
International Journal of Electrochemical Science 20 (2025) 101090

Available online 31 May 2025
1452-3981/© 2025 The Author(s). Published by Elsevier B.V. on behalf of ESG. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

In-operando 3D visualization of nickel electrodeposition and mass transport 
phenomena: Insights from X-ray microcomputed tomography

Rodrigo F.B. de Souza , Andrea S. Del Pozzo , Antonio D. Giuliano , Gabriel Silvestrin ,  
Lorenzo De Micheli , Edson P. Soares , Claudia Giovedi , Luis A.A. Terremoto ,  
Samir L. Somessari , Almir O. Neto *, Wilson Calvo
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A B S T R A C T

Nickel electrodeposition is widely used in industrial applications due to its ability to enhance the mechanical and 
corrosion resistance of metallic substrates. However, understanding mass transport mechanisms during elec
trodeposition remains a challenge, as conventional models struggle to describe complex three-dimensional 
phenomena such as concentration gradients, depletion zones, and convective instabilities. In this study, we 
employ X-ray micro-computed tomography (X-ray µCT) in-operando imaging technique to investigate the elec
trodeposition of nickel on titanium under potentiostatic conditions. Chronoamperometric analysis and scanning 
electron microscopy (SEM) confirmed distinct deposition behaviors at − 0.5 V and − 1.2 V, with negligible 
deposition at the lower potential and significant nickel growth, including dendritic structures, at the higher 
potential. The X-ray µCT images revealed the formation of structured ionic layers near the electrode surfaces, 
with Ni²⁺ ion migration and concentration gradients influencing deposition dynamics. At − 1.2 V, depletion zones 
and convective instabilities were identified, suggesting a competition between diffusion, migration, and Ray
leigh-Bénard convection. These findings demonstrate the feasibility of X-ray µCT for real-time 3D visualization of 
electrochemical processes, providing novel insights into mass transport during electrodeposition.

1. Introduction

Electrodeposition is one of the most versatile and technologically 
relevant electrochemical processes today, with both decorative and 
engineering applications [1]. It enables the production of metallic 
coatings with anticorrosive properties, electrical conductivity, me
chanical strength, and distinct aesthetic characteristics [2]. In partic
ular, nickel electrodeposition provides a coating that significantly 
enhances the corrosion resistance and mechanical properties of steels, 
making it widely used in industrial applications [2]. Over the past de
cades, advances in the understanding of deposition mechanisms, opti
mization of operational parameters, and the development of hybrid 
metallic alloys have expanded the industrial applications of this process 
[3].

Despite significant technological advancements in the field, a 
detailed study of mass transport during electrodeposition remains a 
challenge. While transport equations already account for phenomena 
such as migration, convection, and diffusion, extending these 

parameters to three dimensions results in highly complex structures [4]. 
Additionally, secondary effectssuch as Rayleigh-Bénard convection [5], 
mass transfer correlations forlaminar and turbulent flow [6] and other 
intricate transport phenomenafurther complicate the modeling process 
[2,7].

Several efforts have been made to understand and simulate these 
processes [3,8,9], but there is considerable difficulty in directly 
observing these effects experimentally, especially in real-time and in 
three dimensions. A technique capable of addressing this gap would 
greatly benefit both experimental and theoretical studies in this field.

In this context, X-ray microcomputed tomography (X-ray µCT) 
emerges as a promising technique, as it enables non-destructive three- 
dimensional reconstructions of systems with variations in density and 
composition. This technique has been extensively used to characterize a 
wide range of materials, such as rocks [10] and biological tissues [11], 
providing insights into porosity, vacancies, and density variations in 
complex systems. X-ray microtomography operates by generating im
ages based on regions of differing density. While previous studies in 
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fields such as electrochemical systems research have applied micro
tomography primarily to investigate solids and electrode effects [12], 
this technique is far more versatile and can indeed be extended to 
electrochemical systems. In electrochemical cells, electrodes, electro
lytes, and ionic species naturally create concentration and density gra
dients at the microscale, when modulate the applied energy. 
Furthermore, it is well known that metal nuclei strongly absorb X-rays, 
enabling their detection via µCT. Therefore, this technique represents a 
valuable tool for the in-operando 3D study of electrolyte structuring in 
electrochemical processes, as demonstrated in this study, where nickel 
electrodeposition under potentiostatic conditions was investigated using 
X-ray µCT.

2. Experimental

The electrochemical experiments were conducted using a three- 
electrode cell connected to an Ametek PARSTAT 3000A-DX bipo
tentiostat/galvanostat. Nickel electrodeposition was performed via 
potentiostatic chronoamperometry at two different potentials (-0.5 V 
and − 1.2 V), using a titanium plate (1 cm²) as the working electrode, a 
platinum counter electrode, and an Ag/AgCl (3 mol L⁻¹) reference 
electrode. The electrolyte solution consisted of 3 mol L⁻¹ acetic acid, 
sodium acetate (0.1 mol L⁻¹), sodium lauryl sulfate at 10 mg L⁻¹ , and 
1 mol L⁻¹ nickel sulfate (Sigma).

Morphological characterization of the electrodeposits was carried 
out using scanning electron microscopy (SEM) with a JSM-IT700HR 
(JEOL) equipped with a Schottky field emission electron gun. Three- 
dimensional tomography imaging was performed using a Bruker Sky
Scan 1275 X-ray µCT system, operating at 75 kV and 100 μA, with a step 
size of 0.2◦. Image reconstruction was carried out using NRecon and 
CTVox software.

3. Results and discussion

Fig. 1a presents the chronoamperometric curves for nickel electro
deposition on titanium at potentials of − 0.5 V and − 1.2 V. It is observed 
that at − 0.5 V, no appreciable electrodeposition currents are detected, 

only signs of electrochemical cell polarization. Conversely, at − 1.2 V, a 
significantly higher current density is observed, indicating that massive 
nickel electrodeposition is effectively occurring [13].

Fig. 1b–d show scanning electron microscopy (SEM) images of the 
titanium samples under different conditions after immersion in an 
electrolyte containing 1 mol L⁻¹ NiSO₄ for 60 minutes: without polari
zation, at − 0.5 V, and at − 1.2 V. In Fig. 1c, a small amount of deposited 
nickel is observed, occurring under an underpotential deposition (UPD) 
regime. However, in the sample subjected to potentiostatic cathodic 
polarization at − 1.2 V (Fig. 1d), dendritic growth is also evident, which 
resulted from selecting a condition that promotes massive nickel depo
sition near the limiting current [14].

The selection of these experimental conditions was based on poten
tials expected to induce distinct effects: one potential (-0.5 V), where 
only system polarization occurs, with negligible electrodeposition and 
no significant mass transport; and another potential (-1.2 V), where 
substantial nickel deposition takes place on the electrode surface, 
inducing mass transport phenomena such as migration, diffusion, and 
convection [4,5]. Elemental mapping results from energy-dispersive 
x-ray spectroscopy (EDS) analysis showed nickel deposition levels of 
0.06 wt% for the non-polarized sample, 0.2 wt% for − 0.5 V, and 12 wt 
% for − 1.2 V.

Fig. 2 presents the images obtained by X-ray µCT of the electro
chemical system under three conditions: immersed in solution without 
polarization, polarized at − 0.5 V, and polarized at − 1.2 V. The system is 
reconstructed in 3D, with brighter regions indicating higher density.

For the non-polarized system (Fig. 2a), an increase in brightness is 
observed near the walls of the electrochemical cell and around the 
electrodes, the brightness level indicated the density of the medium 
possibly related to the structuring of Ni²⁺ ions in the electrical double 
layer, with a gradual decrease in density as a function of distance. Along 
the cell walls, a fainter brightness is noted, likely due to the interaction 
of ions with the glass surface, which typically exhibits a slight negative 
charge in aqueous solutions due to deprotonated silanol groups (SiO⁻) 
[15]. This negative charge attracts electrolyte cations, forming a struc
tured electrical double layer near the glass surface. The platinum and 
titanium electrodes, still disconnected from an external circuit, develop 

Fig. 1. a) Chronoamperometric curves for nickel electrodeposition on titanium at − 0.5 V and − 1.2 V vs (Ag/AgCl 3 mol L− 1 KCL). b) SEM image elemental mapping 
of the titanium sample without polarization in red and Ni in green color. c) SEM image elemental mapping of the titanium sample polarized at − 0.5 V in red and Ni in 
green color d) SEM image with elemental mapping of the titanium sample polarized at − 1.2 V. in red and Ni in yellow color.
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their own double layers at the electrode-electrolyte interface, exhibiting 
a higher ionic density than that observed near the glass. The ionic dis
tribution in this region depends on the intrinsic work function of the 
electrode material and the electrolyte composition. In areas farther from 
the interfaces, the brightness associated with Ni²⁺ ions is practically 
absent, likely due to the equipment’s resolution limitations and the 
random distribution of ions in the bulk solution, which are smaller than 
the system’s detection limit.

When a potential of − 0.5 V is applied (Fig. 2b), which is insufficient 
for nickel electrodeposition as demonstrated in Fig. 1, it is observed that 
the entire space between the electrodes becomes filled with the bright
ness attributed to Ni²⁺ ion interactions. Previously dispersed throughout 
the electrochemical cell in low-density regions, these ions migrate to
ward the region between the polarized electrodes, forming a subtle 
gradient in the 3D space that appears as a diffuse cloud surrounding the 
electrodes.

At − 1.2 V, a potential sufficient for massive nickel electrodeposition 
on titanium (Fig. 2c), redox reactions initiate, leading to Ni²⁺ ion con
sumption and altering the electrolyte structure. The rapid reduction of 
Ni²⁺ in the vicinity of the cathode creates a concentration gradient. The 
resulting mass transport by migration leads to deposition layers and 
depletion zones, where Ni²⁺ ions diffuse from the bulk toward the 
interface, establishing a diffusion layer. While the bulk solution remains 
globally neutral, a continuous flux of ions replenishes the consumed 
Ni²⁺.

This phenomenon is evident in Fig. 2c, where bright regions and 
vacancies likely correspond to depletion zones. Marshall [7] theoreti
cally describes that during electrodeposition, the 3D electrolyte struc
ture exhibits complex concentration layers, where ions organize into 
depletion zones. Migration generates density gradients due to variations 

in concentration and temperature. Rayleigh-Bénard convection is an 
example of this effect[16], where less dense electrolyte rises and denser 
electrolyte sinks. Vortices are observed due to electrokinetic instabilities 
and the interaction between different transport modes. These vortices 
can take various forms, such as rings or counter-rotating pairs, influ
encing ion transport to the electrode surface (Fig. 2c).For more detailed 
3D information on electrolyte structuring, the reconstructions are 
available as supplementary files in STL format.

4. Conclusion

This study demonstrates the potential of X-ray microcomputed to
mography as a powerful tool for qualitative in-operando investigation of 
electrochemical systems, particularly in the electrodeposition of nickel 
under potentiostatic conditions. The combination of chro
noamperometry, scanning electron microscopy (SEM), and X-ray µCT 
provided complementary insights into the deposition process, revealing 
key mass transport phenomena such as migration, diffusion, and con
vection.The X-ray µCT images allowed the visualization of ionic struc
turing within the electrolyte, confirming the presence of Ni²⁺ 
concentration gradients and depletion zones near the electrode surface. 
The observed dendritic growth at − 1.2 V further emphasizes the influ
ence of transport phenomena on the morphological evolution of elec
trodeposited layers. Moreover, the detection of ion migration and the 
formation of structured ionic layers near polarized electrodes reinforces 
the capability of X-ray µCT in capturing dynamic electrochemical in
teractions in three dimensions.These findings highlight the complexity 
of mass transport in electrodeposition processes and underscore the 
need for advanced characterization techniques to refine theoretical 
models.

Fig. 2. Top-view and 3D reconstruction via X-ray microcomputed tomography of the electrochemical system under different polarization conditions: a) No po
larization; b) Polarization at − 0.5 V; and c) Polarization at − 1.2 V. The grayscale figure present the position of platinum (circle) and titanium (rectangle) electrodes 
and images were reconstructed. In contrast, the green 3D images depict maximum opacity, reconstructed with CTAn and CTVol software, thereby highlighting the 
Nickel particles rendered in bright green.
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