCl, in the electro-deposition
process for Co-Cu-P coatings.

Figure 1a reveals the XRD patterns for the electro-deposited coatings. A wide peak
observed at 45° confirms the mostly amorphous nature of Co-P coatings, since the rapid
cooling rate during the electro-deposition restricts rearrangement of atoms and higher
phosphorus content prevents the Co atoms from attaining the thermodynamically stable
crystalline structure [40]. Figure 1b,c show the cross-sectional SEM images and correspond-
ing elemental maps for (b) Co5NiP and (c) Co5CuP coatings confirming their uniformity
and structural integrity. The film thickness was measured at 12 pm +/— 0.5.

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
a) b) : c)

T T T T T T “

1162 |——Co7CuP|, ' ] Mg o

1079 —7 s 7.
M“"" i ' ] CoNiP~ 12 um

996 |

44
n
v

s,

1162 Co5CuP

1079 B

996 -
> 913 L 1 1 1 1 1 1 1 1 1 1 1 1 | .
= 1162 —— Co7NiP 4
n
€ 1079 |
2 996 -
£

93| | I L " " " L " " " " il
1162 —— CoP i

o wmmwwm

996 - s

913-1 [ IR AU S (S Tk o O (s il R 1 o il

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20°

Figure 1. (a) XRD data for the deposited coatings. Cross-sectional SEM/EDS images for (b) Co5NiP
and (c) Co5CuP films.
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3.2. Effect of the Composition and Environment on Tribological Behavior

The coatings underwent testing in two distinct low-viscosity fuels, as they represent
prospective fuel alternatives for advanced, high-efficiency combustion engines. Addition-
ally, the coatings were subjected to testing with PAO4, given its significance in conventional
mechanical systems as a base oil lubricant. Table 2 summarizes the dynamic viscosity
values for all three lubricants at 50 °C, used during the following tribological tests.

Table 2. Dynamic viscosity values for lubricants at 50 °C [41-44].

Lubricant Ethanol Decane PAO4
Viscosity at 50 °C (mPAs) 1.14 0.85 32.0

The findings derived from the tribological experiments offered valuable insights into
the frictional characteristics of the coatings incorporating Ni and Cu (Figure S1). The
evaluation was performed in comparison to uncoated AISI 52100 steel substrate and the
steel substrate with amorphous Co-P coating. The coefficient of friction (COF) and the
wear rate values are summarized in Figure 2. The results are presented for the loads
demonstrating the most evident contrast for each of the lubricants (0.5 N for ethanol, 2 N
for decane, and 5 N for PAO4).
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Figure 2. Coefficient of friction of the coatings and an uncoated AISI 52100 steel in (a) ethanol, 0.5 N,
(b) decane, 2 N, (c) PAO4, 5 N. The flat wear rate values of (d) ethanol, 0.5 N, (e) decane, 2 N, (f) PAO4,
5N at 50 °C.

The COF value for uncoated steel samples tested in ethanol was around 0.40 (Figure 2a),
leading to a wear rate of ~4.3 x 10~* mm3/N m (Figure 2d). Nevertheless, the inclusion of
Ni in the amorphous Co-P composition led to Co-5Ni-P displaying lower values for both
coefficient of friction (COF) and wear rate compared to Co-7Ni-P. On average, Co-5Ni-P
exhibited a COF value of 0.23. Additionally, the introduction of 7 wt% Cu to the Co-P
film significantly enhanced the coating’s protection and elevated wear resistance. This not
only led to decreased friction but also resulted in a wear rate reduction by two orders of
magnitude compared to the coating with 5 wt% Cu.



Coatings 2024, 14, 61

6 of 14

When the tribological experiments were conducted in decane, the average coefficient of
friction (COF) for all coatings decreased to 0.14, as depicted in Figure 2b, contributing to the
reduction in wear, as illustrated in Figure 2e. This decline can be ascribed to the differing
chemical and physical attributes of decane when compared to ethanol. The extended
hydrocarbon chain in decane facilitates the establishment of more robust intermolecular
forces [44]. This leads to the formation of a lubricating film that is thicker and more
resilient. Such a quality enhances the lubricating effectiveness of decane when juxtaposed
with ethanol, which possesses a shorter chain and provides weaker protection to the
underlying surfaces, potentially resulting in less efficient lubrication. Additionally, decane
has demonstrated superiority as a low-viscosity fuel, as indicated by its enhanced engine
performance [45].

As depicted in Figure 2b,e, the behavior of the coating follows a comparable pattern
to what was observed in ethanol. Of the copper-containing coatings, Co7CuP outperforms
Co5CuP, showcasing superior wear resistance, as indicated by its markedly lower flat
wear rate of 4.37 x 107 mm?/N m, three orders of magnitude lower than the wear rate
for uncoated steel samples. Research has demonstrated that the addition of Cu to alloys
results in several beneficial effects. Cu improves hardness and impact toughness [46] and
enhances wear resistance [47]. For example, in steels, the addition of copper encourages
martensite formation, thus increasing hardness, or helps to retain austenite phase, thus
impacting toughness [46,47]. In other alloys, Cu reinforces the materials through solid
solution formation [48].

The tribological characteristics of the coatings in PAO4, a commonly used low-viscosity
base oil in industrial applications, are summarized in Figure 2¢ f. The results suggest that
the oil forms a lubricating film for all the tested tribopairs, leading to relatively low friction
regime. The higher viscosity of PAO4 compared to the low-viscosity fuels examined in
this study ensures smooth flow and strong adhesion to the coating surface during applied
loads. The COF value for the uncoated AISI 52100 steel is notably higher than the COFs for
the coatings (~by 10-12%). Interestingly, in contrast to ethanol and decane, the addition of
Ni results in better wear resistance than the addition of Cu. Even more, the addition of Cu
to the CoP matrix resulted in a worsening of the coatings’ performance, suggesting that
in the case of PAO4, the Cu-activated tribochemical activity is not efficient in providing
surface protection. It should be noted that observed wear rates are at least one order of
magnitude lower than those reported in the literature for CoP coatings [49].

The results obtained with optical profilometry (Figure 3) affirm the findings presented
in Figure 2. Regarding the wear track depth, the uncoated steel displays a significant wear
profile with a depth of approximately 4 pm when tested in decane (Figure 3b). In contrast,
CoMeP coatings yield comparatively shallow wear tracks, with a depth measuring below
1 pm in (Figure 3a,b), where Me is the catalytic metal added to the amorphous CoP matrix.

In addition to manifesting a decreased wear rate, Co5NiP displays the lowest depth in
the profilometry data. This observation implies that the 5 wt% Ni coating attains an optimal
tribofilm formation regime during sliding in alkane-based and alcohol-based environments
serving as sources of hydrocarbons. A thorough examination of the experimental data
reveals that the introduction of 7 wt% Ni has detrimental effects on the coating’s tribological
performance. This can be ascribed to the impact of increased Ni content on the mechanical
characteristics of the coating. With a higher Ni concentration, the coating’s hardness rises,
subsequently reducing its ductility. As a result, the coating becomes more prone to cracking
and deformation under sliding contact.
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Figure 3. Optical profilometry results for the wear track depth profiles captured at the center of the
wear tracks after the tests performed in (a) ethanol at 0.5 N, (b) decane at 2 N, and (c) PAO4 at 5 N.

3.3. Comparative Analysis of Co5NiP and Co7CuP
In the preceding findings, Co5NiP and Co7CuP emerged as the top-performing coat-
ings in terms of wear resistance and the creation of carbon-based tribofilm. Consequently,
these two coatings were selected for a detailed comparative analysis. Figure 4 provides an
overview of their tribological behavior in low-viscosity fuels and PAO4 base oil.
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(c) PAO4 at 5 N. The flat wear rate values in (d) ethanol at 0.5 N, (e) decane at 2 N, and (f) PAO4 at

5Nat 50 °C.
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The incorporation of ethanol, in the vicinity of the catalysts Cu and Ni, initiated
the formation of carbon-based films that successfully mitigated friction and wear within
the sliding interfaces. Remarkably, Co7CuP demonstrated enhanced wear resistance in
low-viscosity fuels, a characteristic attributed to the elevated surface energy and catalytic
activity of Cu when interacting with organic molecules [50,51].

The surface energy promotes better adhesion of carbon-based films, further enhancing
the reduction of friction and wear in the system, and the catalytic activity accelerates
dehydrogenation and scission of the bonds in hydrocarbon molecules. In the case of PAO4,
(Figure 4c,f), the results indicate that the effect of oil lubricity was enhanced by tribofilm
formation for Co5NiP coating.

Figure 5 shows variation in the hardness value across the wear tracks with the corre-
sponding optical profilometry images. For PAO4, the CoSNiP coating demonstrated fewer
fluctuations in the hardness values across the wear track in contrast to the Co7CuP. The vari-
ations in hardness values within the wear tracks are attributed to two distinct phenomena
occurring during the sliding process. Regions exhibiting lower hardness values (<6 GPa)
indicate the development of a carbon-based tribofilm. Conversely, higher hardness values
(>6 GPa) are linked to grain refinement and, to some degree, to the formation of oxide
layers, as substantiated by the elemental mapping images presented in Figure 6. Despite
contributing to increased hardness, this native oxide layer is less effective in reducing wear
and minimizing friction. Interestingly, for the PAO4 tests, the maps do not show such
large fluctuations in hardness as for ethanol and decane. This observation suggests that
the higher viscosity of the oil is responsible for the formation of a protective boundary
layer that acts as a barrier limiting the oxygen molecules from forming oxide layers. The
tribocatalytic activity seems to be less pronounced as well. Analysis of the changes in elastic
modulus inside the wear track (Figure S2) suggested similar response by the materials
to the load and shear, though the observed variations in the elastic modulus are not as
pronounced. Interestingly, the variation is minimal for Ni-containing coatings.

The analysis conducted through Raman spectroscopy, in conjunction with 2D ele-
mental mapping (EDS) as depicted in Figure 6, indicates that the source of the favorable
tribological properties of the coating lies in the in situ development of a carbon-rich tri-
bofilm. In all tested systems (ethanol, decane, and PAO4), the presence of firmly adhered
carbon patches was observed, with their concentrations progressively increasing toward
the peripheries of the wear track.

Raman spectroscopy findings suggest that these carbon layers exhibit a combination of
D (at approximately 1351 cm~!) and G (at approximately 1580 cm 1) bands, characteristic
of amorphous carbon structures, consistent with our earlier research [13]. The minor
fluctuation in the relative intensity of D and G peaks is ascribed to a greater prevalence of
incompletely converted tribopolymers, stemming from the fragments of ethanol molecules,
as opposed to decane molecules [52].

In the case of Co7CuP (Figure 7), the carbon-based nature of the formed tribofilms is
also summarized with EDS and Raman maps. Interestingly, the Raman results indicate
that the nature of the carbon peaks varies depending on the coating composition and the
hydrocarbon source [52].
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Figure 6. (a—c) Raman maps of Co5NiP wear track in ethanol, decane, and PAO4; (d—f) EDS maps of
Co5NiP wear track in ethanol, decane, and PAO4; (g—i) Raman spectra (with characteristics D and
G carbon peaks) inside the wear track of Co5NiP in ethanol, decane, and PAO4. The points A and

B used for collecting spectra inside and outside the weartracks are highlighted in the SEM images
included as insets.
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Figure 7. (a—c) Raman maps of Co7CuP’ wear track in ethanol, decane, and PAO4; (d—-f) EDS maps of
Co7CuP wear track in ethanol, decane, and PAO4; (g—i) Raman spectra (with characteristics D and
G carbon peaks) inside the wear track of Co7CuP in ethanol, decane, and PAO4. The points X and
Y used for collecting spectra inside and outside the weartracks are highlighted in the SEM images
included as insets.

To further evaluate the variability in the carbon formation, we summarized the
changes in the characteristic carbon peaks. Table 3 presents a comparison of full-width
half-maximum (FWHM) values for characteristic D (aat ~1350 cm 1) and G (at ~1560 cm™!)
peaks. Interestingly, the results suggest that Co7CuP is likely to form more sp?-bonded
carbon layers, supposedly of a graphitic nature, than Co5NiP. In the case of CoS5NiP, high
full-width half-maximum (FWHM) values for D and G peaks suggest more amorphous,
DLC-like structure of the carbon layers. Prior studies indicated that comparison of Raman
D and G relative ratios as well as FWHM of the D and G peaks can be used to resolve the sp?
vs. sp> nature of carbon bonding [53]. Another interesting observation is that an increase
in the hydrocarbon chain length leads to widening of the D and G peaks for Cu-based
samples, which suggests that the number of defects increases as a result of not complete
scission of the hydrocarbon chains. Meanwhile, in the case of Ni-based films, there is no
clear correlation between the hydrocarbon chain length and the changes in the FWHM of D
and G peaks.

Table 3. FWHM of the D and G peaks from Raman spectra of Co5NiP and Co7CuP in decane, ethanol,
and PAO4.

Lubricant Coating D-Band FWHM, cm 1 G-Band FWHM, cm !
Ethanol Co5NiP 100 = 8 104 £+ 12

Ethanol Co7CuP 47+ 6 26 +7

Decane CobNiP 101+ 6 103 £ 12

Decane Co7CuP 53+7 68 + 8

PAO4 Co5NiP 98 + 12 102 +9

PAO4 Co7CuP 70 £ 14 78 £12
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To further understand the difference between the formed tribofilms, we performed
XPS analyses of the wear tracks. Figure 8 summarizes the observed C1s, Ols, and Ni2p and
Cu2p (depending on the sample) peaks. In the case of the tribofilms formed on Ni-based
coatings, C1 spectra, in addition to C-C bonding at 284.5 eV, show the second peak shifting
from 287.5 eV for ethanol to 286 eV for PAO4. At the same time, the intensity of the Ni2p
peak increases, suggesting a higher presence of Ni in the tribofilms formed from PAO4
than those formed from ethanol. This observation suggests that PAO4 conversion requires
more Ni to be pulled from the coating to assist in the tribocatalytic reaction. In the case
of Cu-based films, the C1 spectra show no distinguished satellite peaks, only the major
peak at 284.5 eV, further supporting the previous conclusion that Cu facilitates formation
of more sp?-bonded carbon.

Cls Ols Ni2p/Cu2p
g & L
z z z
2 2 2
£ £ £
202 285 2h4 28015540 536 532 528 524864 856 848 O
Binding Energy (eV) Binding Energy (eV) g
) L —_ 5
s s : ]
] ] 2
= = &
292 288 284 280 540 536 532 528 52 49449109569:;2928
Binding Endrgy (eV)  Binding Energy (eV)  Binding Energy (eV)
S = &
2 2 2
2 2 2
292 d “iu 280 540 536 532 528 524864 856 848 o
Bindi rgy (eV) Binding Energy (eV) Binding Energy (eV) &
. . . 3
2 2 oy
: - :
£ £ £
Ill LU LA LU L UL (L) [ P
292 248 #4 280 540 536 532 528 524944 940 936 932 928
Binding Engrgy (eV) Binding Energy (eV) Binding Energy (eV)
3 : 3 3
C 1 £ S
2 i 2 2
2l g £
£ 2 | E

r'llllll'lllrr' =1 'l' T
292 288 284 280 540 536 532 528 524 864 856 848
Binding En‘rgy (ev)  Binding Energy (eV) Binding Energy (eV)

I\

ABARIRERERRER N e AN B
292 288 284 280 540 536 532 528 524 944 940 936 932 928
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

PAO4

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

Figure 8. XPS analysis of the wear tracks formed on Ni-based (highlighted in blue) and Cu-based
(highlighted in orange) samples in different environments.
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As widely seen in the literature, both types of carbon films provide good protection of
the surfaces [20,22]. However, the spz—bonded carbon films seem to provide easier shearing
and better protection in low-viscosity hydrocarbons. Meanwhile, the more amorphous
nature of carbon films is beneficial for sliding in PAO4 and results in lower COF and better
protection of the Co5NiP surface from damage.

4. Conclusions

The study focused on the development and enhancement of coatings to improve
the tribological performance of mechanical systems operated in various hydrocarbon-
rich environments. The study investigated the effects of composition and content of
catalytic materials on the tribocatalysis behavior of CoP-based coatings. Two sets of
coatings with different inclusions of Ni and Cu were electro-deposited by adjusting the
quantities of metallic precursors in the electrolyte. The coatings exhibited amorphous
nature ensured with ~12 wt% of P and a uniform distribution of constituent elements across
12 pm thickness.

Tribological experiments were conducted using low-viscosity fuels, ethanol and de-
cane, and a synthetic oil, PAO4, to evaluate the effect of the hydrocarbon source on the
protective tribofilm formation. The COF and wear rate values were measured and com-
pared to those of uncoated AISI 52100 steel and an amorphous CoP coating. The results
demonstrated that the inclusion of catalytic elements, such as Ni and Cu, improved the
protection and wear resistance of the coating. CoSNiP exhibited lower COF and wear rate
values compared to Co7NiP, while Co7CuP outperformed Co5CuP, showing significantly
lower friction and wear rates.

Characterization using optical profilometry, nanoindentation hardness mapping, EDS,
Raman spectroscopy, and XPS confirmed the formation of carbon-based tribofilms on the
surfaces of the coating during sliding. Co7CuP demonstrated the best performance in
decane and ethanol, which was attributed to the formation of more graphitic carbon film,
while Co5NiP improved the friction and wear in presence of PAO4, promoting growth of
the amorphous carbon film.

Overall, the research findings highlight the importance of composition and catalyst
elements in enhancing the tribological performance of coatings and promoting the forma-
tion of carbon-based tribofilms. The study provides valuable insights into the behavior
of coatings in different lubricating environments and contributes to the development of
improved lubrication strategies for mechanical systems.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/coatings14010061/s1, Figure S1: Summary of the coefficient of friction
analysis used for optimization of the test parameters for different coatings in ethanol, decane, and
PAO4. Figure S2: Nanoindentation modulus mapping on the wear tracks for Co5NiP in (a) ethanol,
0.5 N, (c) decane, 2 N, (e) PAO4, 5 N tests, and Co7CuP for (b) ethanol, 0.5 N, (d) decane, 2 N, (f) PAO4,
5N tests.
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