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S1 MATERIALS AND METHODS
S1.1 Materials and preparation
Carbon steel substrate preparation. Disc shaped AISI 1045 (CK45) medium carbon steel (0.45 wt.% carbon, Metal Supermarkets) with a diameter of 19 mm and thickness of 7mm was used as the substrate. Samples were ground using 120-2400 grit SiC emery paper and polished using alumina slurry until a mirror surface finish was obtained. Prepared samples were placed in 0.75 M NaOH (Sigma-Aldrich) solution at 80 ± 2 °C for 5 min as a degreasing treatment and then rinsed with distilled water and dried. A surface activation step was performed immediately after degreasing and before the electrodeposition process by immersing the samples in a 1.87 M H2SO4 (Caledon) solution at 50 ± 2 °C for 70 s, subsequently rinsed with distilled water and dried carefully to avoid any addition of water to the electrolyte.


S1.2. Electrolyte 
Ni-SiO2 electrolyte preparation. Before the addition of the nanopowder into the electrolyte, the prepared solution was left to cool down to room temperature. Then the SiO2 nanopowder was added gradually to 100 mL of the DES solution while the solution was being stirred at a rate of 600 rpm ± 5%. Then it was sonicated for 40 min by employing a model 50T Aquasonic ultrasonic bath with the frequency of 50 Hz and the power of 240 W, to prevent aggregation of the nanoparticles in the electrolyte. Subsequently, the rest of the electrolyte was added to the 100 mL solution containing nanoparticles and the whole solution was stirred at room temperature for 20 hours at a stirring rate of 600 rpm ± 5%. 
The appearance of the electrolyte before and after the addition of 15 g/L of SiO2 NPs at room temperature is shown in Figure S1. After the addition of NPs into the electrolyte the transparency of the green clear electrolyte decreased. There is no evidence of NPs precipitation at the bottom of the beaker even after more than a week in the absence of stirring. 
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Figure S1. Electrolyte containing 15 g/L SiO2 nano powder (beaker on the left) and 0 g/L (beaker on the right), at room temperature, prepared and employed for Ni-SiO2 and Ni nanocomposite coatings electrodeposition, respectively. 

Electrolyte stability monitoring. A SymPHony, SB21 pH meter was employed to monitor pH of the electrolyte before the start of an electrodeposition experiments at the temperature of electrodeposition to ensure that there was no change in the composition of the electrolyte after multiple electrodeposition processes. A YSI model 3100 conductivity salinity temperature instrument with a cell constant of 1 cm-1 was used to measure the conductivity of the electrolyte at 70 °C (electrodeposition temperature), and room temperature (22 ± 2 °C). The temperature was regulated using a Corning PC-420D hot plate including a temperature sensor.  

S1.3 Microstructural and compositional study
Cross-sections of the coatings were prepared by cutting the sample at low speed (to protect the thin coating) and involved mounting and grinding and polishing the samples to obtain a smooth cross-section for microstructural study. Grinding was done using a 220 and a 500 SiC grinding paper followed by polishing using a Struers MD-Largo and a MD-Dac discs, and alcohol-based lubricant containing 9 and 3 µm diamond abrasive, respectively. The final polishing step was done using a Struers MD-Nap cloth and a DiaPro Nap B 1 µm suspension to avoid any alumina or silicon contaminants on the polished surface. A Nital etchant 2 vol% was used to reveal the microstructure as well as the interface between the substrate and the coating.

S1.4 Topography measurements and analysis 
Surface texture measurements, topography and histograms of the coating surfaces were performed employing Alicona Infinite Focus G5 3D surface measurement system (McMaster University, Hamilton, ON). All surface roughness measurements were done under ISO standards 4287 and 25178 on a 1.62 mm × 1.62 mm area. The surface texture parameters were calculated from the texture measurements according to ISO standards 25178 and 4287.

















S2. RESULTS AND DISCUSSION
S2.1. Electrolyte stability monitoring
While a detailed study of the speciation of the DES solution as a function of temperature is outside the scope of this study, the pH and conductivity of the DES solution will be used to monitor changes in the electrolyte over time.
a) pH. pH of ethaline solution was measured in the absence and presence of 0.2 M nickel chloride hexahydrate at 45 and 70 °C as well as room temperature (22 ± 2 °C). pH behaviour of ethaline containing 0.2 M NiCl2•6H2O with concentrations of SiO2 nanoparticles (NPs) of 0, 15 and 30 g/L SiO2 versus temperature was also plotted. The results are compared in Figure S2.  
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Figure S2. pH behaviour versus temperature for ethaline solvent and Ni electrodeposition electrolyte (ethaline + 0.2 M NiCl2•6H2O) containing 0, 15 and 30 g/L of SiO2 nanoparticles. 
Comparison of the results show that the decrease of temperature of the ethaline solution from 70 °C to room temperature did not affect the pH of the solution significantly and remained at an average value of 8.3 ± 0.1. Furthermore, with the addition of NiCl2•6H2O into the ethaline solvent at 70 °C, the pH of the solution decreased remarkably from 8.2 ± 0.2 to 4.8 ± 0.2 and increased to 5.5 ± 0.2 and 6.0 ± 0.2 with the decrease of solution temperature to 45 °C and room temperature, respectively. The addition of SiO2 NPs into the electrolyte with the amounts of 15 and 30 g/L caused a negligible increase in pH at 70 °C from 4.8 ± 0.2 to 5.1 ± 0.2. The reduction of electrolyte temperature from 70 °C to room temperature caused a considerable increase of the pH from ~ 5 to ~6 when 15 and 30 g/L of silica were present. 
The significant reduction of pH for ethaline after the addition of nickel chloride hexahydrate is associated with an increase of H+ ions concentration in the electrolyte. The introduction of NiCl2•6H2O into ethaline led to the formation of a compound between Ni ions and ethylene glycol in the electrolyte according to reaction (S1) as reported by Protsenko et al.[1]. This process supports the observation of a pH reduction in the ethaline containing nickel chloride hexahydrate with respect to the pure ethaline solution. 

[image: ]
Reaction (S1) [1] 

However, it was also shown that there are strong hydrogen bonding interactions between hydroxyl oxygen atoms in ethylene glycol and hydrogen atoms in water molecules in the mixture of water and ethylene glycol, 3 ethylene glycol molecules with 4 water molecules at the maximal excess molar volume [2]. The formation of strong hydrogen bonding interactions can hinder the reaction (S1) leading to the decrease of H+ ions and increase of pH. This phenomenon was observed by Protsenko et al.[1] who investigated the effect of the addition of NiCl2 • xH2O when x varies from x=6 to x=18 to ethaline on the pH and the species present in the electrolyte [1]. Decrease of pH with increasing the electrolyte temperature from room temperature to 70 °C (Figure S2) can be related to the decrease of hydrogen bonding interaction in DESs with increasing temperature [3] leading to more probability of producing H+ ions based on reaction S1. 
b) Conductivity. Following the methodology previously reported [4], the conductivity of the prepared DES electrolyte was measured at room temperature (22 ± 2°C) and 70 °C. A value of 27.5 ± 0.2 mS cm-1 at 70°C was measured for electrolyte without SiO2 NPs and this value decreased to 5.7 ± 0.2 mS cm-1 when measured at room temperature. The electrolyte conductivity can be used to estimate the amount of water present in our electrolyte. Based on previous work [1,5], it is estimated to be more than 6 and smaller than 9 mol of water per mol of Ni2+. It is interesting to note that the low conductivity and high viscosity for DSE electrolyte does not equate low slow deposition kinetics. Abott et al.[6] obtained conductivity for DES – based electrolyte lower than that of aqueous solution and Watts bath, measured at different temperatures (300-360 K). They demonstrated that the reduction of Ni from a DES electrolyte happens faster than from aqueous electrolytes as the mass transport is not the dominant factor controlling the deposition rate in DESs [6]. 

S2.2. Electrodeposition of Ni-SiO2 coatings
Current efficiency. The current efficiency for the electrodeposition condition chosen (see Table 1) was calculated using measured coating mass weight and theoretical mass weight according to equation (S1) [7]:
Current Efficiency (C.E) =                     (S1)
[bookmark: _Hlk177557570]Where ∆mmeasured is the difference between the measured sample weight, using a balance with readability of 0.1 mg, after and before electrodeposition, and ∆mtheoritical is the expected mass weight of coatings, obtained using Faraday’s law. Faraday’s law formula for species s in an electrochemical reaction is defined by equation (S2) [8]:
ms = it (MWs/ZsF)                                                                     (S2)  
where F is Faraday’ s constant and equal to 96485.33212 C mol-1, i (A) is the current that passed through the cell assuming it remains constant over time, t is the electrodeposition time (second) which is the same for all samples and equals to 5400 s (i.e. 90 min), MWs and Zs are the molar weight mass and electron stoichiometry of species s (which is Ni) and equal to 58.6934 g mol-1 and 2, respectively, ms is the expected mass weight of the deposited species s, which is the expected mass weight of the electrodeposited Ni in this work and equal to ∆mtheoritical in equation (S1). Therefore, Faraday’s law for the condition of this project can be written as follow: 
∆mtheoritical = (3×10-4) it (g)                                                          (S3)
The product of (it) is equal to the total charge (Q) in coulombs that passed through the cell during the time of electrodeposition.
S2.3. Structural characterization
Silica X-ray diffraction pattern. An XRD experiment was done on the SiO2 powder to determine the crystalline characteristic of the nanoparticles. The result is compared with the XRD pattern provided by the manufacturer, Sigma Aldrich, and shown in Figure S3. The obtained XRD pattern demonstrate the very low crystallinity of the SiO2 nano powder. This material is mainly amorphous.  
[image: ]
Figure S3. X-ray diffraction pattern of SiO2 NPs compared with that B) reported by the manufacturer (Sigma Aldrich).  

Ni and Ni-SiO2 coatings texture analysis and average crystallite size determination. Texture coefficient (TC) and the standard deviation (σ) of each (h k l) crystallographic plane observed in the XRD pattern are calculated using equations S4 and S5 according to method reported by Gao, et al. [9], and plotted as a function of the SiO2 concentration in the electrolyte (see Figure S4).

                                                           (S4)[9]
                                                                                     (S5)[9]  

where I (h k l) is the intensity of the diffraction peak of the (h k l) plane in the XRD Spectra and I0 (h k l) is that of the standard sample and n is the number of the reflections used in the calculations. The standard intensity used in the TC calculations were those reported in the Powder Diffraction File (PDF) card No. 00-004-0850, and four (n=4) reflections were considered in the calculation.
A texture coefficient value of 1 represents the normal orientation as expected for a powder sample, a TC > 1 would indicate a preferred orientation [9]. The determination of the standard deviation is important to access the significance of a given TC value. In this work, texture coefficients for the coatings electrodeposited from electrolyte containing 0 and 15 g/L SiO2 NPs (Figure S4) show a minor preferred orientation for the (111) plane, that changes and favors the (220) plane with an increase in the SiO2 concentration to 30 g/L. The standard deviation (σ) is used to compare the degree of texture of the Ni coatings electroplated at different current densities. A σ value of zero means a completely normal texture and larger amounts indicate a strong texture.[9]. An acceptable standard deviation (σ = 0.2, Figure S4) was obtained for all coatings that support the absence of a strong texture in the coatings prepared with and without SiO2 NPs.   

[image: ]
Figure S4. Texture coefficients for Ni and Ni-SiO2 composite coatings electroplated at 8 mA cm-2 for 90 min from an electrolyte containing 0, 15 and 30 g/L SiO2 NPs.  

Ni average crystallite size was calculated using Debye-Scherrer equation S6 and XRD pattern information [10]: 
         (S6)
where D is the crystalline size in nm, λ is the incident radiation wavelength, which is equal to 0.179 nm for Co, β is the true peak width at half-maximum intensity (FWHM) (FWHM due to the equipment is considered in the calculation) and θ is the scattering angle in rad. Ni average crystallite size was calculated for all detected peaks in XRD pattern, and the average amounts along with the contributed standard deviations are reported in section 3.2. 
S2.4. Compositional study
Ni-SiO2 coating composition. EDX results for the Ni-SiO2 composite coating electroplated from the electrolyte containing 30 g/L of SiO2 NPs in comparison with Ni coating is shown in figure S5. 
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Figure S5. EDX results of Ni coating, and Ni-SiO2 nanocomposite coating, electroplated at 8 mA cm-2 from electrolyte containing 0 and 30 g/L SiO2, respectively. 


[image: ]
Figure S6. SEM/EDX mapping of the coating electrodeposited from the electrolyte containing 15 g/L SiO2 nanoparticles. The amount of Si reported by EDX is less than 1 wt.%., there is no any evidence of agglomeration in the image related to the silicon. 

XPS analysis
During XPS analysis of our samples several steps have been taken to distinguish real peaks from noises as summarized below: a) XPS experiments were performed at three different spots on the surface of both Ni and Ni–SiO2 coatings; b) real peaks consistently appeared at the same binding energy positions across repeated scans at different locations, whereas noise peaks did not; c) all detected peaks were compared with the NIST XPS database and relevant literature values (only peaks that matched known and expected chemical states were considered real); d) for all peaks observed in the survey spectrum, high-resolution spectra were collected (meaningful and well-defined peak shapes in the high-resolution scans confirmed that the weak survey peaks were genuine); e) the presence of expected elements in the coatings was also confirmed by EDX (e.g. Si), which provided independent evidence consistent with the XPS results; and f) the chemistry data and atomic percentages obtained from total survey scans were consistent with those derived from the high-resolution spectra of the expected elements. This data was submitted elsewhere and it is currently under review [11].
S2.5. SEM, Optical microscopy and topography
Silica nanopowder SEM. The mopholgy and size of the nanoparticles provided by Sigma Aldrich was studied using SEM and the result shown in figure S7. 
[image: ] 
Figure S7. SEM image of SiO2 nanopowder used in this work as purchased from Sigma Aldrich. The particle size and purity are defined as 5-20 nm and  99.5%, respectively, according to the product specification. SEM image confirms the presence of particles with the size of ≤ 50 nm.  

Cross-section optical microscopy images. The cross-section of all coatings were studied using optical microscopy before etching to study the adherence between coating and substrate. The whole layer was studied at different magnification and some of them are presented in figure S8. There is no seperation between the coatings and the substrate or disconuity in the coatings. This indicates a strong coating adherence to the substrate.  
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Figure S8. The cross-section of Ni coating on the substrate before etching. Arrows show the interface between substrate and Ni coating layer indicating no seperation between coating and the substrate due to cutting and metallographic processing. 

Topography measurements and analysis. Surface texture measurements were carried out on the surface of the Ni-SiO2 composite coating electroplated from electrolyte containing 30 g/L of SiO2 nanoparticles and compared with the results obtained for Ni coating electroplated from the same electrolyte in the absence of SiO2. The electrodeposition conditions are the same as those reported in our previous work [4]. The topography measurements and analysis followed the procedure explained in S1.4. The topographic parameters, histograms and topography results were employed to study the influence of the addition of SiO2 on the nucleation and growth pattern of nickel in the coatings. Surface topography and histogram of the coating’s surfaces are shown in Figure S9.


[image: ]

Figure S9. Topographic images and histograms of the coating surfaces of a Ni-SiO2 coating electroplated from an electrolyte containing 30 g/L of SiO2.  


Table S1. Surface texture parameters obtained from a Ni coating, and a Ni-SiO2 nanocomposite coating electroplated from electrolyte containing 30 g/L of SiO2 nanoparticles.
	Texture parameter
	SiO2 concentration (g/L)
	Description

	
	0
	30
	

	Sa (µm)
	0.45
	0.22
	Arithmetical mean height of the selected area

	Sq (µm)
	0.61
	0.28
	Root-Mean-Square height of the selected area

	Sp (µm)
	7.53
	3.66
	Maximum peak height of the selected area

	Sv (µm)
	1.75
	2.36
	Maximum valley depth of the selected area

	Sz (µm)
	9.28
	6.02
	Maximum height of the selected area

	Ssk
	1.34
	0.13
	Skewness of the selected area

	Sku
	7.69
	4.13
	Kurtosis of the selected area

	Sdr (%)
	0.95
	0.26
	Developed interfacial area ratio



In this section, the coating features are labeled as peak and valley when located above and below the mean line, respectively. The arithmetical mean height (Sa) and the root-mean-square height (Sq) of the selected area decreased from 0.45 and 0.61 µm for the Ni to 0.22 and 0.28 µm for Ni-SiO2 coatings, respectively. This behaviour identifies a more regular texture for the Ni-SiO2 coating surface compared to that of the SiO2 - free coating. The maximum peak height (Sp) of the surface decreased, from 7.5 to 3.7 µm with the introduction of SiO2 into the Ni matrix. The maximum valley depth (Sv) showed a minor increase with the addition of NPs, however, the trend of the total maximum height (Sp + Sv) of the selected area (Sz), is consistent with the trend observed for the change in Sp. 
Skewness (Ssk) and kurtosis (Sku) of the selected area are 3D surface texture parameters being employed to assess the shape of the peak and valley height distribution. The amount of Ssk represents asymmetry in the height distribution with respect to the mean line and Sku measures the tailedness of the height distribution histograms [12,13]. Tailedness describes how often features height falls outside that of a normal distribution. The amount of Ssk is positive for both coatings, however with the addition of NPs, Ssk decreased from 1.34 to 0.13 and approached zero, where Ssk = 0 represents a symmetrical surface height distribution profile. This indicates that the incorporation of nanoparticles into the Ni matrix during growth decreases the degree of the asymmetry of the surface height distribution. 
This change in the surface height distribution can be seen by comparing the histograms of Ni and Ni-SiO2 coatings in Figure S9. For the Ni coating the maximum of the height distribution shifted beneath the mean line of the surface (when Ssk ˃ 0) that support the formation of a coating with sharper peaks and broader valleys on the surface in the absence of nanoparticles. While in the presence of nanoparticles the maximum of the height distribution is close to the mean line (when Ssk → 0) indicating a more symmetrical height distribution with fewer features with valley depth or peaks height that fall outside those of a normal gaussian distribution.   
On the other hand, comparison of the kurtosis (Sku) for Ni and Ni-SiO2 coatings indicates that the addition of nanoparticles into the electrolyte, causes a decrease in this value from 7.69 to 4.13. This again point to the coating having a more normal height distribution in the presence of SiO2 since Sku = 3 for a normal distribution. This phenomenon can be explained by the existence of taller features on the surface of the SiO2-free as compared to that on the Ni – SiO2 coatings. Those taller features are clearly distinguishable in SEM images of Ni coating (Figures. 3 a and b) and correspond to the yellow feature marked by arrows in the topography images reported in Figure S9.   
With the addition of NPs in the electrolyte, the developed interfacial area ratio (Sdr) [13,14] decreased to about 30 % of that of the SiO2-free coating, a decrease in real versus geometrical area. 

S2.6. Hardness
[bookmark: _Hlk171604741]Nanoindentation measurements. Load/indentation depth curves obtained from nanoindentations done on the cross-sections of all coatings are shown in Figure S10. No serious jump or discontinuity was observed in the loading-unloading curves of all samples. That fact supports that there was no serious crack formed during the indentation. 
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Figure S10. Load/indentation depth curves obtained from nanoindentations done on the cross-sections of the coatings electroplated from DES electrolyte containing 0, 15 and 30 g/L SiO2 nano powder. Arrows show residual displacement after complete unloading (hp) and maximum indentation depths (hmax) for Ni coating.  

Hardness (H) values and elastic modulus (E) were calculated using data obtained from loading-unloading/indentation depth curves based on Oliver and Pharr method [15]. Comparison of the maximum indentation depths (hmax) and residual displacement after complete unloading (hp) showed a slight decrease in the amount from 368 and 285 nm for Ni coating to 355 and 269 nm for Ni - SiO2 coating as the result of the addition of SiO2 nanoparticles into the electrolyte with the concentration of 30 g/L, respectively. The elastic modulus did not show a significant difference in the amount for all coatings, and it is sitting around 183 ± 3 GPa for Ni and Ni-SiO2 coatings. 

Hardness and the Orowan mechanism

In composites, the presence of embedded second-phase particles in matrix can act as obstacles against the movement of dislocations, making plastic deformation more difficult.  Dislocations can pass through particles by two phenomena; a) shearing them, when the particles are small, coherent and soft, and b) bowing around them, and passing by leaving loops behind, when the particles are large, hard and incoherent. Embedded silica nanoparticles in Ni matrix are hard ceramic non-shearable particles (although they are in nano-sized scale, they are not shearable due to the high hardness characteristics of ceramic particles), that resist against dislocation movement. For this reason, dislocations begin to bow between nanoparticles rather than shear them, passing the nanoparticles while leaving loops around them. This phenomenon results in dispersion strengthening leading to hardness increase according to Orowan mechanism based on the Orowan equation: [16,17] 

Where G is the shear modulus of the matrix, b is Burger’s vector of the dislocation, and λ is distance between particles. This is the Orowan hardness contribution to the hardness increase beside the particles and clusters refinement after the addition of SiO2 nanoparticles in the Ni matrix. Taking that mechanism into consideration, even the presence of very small amount of uniformly dispersed hard nanoparticles in the matrix, without any evidence of agglomeration, can contribute to hardness improvement due to the smaller amount of λ value. 
The microstructural and compositional study of the coatings through SEM and EDX mapping (shown in Figures 3, 4, 5 in manuscript and S.5 and S.6 in supplementary materials, respectively) did not reveal any sign of nanoparticles agglomeration in Ni-SiO2 composite coating. That support the hardness improvement of 18% for micro-indentation hardness and 8% for nanoindentation hardness being related to the formation of a uniform dispersion of SiO2 in the Ni matrix. 

S2.7. potentiodynamic polarization
Potentiodynamic polarization tests were performed using the corrosion cell shown in Figure S.11. The sample was sealed with a rubber O-ring (electrode area was 0.91 cm2). The distance between the working electrode, reference electrode, and counter electrode was kept constant for all experiments.
[bookmark: _Hlk209036929][image: ]

[bookmark: _Hlk209037166]Figure S.11 Schematic of the Teflon electrochemical cell used for potentiodynamic polarization tests at room temperature where W.E, C.E and R.E refer to the working electrode, counter electrode (platinum coil), and reference electrode (Saturated calomel reference electrode (SCE)), respectively.
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