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Abstract 

The research explored the effect of bis(2-aminophenyl)disulfide and their derivatives on the 

electroless nickel plating process and the characteristics of Ni–P coatings with corrosion-

resistant properties. A method for synthesizing bis(2-amino-5-R-phenyl)disulfides with R 

substituents (H, CH3, CH3O, F, Cl, COOH, SO3Na) at the 5th position from readily available 

materials was outlined. It was shown that all additives exhibit inhibitory effects on the bulk 

solution reaction, intensifying with higher concentrations. The additives exhibit both catalytic 

and inhibitory properties during the deposition of Ni–P coatings. An optimal range of additive 

concentrations (1·10–5–3.16·10–5 mol/L) was chosen to enhance coating deposition rates and 

solution stability. The effect of the substituent in additives becomes more evident during the 

coating formation, triggering modifications in composition, structure, and morphology. As 

additive concentrations rise, most substituents in them lead to decreased phosphorus content in 

the coating, except for R (CH3 and SO3Na). Comparatively weak reflections from the Ni(200) 

plane are noticeable in the X-ray diffraction patterns of coated surfaces, hinting at enhanced 

crystallinity in the deposit. The noteworthy effect of substituents at the 5th position of bis(2-

amino-5-R-phenyl) disulfides is reflected in alterations in the morphology of the coatings. 

Depending on the concentration and substituents in the benzene ring, coatings appear either 

smoother for R (CH3O, COOH, and SO3Na) relative to additives absence, or exhibit a more 

developed surface for R (H, F, Cl). 
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1. Introduction 

The process of electroless nickel plating has gained wide popularity since their development 

by Brenner and Riddell [1] in the mid-20th century. The utilization of phosphorus derivatives 

or their salts as reducing agents results in the formation of Ni–P alloys, enhancing the 

functional properties of coatings including corrosion resistance, hardness, and wear 
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resistance, among other characteristics. This is widely used in microelectronics, mechanical 

engineering, chemical, aerospace and textile industries [2–5].  

Significant advantages of this process over electroplating include the ability to partially 

or fully cover surfaces of complex shapes with uniform thickness, direct deposition on 

surface-activated non-conductors, and the formation of less porous and more corrosion-

resistant deposits. However, the process is autocatalytic, making electroless nickel plating 

baths highly sensitive to impurities that can affect the properties of the catalytic surface and 

promote unwanted side reactions in the solution, leading to solution self-decomposition. 

Therefore, to prevent sudden electrolyte decomposition, stabilizers need to be added. By the 

mechanism of action, stabilizers are usually divided into two categories. The first acts 

through a displacement mechanism, where metal ions (Pb2+, Sn2+, Cd2+, Cu2+ and Fe2+) are 

deposited on the active substrate surface as a result of a displacement reaction and can 

prevent random reduction of Ni2+. However, the use of such stabilizers may lead to the co-

deposition of certain elements, negatively affecting the coating properties. The other 

category operates through an adsorption mechanism [6], where hydrogen sulfide, sulfide, 

arsenide, and iodide ions can inhibit nickel deposition by adsorbing onto catalytic sites on 

the metal surface. This category includes sulfur organic compounds such as thiourea, 

cysteine, methionine, thioglycolic acid, 2-mercaptobenzimidazole, 2-mercaptobenzo-

thiazole, which are increasingly used as stabilizers in electroless deposition processes [7–

11]. Furthermore, it has been found that in addition to their stabilizing effect, these 

compounds exhibit an accelerating effect. It is believed that their accelerating action occurs 

by weakening the bond between hydrogen and phosphorus atoms in the hypophosphite 

molecule. 

In previous studies [12, 13], a comparison was made on the influence of certain sulfur, 

nitrogen, and oxygen-containing organic compounds on the oxidation of hypophosphite. As 

a result, it was found that the catalytic effect is characteristic only for sulfur-containing 

compounds at low concentrations, accompanied by a shift in the stationary potential towards 

the negative side, which may be associated with surface modification and changes in the 

metal-hydrogen bond energy. It was also discovered that within a certain concentration 

range, organic compounds such as the disodium salt of 4,4′-dithiobenzenedisulfonic acid and 

2,2′-diaminodithiobenzene with –S–S– fragments inhibit the homogeneous reaction and 

exhibit an accelerating effect on the surface reaction [14]. 

The aim of this study is to synthesize new bis(2-amino-5-R-phenyl)disulfides 

containing substituents of different electronic nature at the 5th position of the benzene ring 

and to investigate their influence as additives on the deposition rate and physicochemical 

properties of Ni–P coatings, as well as the stability of the electroless nickel plating 

electrolyte. 
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2. Experimental 

2.1. Synthesis of bis(2-amino-5-R-phenyl)disulfides 

In the initial stage of this study, the synthesis of substituted 2-aminobenzo[d]thiazoles 2a–g 

was conducted by reacting commercially available anilines 1a–g with ammonium rhodanide 

and bromine in acetic acid [15–18]. As a result, the corresponding 6-R-2-

aminobenzothiazoles 2a–f were obtained in good yields of 72–85% (Figure 1).  

Unfortunately, obtaining 2-aminobenzo[d]thiazole-6-sulfonic acid 2g in this way led to 

the acylation product of the starting aniline at the amino group. However, direct selective 

sulfonation of unsubstituted 2-aminobenzo[d]thiazole 2a by heating in concentrated sulfuric 

acid according to references [19, 20] results in the formation of sulfonic acid 2g (Figure 1). 

Yields and melting temperatures of 6-R-2-aminobenzo[d]thiazoles 2a–g are given in 

Table 1. 

  
Figure 1. The synthesis scheme of 6-R-2-aminobenzo[d]thiazoles 2a–g. 

Table 1. Yields of 6-R-2-aminobenzo[d]thiazoles 2a–g. 

Compound R Yield, % m.p., °C m.p., °C (lit) 

2a H 75 133–134 130–131 

2b CH3O 73 169–170 166–168 

2c Cl 81 200–202 197–199 

2d F 72 180–181 183–185 

2e COOH 85 265 (decomp.) 265 (decomp.) 

2f CH3 72 122–124 126–128 

2g SO3H 80 >300 No data 

Subsequent refluxing of compounds 2a–g in an aqueous solution of KOH or NaOH led 

to the formation of the corresponding 2-aminophenothiols 3a–g, which were further 

subjected to mild oxidation by refluxing and stirring in an aqueous solution of sodium 

thiosulfate [21, 22]. As a result, bis(5-R-2-aminophenyl)disulfides 4a–g were isolated with 

yields of 66–85% (Figure 2), which were subsequently investigated as additives in the 

electroless nickel deposition process. 
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Figure 2. The synthesis scheme of bis(2-amino-5-R-phenyl)disulfides 4a–g. 

Table 2. Yields of bis(2-amino-5-R-phenyl)disulfides 4a–g. 

Compound R Yield, % 

4a H 84 

4b CH3O 75 

4c Cl 81 

4d F 72 

4e COOH 85 

4f CH3 81 

4g SO3Na 66 

General procedure for the synthesis of 6-R-2-aminobenzo[d]thiazoles 2a–f 

Bromine (0.56 ml, 11 mmol) was added dropwise to a suspension of NH4SCN (1.7 g, 

22 mmol) in AcOH (50 ml) at 10°C, and the reaction mixture was stirred at this temperature 

for 0.5 hours. After filtering out the insoluble materials, the filtrate was added to a solution 

of 4-R-aniline 1a–f (10 mmol) in AcOH (50 ml) and the reaction mixture was stirred at 10°C 

for 19 hours. The solvent was evaporated under vacuum, and the resulting residue was 

diluted with water (100 ml). The pH of the mixture was adjusted to 1.0 with an HCl solution. 

After filtering out insoluble materials, the filtrate was made alkaline with NaOH until the 

precipitation ceased. The solid product was collected by filtration and crystallized from a 

hexane/AcOEt mixture.  

Synthesis of 2-aminobenzo[d]thiazole-6-sulfonic acid 2g 

3.0 g (0.02 mol) 2-aminobenzothiazole 2a was dissolved in 10.0 ml 96% sulfuric acid 

(0.18 mol). The mixture was heated at 160°C for 35 min, cooled to room temperature and 

poured into cold water. The precipitate that formed was washed three times with water 

(10 ml) by decantation and filtered. The product was washed again with water.  
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General procedure for the synthesis of bis(2-amino-5-R-phenyl)disulfides 4a–f 

A mixture of 10 mmol 2-aminobenzothiazole 2a–f and (2.2 ml, 40 mmol) ethylene glycol 

were stirred in a 60 ml aqueous solution of KOH (6.0 M) at 140°C for 24 hours. After 

cooling, the solution was neutralized with concentrated HCl in an ice bath, the precipitate 

was filtered and washed with water. The resulting 2-amino-4-R-thiophenol 3a–f and 2.5 g 

(0.01 mol) sodium thiosulfate pentahydrate are dispersed in 15 ml of water and the mixture 

was refluxed with stirring for 2 hours. After cooling to 20°C, the precipitate was filtered and 

crystallized from H2O/EtOH mixture.  

Bis(2-aminophenyl)disulfide 4a 

Yield 2.1 g (84%), yellow solid, m.p. 87–89°C. 1H NMR spectrum, 600 MHz, DMSO-d6, , 

ppm (J, Hz): 3.73 (4H, br. s, NH2), 6.43 (2H, t, J=7.5, 5-H), 6.72 (2H, d, J=8.1, 3-H), 6.98 

(2H, d, J=7.7, 6-H), 7.08 (2H, t, J=7.7, 4-H). Found, m/z: 249.0510 [M+H]+. C12H12N2S2. 

Calculated, m/z: 249.0515.  

Bis(2-amino-5-methoxyphenyl)disulfide 4b 

Yield 2.3 g (75%), green solid, m.p. 73–75°C. 1H NMR spectrum, 600 MHz, DMSO-d6, , 

ppm (J, Hz): 3.53 (6H, s, OCH3), 5.03 (4H, s, NH2), 6.60 (2H, d, J=2.8, 6-H), 6.70 (2H, d, 

J=8.8, 3-H), 6.77 (2H, d.d, J=8.8, 2.9, 4-H). Found, m/z: 309.0730 [M+H]+. C14H16N2O2S2. 

Calculated, m/z: 309.0727. 

Bis(2-amino-5-chlorophenyl)disulfide 4c 

Yield 2.6 g (81%), light green solid, m.p. 111–113°C. 1H NMR spectrum, 600 MHz, 

DMSO-d6, , ppm (J, Hz): 5.70 (4H, s, NH2), 6.75 (2H, d, J=8.7, 3-H), 6.90 (2H, d, J=2.5, 

6-H), 7.13 (2H, d.d, J=8.7, 3.5, 4-H). Found, m/z: 316.9734 [M+H]+. C12H10Cl2N2S2. 

Calculated, m/z: 316.9737.  

Bis(2-amino-5-fluorophenyl)disulfide 4d 

Yield 2.0 g (72%), dark green solid, m.p. 75–77°C. 1H NMR spectrum, 600 MHz, DMSO-

d6, , ppm (J, Hz): 5.35 (4H, br. s, NH2), 6.73 (2H, d.d, J=8.6, 5.2, 3-H), 6.83 (2H, d.d, 

J=8.6, 2.9, 6-H), 6.98 (2H, t.d, J=8.6, 2.9, 2H, 4-H). Found, m/z: 285.0325 [M+H]+. 

C12H10F2N2S2. Calculated, m/z: 285.0327. 

Bis(3,3′-disulfide-4-aminobenzoic acid) 4e  

Yield 2.9 g (85%), light yellow solid, m.p. 286°C (decomp.). 1H NMR spectrum, 600 MHz, 

DMSO-d6, , ppm (J, Hz): 7.35 (2H, d, J=8.4, 5-H), 7.80 (1H, d.d, J=8.4, 1.8, 6-H), 7.87 

(4H, br. s, NH2), 8.25 (2H, d, J=1.7, 2-H), 12.55 (1H, br. s, ОH). Found, m/z: 337.0314 

[M+H]+. C14H12N2O4S2. Calculated, m/z: 337.0312. 
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Bis(2-amino-5-methylphenyl)disulfide 4f 

Yield 2.2 g (81%), light yellow solid, m.p. 78–80°C. 1H NMR spectrum (400 MHz, DMSO-

d6), , ppm (J, Hz): 2.08 (6H, s, CH3), 4.98 (4H, s, NH2), 6.81 (2H, s, 3-H), 6.62 (2H, d, 

J=8.2, 6-H), 6.87 (2H, d.d, J=8.2, 1.6, 4-H). Found, m/z: 277.0823 [M+H]+. C14H16N2S2. 

Calculated, m/z: 277.0828. 

Synthesis of disodium bis(3,3’-disulfide-4-aminobenzenesulfonate) 4g  

A mixture of 1.5 g (10 mmol) 2-aminobenzothiazole 2 g and (2.2 ml, 40 mmol) ethylene 

glycol in a NaOH aqueous solution (2.0 M, 60 ml) were stirred at 140°C for 2 hours. After 

cooling to 20°C, the solution was neutralized with concentrated HCl in an ice bath. Then, 

2.5 g (0.01 mol) of sodium thiosulfate pentahydrate were added to the solution, and the 

mixture was refluxed with stirring for 2 hours. The solvent was evaporated at 60°C under 

vacuum until the precipitation began, which was then filtered. The the crude product was 

dried and extracted with DMF several times. The extract was evaporated under vacuum at 

60°C and then isopropanol was added. The solid product so formed was collected by 

filtration, washed with isopropanol and dried. Yield 3.0 g (66%), yellow solid, m.p. >300°C. 
1H NMR spectrum (400 MHz, DMSO-d6), , ppm (J, Hz): 5.50 (4H, s, NH2), 6.69 (2H, d, 

J=8.4, 5-H), 7.38 (2H, d, J=8.6, 6-H), 7.58 (2H, d, J=1.6, 2-H). Found, m/z: 406.9491 [M-

2Na]–. C12H10N2Na2O6S4. Calculated, m/z: 406.9495. 

2.2. Methods for analyzing chemical structures  

For the analysis of bis(2-amino-5-R-phenyl)disulfides (APhDS), high-performance liquid 

chromatography with high-resolution mass spectrometric detection using electrospray 

ionization (HPLC-HRMS-ESI) combined with UV detection was employed. The setup 

consisted of an Agilent 1269 Infinity liquid chromatograph and an Agilent 6230 TOF LC/MS 

time-of-flight mass detector. Quantitative determination was performed using the internal 

standard method. 1H NMR spectra were recorded on a Bruker AV600 (600.13 MHz) and 

Bruker DPX400 (400.1 MHz) spectrometers in DMSO-d6 with TMS as the internal standard.  

2.3. Electroless nickel bath  

The main chemical composition of the bath and operating conditions are given in Table 3. 

Nickel hexahydrate chloride was used as the nickel source. Sodium hypophosphite was 

utilized as the reducing agent, also serving as the phosphorus source in the coating. Glyoxylic 

acid was employed as a complexing agent to control the release rate of free metal ions in the 

reduction reaction. Sodium acetate was used as a buffer. Organic disulfides (APhDS), listed 

in Table 2, were used as stabilizers to prevent bath decomposition. The concentration of 

organic compounds (ODS) ranged from 3.16·10–7 to 1·10–4 mol/L. The solution 

temperature for coating deposition was maintained at 80±1°C throughout the experiment 

using a water bath (LOIP LB-140). The bath pH was kept at 5.50 by adding sodium 

hydroxide (Ionmeter I-160MI). The deposition time for each sample was 30 minutes. 
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Table 3. Electroless nickel plating bath composition and operating conditions.  

Composition and operating conditions Values 

NiCl2·6H2O 20 g/L 

NH2CH2COOH 15 g/L 

NaH2PO2·H2O 25 g/L 

CH3COONa 10 g/L 

APhDS 3.16×10– 7 to 1×10– 4 mol/L 

pH 5.5±0.1 

Temperature 80±1°C 

Deposition time 30 min  

2.4. Measurement of deposition rate 

Deposition experiments was performed on rectangular copper samples of grade M1 

measuring 30 mm×25 mm×1 mm, that were used as a substrate. The copper samples were 

pre-treated as follows: degreasing in ethyl alcohol, rinsing in distilled water, etching, double 

rinsing in distilled water, and finally drying in air. Etching was performed twice for 2-3 

seconds in a solution with the following composition: H2SO4:HNO3:HCl/900:410:5 (g/L). 

The samples were weighed on analytical scales (A&D GR-300, Japan) with an accuracy of 

0.0001 g and immediately coated with nickel. 

An amount of 80.0 ml of the plating solution was added to the beaker immersed in a 

NESLAB GP-200 temperature regulated water bath.  

The coating deposition was conducted in a heat-resistant 100 ml beaker immersed in a 

water bath.75 ml of the plating solution were added to the beaker. When the temperature 

reached the set value, the pre-treated copper foil substrate was immersed in the solution. 

Catalytic nickel plating was induced on the surface of copper by touching a steel rod, onto 

which a Ni–P deposit had been previously applied. The nickel plating solution was not 

stirred during the deposition process. After 30 minutes, the sample was removed, rinsed with 

distilled water, dried in air, and weighed on analytical scales. 

The deposition rate of Ni–P coating (V, µm/h) was determined by the gravimetric 

method and calculated using the formula: 

2 1
378.5 10

m m
V

S t




  
, 

where m1 is the mass of the sample before deposition, g; m2 is the mass of the sample after 

deposition, g; t is the nickel plating time, h; S is the surface area to be covered, dm2; 78.5·10–3 

g/(dm2·h)=1 µm/h.  

The experimental results presented in this study represent the average values of triple 

measurements. 
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2.5. Analysis of Ni–P coatings 

The surface morphology of the obtained Ni–P coatings was investigated using a scanning 

electron microscope JSM-6510LV JEOL. The elemental composition of the nickel coatings 

was studied using X-ray microanalysis with an attachment to the electron microscope INCA 

Energy 250. X-ray structural analysis of Ni–P coatings was performed at room temperature 

using a DRON-4.07 diffractometer with CuKα radiation. The research was conducted at the 

Central Collective Use Center of Voronezh State University. 

2.6. Bath stability test 

Palladium salts are widely used to initiate the precipitation reaction in the volume of 

electrolytes [23–27]. This approach was used to determine the influence of the APhDS 

concentrations on bath stability. The tests were conducted at a temperature of 80±1°C. To 

25 ml of the test solution, the catalyst in the form of a solution of PdCl2 salt was added with 

continuous stirring. The amount of catalyst was adjusted so that the solution decomposition 

time was 15–20 seconds, after which the solution became opaque with a dark green color. 

In order to minimize solution dilution, the added volume of palladium salt did not exceed 

300 μl. Solutions with different concentrations of PdCl2 were used for this purpose: 

0.25, 1.00, 4.00 and 8.00 g/l. Experiments were conducted at least three times to confirm the 

reproducibility of the results. 

3. Results and Discussion 

3.1. Deposition rate  

The deposition rate of electroless Ni–P coatings was measured in the presence of organic 

additives APhDS (Table 2). The investigated concentration range was 3.16·10–7 to  

1·10–4 mol/L. The effect of APhDS concentrations on the deposition rate of Ni–P coatings 

is presented in Table 4, indicating that nearly all additives up to a concentration of  

1·10–5 mol/L gradually increase the deposition rate. However, singling out one of them with 

the most accelerating action is difficult. Further increasing the concentration of the additive 

leads to a decrease in the rate, ultimately halting the process entirely at a concentration of 

1·10–4 mol/L. 

The gradual increase in nickel deposition rate followed by a decrease is in line with 

previously observed results. Thus, research has shown that the addition of thiourea can lower 

the activation energy of the electroless nickel deposition reaction [28]. Radiochemical 

studies of thiourea during the electroless nickel process have indicated that the effect of 

thiourea on the nickel deposition rate is determined by two distinct mechanisms depending 

on the concentration of thiourea [29, 30]. Further discoveries have shown that thiourea 

derivatives increase the rate of electroless deposition by effective adsorption on the metal 

surface. Additionally, the nickel reduction by hypophosphite as a reducing agent is governed 

by a chemical mechanism. 
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Table 4. Influence of APhDS concentrations on the rate of Ni–P coatings. 

Deposition rate of Ni–P coating, µm/h 

Concentration of the 

additive, lgC (mol/L) 
0 –6.5 –6.0 –5.5 –5.0 –4.5 –4.0 

4a (R = H) 

13.1 

13.3 14.1 14.6 15.2 13.4 0 

4b (R = CH3O) 13.6 13.6 14.5 14.5 13.9 0 

4c (R = Cl) 13.4 13.4 13.8 14.1 12.9 0 

4d (R = F) 14.0 13.8 14.4 14.5 13.5 0 

4e (R = COOH) 13.4 14.3 14.6 14.5 14.2 0 

4f (R = CH3) 14.2 14.3 14.4 14.5 14.0 0 

4g (R = SO3Na) 13.2 14.0 14.3 14.3 13.7 0 

Other experimental results have shown that sulfur-containing organic compounds, 

including thiourea, mainly affect the anodic reaction, accelerating the entire deposition 

process. A hypothesis was formulated suggesting that these compounds boost hypophosphite 

adsorption, thereby accelerating the overall anodic reaction. The more electron-donating 

properties the compounds have, the higher their adsorption capacity and the stronger the 

blocking effect, which can stabilize the electrolyte [13, 14, 32]. Like thiourea, the –S–S– 

group can also contribute to the polarization of the P–H bond in hypophosphite ions, 

facilitated by the sulfur atom, which is the most polarizable atom with the lowest 

electronegativity. This facilitates electron transfer to nickel ions and accelerates the coating 

deposition rate. The polarizing ability of sulfur atoms in APhDS molecules may be 

influenced by the position of substituents in the benzene ring. Ortho-position of the amino 

group enhances electronic density on sulfur atoms, thereby strengthening the molecule's 

polarization properties. It was found that regardless of their nature, substituents in the 5 th 

position of APhDS do not influence the deposition rate of Ni–P coatings. This could be due 

to the fact that both electron-donating substituents (CH3O–, CH3–) and electron-accepting 

substituents (–SO3Na, –COOH, –Cl, –F) in the meta-position relative to the sulfur atom 

insignificantly affect the electronic density on the key disulfide fragment sulfur atoms. 

The authors [33] have proposed a mechanism by which thiourea accelerates and inhibits 

the deposition of electroless Ni–P coating. It is suggested that a similar acceleration 

mechanism could be possible for APhDS disulfides. Figure 3 shows a schematic diagram of 

the deposition of Ni–P coating with the addition of APhDS. Initially, the disulfide is reduced 

by hypophosphite to a reactive aminothiophenol, which is then oxidized to a free radical ([2-

NH2-5-R-C6H4S*]) through a charge transfer process. In the second stage, the free radical of 

aminothiophenol reacts with another free radical, thereby regenerating the original APhDS. 

This proposition is supported by research confirming that thiourea dimer acts as an electron 

transfer agent. For this, the authors [34] synthesized thiourea disulfide and used it in the 
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nickel deposition process. In all experiments, a similar increase in the deposition rate was 

observed as in the case of thiourea. Thus, the reaction process of accelerating deposition in 

the presence of APhDS can be represented by Equations (1) and (2). 

 
Figure 3. Deposition mechanism of electroless plating in the presence of APhDS. 

 

It is evident that the deposition of electroless Ni–P coatings in the presence of additives 

can also be influenced by other competing mechanisms. One of these mechanisms involves 

the adsorption of additives on the catalytic sites of the metal surface. In the initial phase, 

hypophosphite is adsorbed on these catalytic surfaces, leading to its subsequent reorientation 

and homolytic cleavage of the P–H bond [35]. With an increase in additive concentration, 

the number of catalytic centers decreases due to the formation of a thin film of additives on 
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the metal surface. This film impedes access, inhibits the oxidation of hypophosphite ions, 

and consequently hampers the deposition of Ni–P coating. 

 
Figure 4. Adsorption of hypophosphite and APhDS on the catalytic surface. 

As a result, it can be concluded that at low concentrations of the APhDS additive in the 

range of 3.16·10–7 – 3.16·10–5 mol/L, the rate of surface coating increases due to a catalysis 

process, which involves the formation of a reactive intermediate that facilitates the electron 

transfer to Ni2+ ions. Increasing the concentration of APhDS leads to a decrease in the 

catalytic activity of the surface due to a reduction in the number of active centers on the 

surface and the predominance of the inhibitory effect of additive surface adsorption on the 

deposition process. Additionally, functional substituents of the benzene ring may promote 

the formation of surface complexes, which can enhance the adsorption of APhDS on the 

metal surface (Figure 4). 

3.2. Bath stability 

Within the framework of this study, it was equally important to investigate the impact of 

APhDS additives on the volume reaction rate, i.e., assess their stabilizing properties and 

determine the effective concentration for the specific chemical composition of the bath. The 

test results are presented in Table 5, indicating that the influence of APhDS on the bath 

stability initiates at a concentration of 1·10– 6 mol/L APhDS. As the stabilizer concentration 

increases to 3.16·10-5 mol/L, the required PdCl2 concentration escalates to 15–18 mg/L. At 

a stabilizer concentration of 1·10– 4 mol/L, bath stability increases significantly; however, 

this does not hold practical significance as, at this APhDS concentration under pH 5.5 and 

80°C conditions, the precipitation of Ni–P does not occur. The most practically significant 

concentration range for enhancing bath stability lies between 1·10– 5 and 3.16·10– 5 mol/L of 

APhDS. Furthermore, the results indicate that there are minimal differences in stability 

among the additives, suggesting that substituents in the 5th position of APhDS do not 

influence the complexing properties with both Pd2+ ions and Ni metallic embryos. 
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Table 5. The minimum concentration of PdCl2 at which spontaneous electrolyte decomposition initiates.  

Concentration of the additive, 

lgC (mol/L) 
0 –6.0 –5.0 –4.5 –4.0 
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4a (R = H) 

1 

2 7 17 50 

4b (R = CH3O) 2 6 16 46 

4c (R = Cl) 3 7 17 24* 

4d (R = F) 2 6 15 46 

4e (R = COOH) 2 6 17 45 

4f (R = CH3) 3 8 18 49 

4g (R = SO3Na) 2 7 17 52 

*(the additive partially precipitates) 

3.3. Deposit morphology 

The surface morphology of electroless nickel deposition is significantly influenced by the 

characteristics of the plating solution [26]. Without APhDS, the Ni–P coating exhibits a 

distinctive spherical nodular structure, as shown in Figure 4. 

The formation of nodules is a prominent trait of electroless Ni–P coatings. The rapid 

nucleation, Ni3P phase precipitation in the absence of stabilizers, and subsequent Ni–P 

growth all contribute to nodule formation on the coatings. Potential impacts on the surface 

morphology of Ni–P electroless coatings may arise from the adsorption of additives on the 

surface and facets of growing crystals. Authors [36] suggest that hydrogenolysis of C– S and 

S=O bonds and the adsorption of resulting sulfur anions impede crystal growth in specific 

directions. Thus, the predominance of the (100) texture in the nickel deposit obtained by 

galvanic method is explained by the specific adsorption of sulfur anions on the 

crystallographic direction (110), thereby hindering growth in that plane. It has also been 

observed that the use of thio-derived stabilizers like mercaptobenzothiazole [37] or thiourea 

[38] at concentrations exceeding 2 ppm can promote the development of columnar 

cauliflower morphology. 

Therefore, the use of APhDS as stabilizers in the electroless nickel plating bath can 

affect the growth of crystals in a specific orientation. A comparative analysis of the influence 

of APhDS additives at different concentrations on the morphology of coatings is shown in 

Figure 6. Microphotographs of the surface of the electroless Ni–P deposit sample obtained 

without APhDS are shown in Figure 5.  

Figure 6 shows that at a concentration of 1·10–6 mol/L of APhDS with H–  and CH3–  

substituents, the surface exhibits a more pronounced nodular structure, with grain boundaries 

being sufficiently blurred, resembling an “orange peel” texture. When the concentration of 

these additives is increased to 10–5 mol/L, the nodular structure transitions into a granular 

structure, with an average grain size of 1.5–2.0 µm and the inclusion of large grains up to 
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3 µm in size. Further increasing the additive concentration to 3.16·10–5 mol/L leads to the 

merging of small grains into larger ones up to 2–3 µm in size. APhDS with – F and – Cl 

substituents at a concentration of 10–6 mol/L results in the surface exhibiting a continuous 

granular structure, with an average grain size of 1.5–1.7 µm. With an increase in the 

concentration of halogen derivatives of APhDS, large crystals of 4–5 µm with inclusions of 

smaller grains measuring 0.7–1.2 µm are formed, which completely disappear at a 

concentration of 3.16·10–5 mol/L. When using APhDS with substituents –COOH and  

–SO3Na at a concentration of 1·10–6 and 1·10–5 mol/L, the surface becomes very smooth. 

Further increasing the concentration of these additives to 3.16·10–5 mol/L results in the 

formation of rare cluster-like particles measuring 2.0–3.5 µm. 

Although in the presence of low concentrations of APhDS (1·10–6 mol/L) with different 

substituents, the rate of coating application is almost identical to the deposition rate without 

additives, we have observed their influence on surface morphology. When using them, the 

surface is smoothened, especially noticeable with oxygen-containing substituents like CH3O–, 

–COOH, and –SO3Na. This effect is likely due to the orientation-specific adsorption of these 

additives on the active crystal centers in conditions of limited quantity in the electrolyte, 

facilitated by oxygen atoms. This leads to the inhibition of columnar crystal growth, causing 

lateral growth to predominate. Conversely, halogen substituents contribute to inhibiting lateral 

growth. The morphology obtained with CH3– substituent is particularly similar to the 

unsubstituted APhDS, explaining the minimal influence of the methyl group on the molecule’s 

adsorption capacity. With an increase in APhDS concentration in the electrolyte, the number 

of adsorbed molecules on the surface increases. The enhanced rate of Ni–P coating application 

in the presence of 1·10–5 mol/L APhDS further supports this observation. The increased 

presence of the stabilizer on the surface restricts lateral growth of the Ni–P layer, 

predominantly leading to the formation of columnar deposits. At an additive concentration of 

3.16·10–5 mol/L, the coating rate starts to decrease, indicating a higher quantity of adsorbed 

APhDS molecules on the active centers of the deposited surface. The amplified inhibition of 

both lateral and columnar particle growth results in the appearance of larger crystals on the 

surface. This correlation is observed for all investigated substituents. 

  
a b 

Figure 5. SEM micrographs of the electroless Ni–P deposits obtained without APhDS at 

magnification: a –  ×200, b –  ×5000.
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Figure 6. Comparative analysis of SEM microphotographs of Ni–P coating surfaces deposited using APhDS additives at 5000x magnification.
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3.4. Elemental composition of the deposit 

It is known that in the process of electroless nickel plating, phosphorus is deposited along 

with nickel [39–40]. The influence of stabilizers on the phosphorus content in the coating 

was studied using X-ray diffraction. Figure 7 shows the characteristic results of the elemental 

analysis of the investigated Ni, P-coatings electroless deposited using APhDS additives. The 

relative concentrations of Ni and P in the obtained samples are given in Table 6. The coating 

deposited without the use of organic additives contains 13.34 at.% phosphorus, classifying 

it as a coating with an average phosphorus content [41]. With an APhDS concentration of 

1·10–6 mol/L, the phosphorus content (~12–13 at.%) remains almost unchanged compared 

to the coating obtained without the additive (13.34 at.%). As the APhDS concentration 

increases to 1·10–5 mol/L, the effect of the additive on the phosphorus content in the coatings 

becomes apparent. Under these conditions, there is a redistribution of the Ni and P 

concentration towards reducing the phosphorus content to 9.41–10.52 at.%, except for the 

coating obtained with the untreated APhDS 4a, which shows a higher P content (12.12 at.%).  

The reduction reactions of Ni and P compete with each other, as they require either 

electrons or adsorbed hydrogen atoms [39, 40]. Therefore, as the nickel deposition rate 

increases in the presence of an accelerator, the phosphorus content in the coatings decreases. 

As the concentration of APhDS additives is further increased to 3.16·10–5 mol/L, despite 

the reduction in nickel deposition rate (Table 4), the coatings exhibit even lower phosphorus 

content (5.62–7.41 at.%). This is likely due to the adsorption of APhDS molecules partially 

blocking the access of hypophosphite molecules to adsorbed hydrogen atoms on the coating, 

leading to a reduction in phosphorus content according to the atomic hydrogen mechanism. 

APhDS with CH3 and –SO3Na substituents, on the contrary, contribute to a slight increase 

in the phosphorus content, indicating specific adsorption behavior of these additives.  

 
Figure 7. Typical results of elemental analysis of Ni–P coatings deposited on copper foil 

using APhDS additives. 
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Table 6. Composition of Ni–P coatings deposited using APhDS additives varies depending on their 

concentration. 

Concentration of the 

additive, lgC (mol/L) 
0 –6.0 –5.0 –4.5 

Elemental 

composition, at.% 
P  Ni P  Ni P  Ni P  Ni 

4a (R = H) 

13.34 86.66 

12.75 87.25 12.12 87.88 7.41 92.59 

4b (R = CH3O) 11.96 88.04 10.50 89.50 5.97 94.03 

4c (R = Cl) 13.55 86.45 10.52 89.48 7.34 92.66 

4d (R = F) 13.02 86.98 10.45 86.45 6.63 93.37 

4e (R = COOH) 11.38 88.62 9.99 90.01 5.60 94.40 

4f (R = CH3) 12.53 87.47 10.15 89.85 10.92 89.08 

4g (R = SO3Na) 11.85 88.15 9.41 90.59 9.68 90.32 

3.5 X-ray diffraction analysis of the electroless Ni–P layers 

It is known that an increase in phosphorus content in Ni–P coatings is accompanied by the 

amorphization of their structure [42], suggesting that the electroless Ni–P deposits can be 

either polycrystalline or amorphous. Thus, the phosphorus content is one of the crucial 

factors determining the structure of the coatings.  

The diffraction patterns of the Ni–P deposits obtained using APhDS additives with 

different contents are presented in Figure 7. The reflexes observed at angles of 2Ѳ=43.36, 

50.48, 74.19, 89.98 correspond to reflections from the planes of the Cu substrate (111), 

(200), (220), (311) respectively [ICDD 00-004-0836]. The broad peaks in the angular range 

of 2Ѳ=44.66, 51.83 belong to the investigated nickel coating, corresponding to reflections 

from the (111) and (200) Ni planes with a face-centered cubic (FCC) lattice [ICDD 00-004-

0850]. 

In the X-ray diffraction pattern of the Ni–P coating obtained in the absence of additives, 

a single broad peak centered at 44.5° 2Ѳ is observed, indicating the amorphous nature of the 

coating. According to the X-ray diffraction data, the addition of AFDS to the electrolyte does 

not significantly affect the crystalline structure of the deposited coatings. With an increase 

in the additive concentration, there is a slight increase in the crystallinity of the coatings, 

manifested by a slight narrowing of the reflection line from the Ni (111) planes and an 

increase in the intensity of the reflection line from the Ni (200) planes. The decrease in 

phosphorus content in the coatings also supports this observation. These findings are 

consistent with studies on thiourea. The authors [43] noted that an increase in thiourea 

concentration enhances the crystallization of the Ni–P chemical coating. Reflection lines 

from the Ni (111) planes are observed at 0.25 ppm of thiourea, while reflections from the Ni 

(200) planes become noticeable with an increase in thiourea concentration up to 3 ppm. 
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a 

 

b 

 

c 

Figure 8. X-ray diffraction patterns of coatings deposited without the use of organic additives 

and using APhDS at a concentration: a) 1·10–6 mol/L, b) 1·10–5 mol/L, c) 3.16·10–5 mol/L 

within the angular range of 10–110 degrees 2Ѳ . 
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Conclusion 

The effect of substituents in APhDS on the deposition processes and properties of Ni–P 

coatings studied in this paper. It has been found that all additives in the concentration range 

of about 3.16·10–6 to 3.16·10–4 mol/L exhibit catalytic activity and contribute to an increase 

in the deposition rate of coatings. Notably, the disulfide group emerges as a key driver of 

this acceleration, while the influence of other substituents remains relatively minor. At 

higher concentrations, inhibiting the process is observed, leading to its complete cessation. 

Functional substituents of the benzene ring can promote the formation of surface complexes, 

which may enhance APhDS adsorption on the metal surface and increase the stability of the 

nickel plating solution with the growth of additive concentration. 

The influence of additives on the composition of coatings has been established: with 

increasing additive concentration, a decrease in phosphorus content in the coating is 

observed, and crystallinity increases compared to the solution without additives. The greatest 

impact of additives lies in the change of deposit morphology. At an additive concentration 

of 1·10–6 mol/L, all coatings exhibit a smoother structure than in their absence. However, 

further increasing the additive concentration leads to surface development. 

The obtained data on deposition rates and electrolyte stability indicates the potential 

use of APhDS additives in electroless nickel-plating solutions. Details on coating structure, 

morphology, and composition could be leveraged to create coatings with specific functional 

properties, such as corrosion resistance, by selecting additives with different substituents. 
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