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COMPARATIVE STUDY OF PHOTOCATALYTIC HYDROGEN EVOLUTION ON G-C;N,
DECORATED WITH NIS AND NIS; CO-CATALYSTS VIA ION EXCHANGE PRECIPITATION
METHOD

Abstract: NiS and NiS; co-catalysts were decorated on the surface of g-CsN4 through ion
exchange reaction by precipitation method. Synthesized double systems were investigated using
XRD, FT-IR, SEM, TEM, and TEM elemental mapping. XRD and FT-IR analyses showed the
presence of g-CsNy4 in the composition of g-CsN4/NiS and g-CsN4#/NiS,, however the presence of
nickel sulfides was not identified. SEM analysis showed that double systems have heterogeneous
systems, the stacked flat sheets with wrinkles and an irreqular shape morphology and rough surface,
where the presence of irregular shape pores is visible. TEM proved the presence of irregularly
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shaped layers of g-CsN4, and TEM elemental mapping showed the presence of nitrogen, carbon,
sulfur, and nickel. The ability of the photocatalytic hydrogen evolution by prepared samples revealed,
that g-CsN4/NiS> manifests the highest hydrogen evolution rate in comparison with g-CsN4+/NiS and
g-CsN.. Thus, the highest evolution rate of hydrogen was reached by g-CsN4/NiS; on the 3" hour of
the visible light irradiation and was equal to 56.79 umolh™g.

Key words: graphitic carbon nitride, nickel sulfide, co-catalyst, photocatalyst, hydrogen
evolution.

Introduction

Environmental problems and the global energy crises are becoming severe risks to the long-
term advancement of human society [1]. In comparison with fossil fuels, hydrogen is less prevalent
in nature. However, it may be created using any primary energy source and utilized as fuel for fuel
cells or for direct combustion in internal combustion engines, simply emitting water as a byproduct
[2]. There are many different methods for producing hydrogen (H:) that, depending on the raw
materials used, can be grouped into two main groups, namely conventional and renewable
technologies [3]. The pyrolysis and hydrocarbon reforming processes are included in the first
category, which deals with processing fossil fuels. Steam reforming, partial oxidation, and
autothermal steam reforming are the chemical processes that take part in the hydrocarbon reforming
process [4]. The second group includes processes that create hydrogen using biomass or water as
renewable resources [5]. The second category of renewable technologies focuses on techniques
that may produce Hz gas from water using only water as an input, such as electrolysis, thermolysis,
and photo-electrolysis [6].

One of the most promising methods to address energy and environmental issues is the
photocatalytic hydrogen evolution reaction [7]. Since Fujishima and Honda first reported
photoelectrochemical water splitting on a (titanium dioxide) TiO. electrode in 1972, photocatalytic
water splitting for Hz production has emerged as a promising method for the efficient, affordable, and
environmentally friendly production of Hz using solar energy [8]. The creation of effective, stable, and
environmentally friendly photocatalysts is necessary for the manufacturing of practical solar fuels
and, more generally, the conversion of solar energy into useful chemical products [9, 10]. The
splitting of water occurs in photo-electrolysis when sunlight is absorbed through certain
semiconducting materials. In particular, an electron-hole pair is produced and separated by the
electric field between the semiconductor and the electrolyte if a photon with energy larger than or
equal to the semiconductor's band gap reaches the semiconducting surface of the anode. Long-lived
charge carriers, fewer charge trapping centers, the right energy level offsets, and stability against
light are all extremely desirable for enhancing the photocatalytic reactivity of a semiconductor
photocatalyst. Ideally, photocatalysts should have properties such as a good band gap, good band-
edge potentials, high surface areas, and delayed charge recombination [11]. For such purposes, the
photocatalytic performance of semiconductor photocatalysts has been improved during the past ten
years using a variety of techniques, such as surface sensitization, interfacial heterostructures, band
gap engineering, and crystal and textural alteration [2].

The metal-free graphite-like carbon nitride (g-CsN4) has gained mass attention since the first
discovery of photocatalytic activity of material in 2008 by Wang’s group [12]. Due to its broad light
absorption range, structural stability, and low cost, the metal-free semiconductor g-CsNs is a
promising candidate for H, production because the photocatalyst contains earth-rich materials, which
can enhance large-scale industrial application of H, generation [11, 13]. However, the practical and
widespread use of g-CsN4 is typically constrained by its poor visible-light absorption, rapid charge
recombination, and limited specific surface area [14]. Thus, numerous modifications such as using
defect engineering [15] and constructing nano-scale structures [16] have been suggested to improve
the photocatalytic potential of g-C3sN4 by addressing these issues. Despite these modifications, the
g-CsNs is still incapable of achieving higher conversion rates due to insufficient surface catalytic
sites. In addition, g-CsN4 has low charge mobility, resulting in the rapid recombination of electrons
and holes. These factors diminish its photocatalytic efficiency, highlighting the need for its
modification [11].

One approach to addressing the limitations of g-CsN4 is the use of co-catalysts, which
enhance charge separation and reduce the recombination of electrons and holes. Additionally, co-
catalysts facilitate more efficient electron transfer from the photocatalyst to the reagent molecules

ISSN 2788-7995 (Print) Bectauk ynusepcuteta lllakapuma. Texandaeckue Hayku Ne 4(16) 2024 347
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 4(16) 2024



involved in the photocatalytic process, thereby speeding up the reaction. Additionally, co-catalysts
can form extra active sites, thereby enhancing the photocatalyst’s overall activity [17]. Although noble
metals like Pt, Ag, Au, and Pd [18] are the most commonly used co-catalysts, their high-cost limits
widespread application [19]. As a result, increasing attention is being given to metal sulfides as
alternatives to noble metals. For instance, copper sulfide (CuS) and molybdenum sulfide (MoS>)
exhibit high activity in photocatalytic H, production [20, 21]. Nickel sulfide (NixSy) is another promising
material known for its high activity, stability, and durability [19, 20]. Nickel sulfide is able to greatly
enhance the photocatalytic performance due to the synergistic effect when combined with carbon
nitride.

In this regard, this study is devoted to the production of g-CsN4/NiS and g-CsN4/NiS; by
precipitation method, which was used for photocatalytic hydrogen production. The method is
straightforward, rapid, and efficient for synthesizing a graphite carbon nitride-nickel sulfide system,
which holds great promise in the fields of material science and photocatalysis.

Experimental part

Materials

In this work nickel nitrate hexahydrate (Ni(NO3)2 -6H20), sodium sulfide nanohydrate (Na2S-
9H,0), urea (CHsN20), glycerol (C3HsO3), sodium hydroxide (NaOH), sulfur (S) were used. All
reagents were analytical grade. Distilled water was used as a solvent.

Synthesis of pristine g — C3N4

The g-CsN4 was synthesized by calcination of urea in a crucible with a cover in the
atmosphere of air. An amount of 30 g of urea was placed in a crucible with a cover and heated to
500 °C for 2 h. After cooling to room temperature, the yellow product was collected and grinded into
powder [22].

Synthesis of g-CsN+/NiS system

The g-CsN4/NiS was prepared through an ion exchange reaction by precipitation method at
room temperature. In a typical synthesis, 0,4 g of g-C3N4 was dispersed in 25mL of distilled water by
ultrasonication for 15 minutes and then, 2 mL of 0.1M Ni(NOs). solution was poured drop by drop in
the g-CsN. dispersion. After stirring for 20 min, 2 mL of 0.1M Na.S solution was dropwise added.
The mixed solution was stirred for another 5 min, collected by centrifuge, and washed with distilled
water. Finally, the washed precipitates were dried at 70°C for 24 h [22].

Synthesis of sodium polysulfide Na,S,

In a three-necked round bottom flask with a reflux condenser, a 100 ml solution of NaOH,
with a concentration of 1,25M was poured. Then, 5,33 g of grinded sulfur was added to get NasS,.
The dispersed mixture was constantly stirred and heated to 96°C, with a heating rate of 10 °C/min,
and kept at this temperature for 15 minutes. The chemical reaction (1) of polysulfide formation is
given bellow [23]:

6NaOH+6S=2Na,S,+Na>S>,03;+H>0 (1)

Synthesis of g-CsN4#/NiS; system

In a typical synthesis, 0.4 g of g-CsNs was dispersed in 25 mL of distilled water by
ultrasonication for 15 minutes and then 2 mL of 0.1M of Ni(NOs). solution was dropwise added in
the g-CsN,4 dispersion. After stirring for 20 minutes, 0,1 mL of Na.S: solution was added to the
resulting solution. The mixed solution was stirred for another 5 min, collected by centrifuge, and
washed with distilled water three times. Finally, the washed precipitates were dried at 70°C for 24 h.

The final composition of double systems was the next: 99,25 wt% of the g-C3sNs and 0.75 wt%
of the NiS or NiS.. These solid powders were subsequently used for further investigation through
physicochemical analytical methods.

Characterization

XRD analysis was performed using a MiniFlex 600 diffractometer (Rigaku, Japan) with the
following parameters: X-ray tube current of 15 mA, tube voltage of 40 kV, point intensity
measurement time of 0,12 seconds, and a goniometer step size of 0,02° 206. During the
measurement, the sample was rotated at 60 rpm. The ICCD-PDF2 Release 2016 database and
PDXL2 software were used to identify phase composition. FT-IR spectra were obtained with the help
of Nicolet iS-10 spectrometer (Thermo Fisher Scientific, USA), in the wavelength range 4000 — 450
cm™'. Scanning electron microscopy (SEM) was employed to examine the morphology and particle
size of the samples, utilizing an SEM Quanta 3D 200i instrument (FEI, Netherlands). The samples
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were attached to a conducting carbon adhesive tape substrate. A JEOL JEM-2100 transmission
electron microscope (Japan) operating at 200 kV with an Oxford Instruments X-Max energy-
dispersive X-ray spectroscopy detector (UK) was used to perform fine microstructural studies.

Photocatalytic H2 Production

In a typical experiment, 10 mL of glycerol and 90 mL of distilled water were added to 30 mg
of the photocatalyst. The solution was stirred to ensure uniform irradiation of the photocatalyst
dispersion. Photocatalytic H> production occurred in a three-neck round-bottom flask reactor with
external irradiation, using a 300 W Xe lamp as the light source and a UV-cut filter (A > 400 nm).To
remove dissolved oxygen, the solution was bubbled with argon for 60 minutes in the dark. The light
intensity in the photocatalytic reactor was 30 mW/cm?2. The reactor was connected to an argon (Ar)
stream (312 mL/min), which was used to transport H. from the photoreactor to the gas
chromatograph (Chromos GCh-100, Russia). Hydrogen concentration measurements were taken
every 15 minutes after initiating photocatalyst irradiation [24]. The hydrogen evolution rate (HER)
was determined by considering the flow rate of the outgoing gas, the volumetric concentration of
hydrogen, and the laboratory's temperature and pressure. This approach facilitated the calculation
of the amount of hydrogen that could be reduced on the surface of 1 g of photocatalyst per hour
under the given conditions. The volumetric concentration of hydrogen and subsequent HER
calculations were performed three times. To ensure the accuracy of the obtained data, statistical
analysis was conducted using the standard deviation (SD) (1) [25]:

Sp = Z (X - Xmean)2 (1)
n—1

Xis individual number of HER, Xmeanis HER mean, n is sample size.

Results and discussion

XRD analysis

The XRD analysis was used to analyze the structure of the synthesized photocatalysts.
Figure 1 displays the XRD patterns of the g-C3N4/NiS, g-C3N4/NiSz, and pristine materials. The g-
C3N4, g-C3N4/NiS, and g-CsN4/NiS; XRD spectra are represented by distinct diffraction peaks at
27,46° which can be indexed for graphitic materials as the (100) peak of PDF card No.: 00-066-
0813. However, the peak at 12,93° was not identified for double systems, which means that the
graphitic-layered structure was changed for these samples. Moreover, the absence of nickel sulfide
diffraction peaks is attributed to their deformed amorphous crystal lattice, which complicates their
identification using XRD [26].

NiS

_,..,-———‘—_'M‘
g-CaNgNis,

g-CaNg/NiS

Intensity (a.u.)

g-C,N, PDF card No.: 00-066-0813
[l NiS PDF card No.: 01-074-7242

|
[IH0E {0 AT (T
10 20 30 40 50 60
20 (Degree)

Figure 1 — XRD patterns for composites g-C3N4/NiS, g-C3N4/NiS2 and for pristine NiS, g-C3N4

9-C3Ng

FT-IR spectroscopy

In order to analyze the surface groups of the synthesized samples, FT-IR spectroscopy was
conducted. In Figure 2, peaks ranging between 1200 and 1700 cm™ indicate the stretching of
aromatic heptazine-derived repeating units, manifesting typical sp? C=N stretching modes and out-
of-plane bending of the sp® C-N bonds [27, 28]. Additionally, the absorption peak at 809 cm™
corresponds to the characteristic breathing of tri-s-triazine cycles and the deformation mode of N-H
in amino groups, respectively.
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A peak at 2178 cm-1 corresponds to the C = N bond [29]. The absorption peak at 1618 cm™
is assigned to the vibration of O—H bonds indicating the presence of adsorbed molecules of H-O.
While the peak at 605 cm™ can be probably related to Ni-S stretching vibration mode [30]; this low-
intensity peak is visible for bare NiS, while for double systems this stretching vibration mode was not
detected. The absorption peaks for g-CsN4 are more intense compared to nickel sulfide, due to its
lower content, resulting in overlap with each other.

NiS

g-C,N,INiS,

g-C3N,

12001700 cm™ |

1

E
9
0
2

Transmittance (%)

809 cm™

2178 cm’
1618 cm -

: ; ; . - : ;
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2 — FT-IR spectra for composites g-CsN4/NiS, g-C3N4/NiSz, g-C3N4/NiS3; and g-CsN4/NiS4
and for pure NiS, g-CsNa.

SEM

SEM analysis was conducted for the investigation of the morphology and particle size of
synthesized samples. The results of analysis for g-CsN4, NiS, g-C3N4/NiS, and g-CsN4/NiS; are
depicted in Figure 3 a-d. As can be seen, g-CsN4, g-C3N4/NiS and g-CsN4/NiS2 (Figure 3 a, c, d)
samples has a heterogeneous system, the stacked flat sheets with wrinkles and an irregular shape
morphology and rough surface. There is also the presence of irregular-shaped pores visible. As for
NiS (Figure 3 b), the material is represented by nanosized particles of spherical shape, which form
big agglomerates. However, the presence of NiS particles was difficult to identify on the surface of
double systems with g-CsN4, due to the small amount of metal sulfide in the composition.

,_:G.

Figure 3 — SEM imas of the (a) g-CsNs, (b) NiS, (c) g-C3N4/NiS and (c) g-C3N4/NiS:

TEM and TEM elemental mapping

TEM analysis was conducted for g-C3N4/NiSz only, for a deeper study of the morphology of
the sample. TEM elemental mapping was made to understand the elemental distribution and prove
the presence of metal sulfide in the composition. TEM images are given in Figure 4 a, b, where the
presence of irregularly curved layers is visible. In addition, the presence of pores with a size of no
more than 50 nm is observed on the layers. TEM elemental mapping (Figure 4 c-g) showed the
presence of carbon, nitrogen, nickel, and sulfur elements. It can be seen, that nickel and sulfur are
uniformly distributed on the surface of g-C3Na.
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Figure 4 — (a), (b) TEM images of the g-C3sN4/NiS2 and EDS mapping image (c) mapping area,
(b) carbon, (c) nitrogen, (f) sulfur, (g) nickel

Photocatalytic hydrogen evolution

Synthesized samples were applied for photocatalytic hydrogen production. The activity of the
double systems was compared with the bare g-C3sNs, as the main goal of the study was improving of
the photocatalytic activity of this material by adding NiS co-catalyst, with subsequent comparison of
the activity of the samples. Bare g-C3sN4 was not able to produce hydrogen without a co-catalyst.
Between double systems, the g-CsN4/NiS; revealed the highest activity, which slightly increased
during the whole photocatalytic process. The gradual increase in the HER throughout the entire
period of light irradiation indicates that the sample remained active. This trend suggests that the
photocatalyst sustained its functionality without deactivation, continuously facilitating the hydrogen
production process under the applied conditions. The highest HER amount of 57,09 umolh'g™" was
on the 180" min of visible light irradiation. For g-C5N./NiS, the highest HER was observed at the
135th minute of light irradiation, reaching 32,26 umol h™ g=. This value remained constant until the
end of the process, indicating that the photocatalyst exhibited stability and maintained a consistent
hydrogen production rate throughout the experiment. In general, the application of the NiS and NiS;
as co-catalysts for g-CsN4 revealed prospective results. A hybrid system could provide better results
than pure g-CsN4. This is possible thanks to a suitable zone structure, which is complemented by
the recovery potential of NiS and NiS, [19, 20]. Our results are relatively comparable to those
presented in [31], where g-C3;N,/NiS samples with varying compositions were studied. In that study,
g-C3N,/NiS with 1, 2, 3, 4, and 6% NiS exhibited HER values of 36, 61, 79, 72, and 33 umol h™ g™',
respectively [31]. However, it is important to note that direct comparisons between results from
different publications may not be entirely valid, as experimental conditions vary across studies.
Therefore, drawing conclusions about the differences or similarities between these results would be

inappropriate.
60

—=— g-C,;N,/NiS
50| —* 9-C3N,/NiS,
—a—g-C;N,

15 30 45 60 75 90 105 120 135 150 165 180
Time (min)

Figure 5 — HER of the prepared samples

Conclusions

The g-CsN4/NiS and g-CsN4/NiS, were prepared through an ion-exchange precipitation
method at room temperature.

The XRD and FT-IR showed the presence of g-CsNs for all double systems but did not show
the presence of NiS. NiS and NiS; are represented by a deformed amorphous crystal lattice, which
complicates its identification using XRD. According to SEM results, g-C3sN4/NiS and g-CsN4/NiS,
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samples have heterogeneous systems, stacked flat sheets with wrinkles and an irregular shape
morphology and rough surface. The presence of irregularly shaped pores is also noticeable. TEM
proved the presence of irregularly curved layers of the g-CsNs, while TEM elemental mapping
showed the presence of the carbon, nitrogen, sulfur, and nickel elements.

Comparative study of the photocatalytic hydrogen evolution showed, that the best co-catalyst
on the surface of g-CsN4 was NiS2 0,75 wt%. The H; evolution rate increases as the time of irradiation
increases. The highest concentration of hydrogen was reached on the 3™ hour of the visible light
irradiation and was equal to 56.79 ymolh-'g™.
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CYTETIHI ®OTOKATAJIMTUKAJIbIK SAICMNEH ©HAOIPY YLUIH NIS XXOHE NIS,
KO-KATANMU3ATOPJIAPbIH UOH AJIMACY PEAKUUACDHI APKblJ1bl G-C3N, BETIHE
OEKOPATUBTI OTbIPFbI3YFA APHAJIFAH CAJbICTbIPMAIJbI 3EPTTEY X¥MbICbI

NiS xoHe NiS2 co-kamanuzamopnapdsl g-C3N4 6emiHe UOH anmacy peakyusicbl apkbirbl myHObIpY
adicimeH dekopnaHdbl. CuHmesdernzeH Koc xyuenep POT, UK cnekmpockonusicbl, COM, NOM xoHe [NOM-
anemeHmmik kapmarnay apkbiibl 3epmmendi. POT xeHe WK crniekmpockonusicbl g-C3N4/NiS xoHe g-
C3N4/NiS2 kypambiHOa g-C3N4 6ap ekeHiH kepcemmi, analda Hukesb cyrnbgudmepiHiH bap ekeHdiai
aHbikmanraH oK. COM manday Koc xytienepdiH eemepoeeHOi KypbinbiMFa ue ekeHiH, kabammapdbiH bip-
bipiHiH ycmiHe opHanackaHblH XoHe berwekmepdiH Mopghonoausicbl my3inmezeH niwiHoe xeHe kedip-
6yObipribi 6emmi ekeHiH kepcemmi. [TOM mandaysi g-C3N4 KkabammapbiHbiH my3inmMezeH mitiHOi eKeHiH
OQanendedi, an NOM anemeHmmik kapmanay a3om, KeMipmek, KyKipm xoHe Hukenb0iH 6ap ekeHiH kepcemmi.
CuHme3sdernizeH yneinepdid gomokamanumukansiK cymeeiH 6eny 3epmmeynepi g-C3N4/NiS2-HiH g-
C3N4/NiS xeHe g-C3N4-ke KaparaHOa eH Xxofapbl cymeai beny XblndamObifbiH UE €KeHiH Kepcemmi.
Ocbinatiwa, eH xofapbl cymeeiHiH XbindamobiKk 6enyi 56,79 umornb/car-12-1 KypalmbiH g-C3N4/NiS2
KOMMo3umiH 3 caram KepiHemiH XapbIKNeH cayefieH2eHIHOe KOrl XemKi3indi.

TyitiH ce30ep: ecpachummi Kemipmek Humpudi, Hukenb cynbgudi, Cco-kamasu3amop,
gomokamanuzamop, cymeeiH 6erny.
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CPABHUTENBbHOE NCCINEAOBAHUE ®OTOKATAJIMTUYECKOIO BbIAENNEHMA BOOOPOLOA
NP NOMOLLUN G-C;:N,, AEKOPUPOBAHHOIO CO-KATAJIU3SATOPAMM NIS U NIS,
METOOOM MOHOOBMEHHOIO OCAXXOEHUA

Co-kamanusamopbl NiS u NiS> 6binu dekopupogaHbl Ha nogepxHocmb g-CsNs nocpedcmeom
peakyuu UOHHO20 obmeHa Memoodom ocaxO0eHus. CuHme3supoeaHHble 080UHbIe cucmeMbl bbinu
uccnedosaHsi ¢ nomowbio POA, UK cnekmpockonuu, COM, NM3OM u NoM-anemeHmHo20 kapmupogaHusi. POA
u UK cnekmpockonusi nokasanu npucymcmeue g-CsNs; e cocmase g-C3N#/NiS u g-CsN4/NiS; odHako
npucymecmeaue cynbgudos Hukessi 0bHapyxeHo He 6bino. COM-aHanus rnokasas, 4mo 08olHbIe cucmeMbl
umerom HeoOHOPOOHYIO CMPYKMYPY, NSIOCKUE CIoU, HalloXeHHble Opye Ha Opyea, a Mopghosiouas yacmuy
npedcmasrneHa HernpasuibHOU ¢hopmol U wepoxosamoli nogepxHocmsto. [NTOM dokasana Hanudue croes g-
CsN4 HenpasunbHOU ¢hopmbl, a annemeHmHoe kapmuposaHue NOM nokasano Hanu4ue azoma, yanepooda,
cepbl U Hukens. UHccnedosaHue homokamanumuyeckoeo ebidesieHusi eodopoda CUHME3UPOBaHHbLIMU
obpasyamu nokaszasno, 4mo g-C3N4/NiS; nposiensem camyro 8bICOKYH0 CKOpocmb 8blOerieHuUsi 600opoda 1o
cpasHeHuro ¢ g-C3Ny/NiS u g-CsN4. Takum obpa3zom, Haubornbwas ckopocms 8blderieHuUsi eodopoda bbina
docmuzHyma 0ns g-CsN«#/NiS> Ha 3-m 4acy obnyyeHuss euduMbiM c8emMoOM, Komopasi cocmaesuna 56,79
umorn/q4te,

Knroyeebie cniosa: zpachumosnsili HUmpud yanepoda, Ccynbchud HUKens, COo-Kamanu3amop,
gomokamarnu3amop, ebidenieHue sodopoda.
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INVESTIGATION OF TRIBOLOGICAL PROPERTIES OF DETONATION Ni-Cr-Al COATINGS

This study explores the tribological properties of Ni-Cr-Al coatings applied through detonation
spraying technology, with a focus on the comparison between gradient coatings and homogeneous
coatings. Ni-Cr-Al coatings, widely used in aerospace, automotive, and energy industries like power
plants, are valued for their exceptional hardness, wear resistance, and high-temperature stability.
Gradient coatings, produced by tailoring the detonation spraying parameters, exhibit a
microstructure combining a hard, wear-resistant surface with a softer, ductile subsurface, enhancing
their load-bearing capacity and tribological performance. Experimental results reveal that gradient
coatings achieve lower and more stable friction coefficients (0.3-0.4) compared to homogeneous
coatings (0,4-0,5), attributed to their optimized stress distribution and reduced adhesive interactions.
These findings underscore the superior wear resistance and durability of gradient Ni-Cr-Al coatings,
making them highly suitable for applications involving prolonged operation under sliding conditions.
This research contributes to the development of advanced coating systems optimized for demanding
operational environments.

Key words: detonation spraying, Ni-Cr-Al coatings, gradient coatings, homogeneous
coatings, tribological properties.

Introduction

High-performance coatings are essential for enhancing the durability and efficiency of
engineering components, especially those exposed to extreme mechanical and thermal stresses.
Among various coating systems, nickel-chromium-aluminum (Ni-Cr-Al) coatings have garnered
significant attention due to their excellent combination of hardness, corrosion resistance, and high-
temperature stability. These properties make Ni-Cr-Al coatings ideal for applications in aerospace,
automotive, and energy sectors [1-2]. Detonation spraying is a thermal spray technique that
effectively deposits Ni-Cr-Al coatings. Studies have shown that the degree to which the detonation
gun barrel is filled with the gas mixture significantly influences the chemical composition and phase
structure of the resulting coatings. For instance, higher filing degrees can decrease aluminum
content, affecting the formation of Ni-Al phases, which are crucial for enhancing wear resistance [3-
4].
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