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Abstract

:

Micro-structured copper layers are obtained from pulse-reverse electrodeposition on a planar gold electrode that is magnetically patterned by magnetized iron wires underneath. 3D numerical simulations of the electrodeposition based on an adapted reaction kinetics are able to nicely reproduce the micro-structure of the deposit layer, despite the height values still remain underestimated. It is shown that the structuring is enabled by the magnetic gradient force, which generates a local flow that supports deposition and hinders dissolution in the regions of high magnetic gradients. The Lorentz force originating from radial magnetic field components near the rim of the electrode causes a circumferential cell flow. The resulting secondary flow, however, is superseded by the local flow driven by the magnetic gradient force in the vicinity of the wires. Finally, the role of solutal buoyancy effects is discussed to better understand the limitations of structured growth in different modes of deposition and cell geometries.
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1. Introduction


Structured metal layers are of high interest in fields including microelectronics, microcopies and electrocatalysis [1,2]. Among the various methods of fabricating metal layers, electrodeposition is a well-established approach for mass production. However, expensive masking or template techniques are often required to obtain layers with micro-structures [3,4].



In order to simplify the manufacturing process, a mask-free method has been developed in the last decade, where structured deposit layers grow from planar but magnetically patterned electrodes. The method has been used to grow dendritic Ni structures by using a magnetized steel mesh [5], dot or antidot micro-structures of Cu and Zn by using arrays of NdFeB magnets [6,7] and micro-structured layers of Cu, Co, Fe and CoFe alloys by using arrays of magnetized iron wires [8,9,10]. Besides, also reversely structured metal layers from diamagnetic metal ions (e.g., Bi    3 +   ) may be grown when electrochemically inert paramagnetic ions (e.g., Mn    2 +   ) are added to the electrolyte [11,12]. In all cases, the magnetic patterning causes locally inhomogeneous magnetic fields in the vicinity of the electrode which allow to obtain structured deposits in the μm scale. The structured growth observed was found to be caused by the magnetic gradient force, defined as [13]:


   f  ∇ B   =  χ sol  /  μ 0   ( B · ∇ )  B ,   χ sol  =  ∑ i   χ i mol   c i  +  χ   H 2  O   ,  



(1)




with    μ 0  ,  B ,   c i  ,   χ i mol  ,   χ sol  ,   χ   H 2  O     representing the vacuum permeability, the magnetic flux density, the concentration and the molar magnetic susceptibility of species i, the magnetic susceptibility of the solution and water, respectively. During the electrodeposition,    f  ∇ B     forces local electrolyte flow near the magnetic gradient region, which then locally influences the mass transfer of the metal ions. In result, the electrochemical growth rate is locally modified, and structured deposit layers according to the spatial distribution of the magnetic field gradients are obtained.



It should be pointed out that for electrodeposition performed in a closed electrochemical cell, only the rotational part of    f  ∇ B     can drive electrolyte flow and thus accomplish a structuring effect on electrodeposits [6].


  ∇ ×  f  ∇ B   =  1  2  μ 0     (  ∑ i   χ i mol  ∇  c i  )  ×  ( ∇   B  2  )  .  



(2)







Thus, the flow forced by   f  ∇ B    relies on the gradients of both the magnetic field and the ion concentrations that carry a noticeable magnetic susceptibility. In axisymmetric simulations of copper and bismuth deposition above a single magnetic gradient region, it could be shown that the structuring or inverse structuring evolving with time qualitatively agrees with the experimental observations, thereby confirming the theoretical analysis according to Equation (2) [6,7,11,12].



Besides the magnetic gradient force, the Lorentz force can also generate electrolyte flow [14]:


   f L  = j × B ,  



(3)




which results from the cross product of the current density  j  and the magnetic flux density  B . Unlike the magnetic gradient force, it does not require the magnetic field to be non-uniform. However, a flow is only driven where the vectors of  j  and  B  are non-parallel.



Another important aspect regarding how to enhance the growth of structured deposits concerns the deposition mode. Compared to potentiostatic or galvanostatic deposition, pulse-reverse plating has shown clear advantages with respect to the maximum height of the structures that can be achieved [9,15]. In principle, the height of the structures can be controlled by the number of plating cycles. Tschulik et al. [16] used pulse-reverse plating to grow columnar and stripe-like structured Cu deposits in magnetic gradient fields and achieved heights of about 1  μ m after 20 cycles. The structuring effect was interpreted as a result of the twofold character of the magnetic gradient force, i.e. to accelerate the deposition in regions of high   ∇ B   during the deposition period, and to slow down the dissolution in these regions during the dissolution period of the cycles. Furthermore, the deposition mode also determines how solutal buoyancy arising from the electrode reactions [13] may influence the growth of structured deposits. However, this aspect has not yet been clearly discussed in previous works.



Despite a good theoretical basis of the structured deposit growth in magnetic fields has been established, only a qualitative agreement with experimental results has been obtained. The numerical simulations performed so far consider a single magnetic gradient region only and thus partly rely on the axisymmetric assumption [6,13]. Often a possible influence of the Lorentz force is excluded, which may be caused from electrode-parallel components of the magnetic field when using permanent magnets of moderate size. Besides, only potentiostatic or galvanostatic deposition was considered in these simulations, and the additional effects which originate from the pulse-reverse plating mode have not yet been adequately discussed.



The present work aims to further clarify the mechanism of the growth of cone-like micro-structures during pulse-reverse plating in a magnetic gradient field by combined experimental and numerical investigations. In the experiment, similar to earlier work a linear arrangement of three magnetic gradient regions beneath the working electrode is considered to deposit copper in a pulse-reverse mode [16]. However, by modifying the deposition parameters and applying a larger number of 30 cycles, higher deposit structures (∼2  μ m) could be obtained. As interaction of the local flows forced near each magnetic structure can not be excluded, here for the first time three-dimensional simulations of the    f  ∇ B    -driven structured growth in pulse-reverse mode are performed. The computational domain extends over the entire electrochemical cell to include also buoyancy and Lorentz force effects, which have not yet been adequately discussed in earlier works. The experimentally measured deposit profile is quantitatively compared with the deposit layer thickness calculated in the simulations. Based on the numerical results, the comprehension of the growth process regarding the different flow directions during deposition and dissolution is validated, and the simulation data, expensive to be obtained by measurements, are used for a detailed discussion of mass transport and deposit growth.




2. Methods


2.1. Experimental


The experimental setup is adapted from previous works [10,16], and the deposition parameters are modified in order to grow larger structures. As shown in Figure 1a, a cylindrical electrochemical cell with a diameter of 13 mm and a height of 30 mm is used. The counter electrode (CE) is a Pt sheet, and the reference electrode is a MSE electrode (+650 mV vs. SHE electrode). All potentials given below refer to the MSE electrode. At the bottom of the cell, a glass disc (⌀13 mm, thickness   0.15 ± 0.02   mm) coated with 200 nm Au is used as the working electrode (WE). The aqueous electrolyte consists of 0.01 mol/L CuSO   4   and 0.1 mol/L Na   2  SO   4   and was adjusted to a pH of 3 by H   2  SO   4  . A magnetic gradient template consisting of three Fe wires (⌀0.5 mm, height 5 mm, distance to each other 1 mm) embedded in PVC is placed below the WE. The linear arrangement of three Fe wires serves as a simple model configuration to study the interaction of fluid flow and mass transfer between neighboring ferromagnetic elements arranged e.g., in an array. At moderate computational effort for the simulations, the configuration further allows optical access for future measurements of flow and mass transfer. The magnetic gradient template is placed above a cylindrical NdFeB magnet (⌀20 mm, height 20 mm, remanent flux density 1.29 T). This magnet provides an external magnetic field of about 0.3 T near the WE, which is directed in the vertical direction, apart from slight deviations near the rim of the WE. As the Fe wires are magnetized in the magnetic field, high magnetic field gradients occur near each wire (Figure 1a). This leads to a strong magnetic gradient force, which is expected to drive an electrolyte flow and to modify the local mass transfer of the copper ions.



In the pulse-reverse plating,    E dep  = − 800   mV is chosen as the electrode potential for the potentiostatic deposition phase, which lasts for 40 s in each pulse cycle. In the dissolution phase, the deposited Cu layer was partially dissolved using linear sweep voltammetry from    E dis  = − 400   to   − 250   mV in 25 s, which gives a sweep rate of 6 mV/s. The measured cell current is plotted in Figure 1b as a function of time. After completing 30 plating cycles, the net charge transferred reaches   − 59  mAs  . The height of the obtained deposit structures is measured by a profilometer, and the surface morphology is analyzed by a scanning electron microscope (SEM).



It should be noted that the substrate used for the deposition has a concave surface shape, which can not be avoided due to manufacturing details of the glass disk. As shown in Figure 2a, the concave surface shape amounts to height differences of about 5  μ m in the outer regions of the electrode, where the deposit thickness can safely be assumed to be negligible [16]. But the electrode bending also influences the height values measured near the Fe wires. In order to accurately determine the height of the structures, the following correction is applied along the black line that is passing the centers of the three micro-structures deposited. Here, the concave shape of the electrode prior to deposition is approximated by a parabolic function, whereby the fitting coefficients are determined from the outer thickness values measured away from the iron wires (  x ≤ 2  mm ,  x ≥ 6  mm  ). Figure 2b shows the originally measured thickness profile (black line), the height profile prior to deposition (blue dashed line) and the corrected height profile (green line). The latter will be used for comparison with the numerical results later on.




2.2. Numerical


The numerical model applied in the simulations is described in detail in [17]. 3D Simulations are performed by using the finite element code Comsol [18] to calculate the distribution of the magnetic field, the flow velocity, the transport of metal ions, and the electric field. Specifically, a Butler-Volmer relation is applied to describe the electrode reaction kinetics:


  j =  j 00      c s   c bulk    γ   e x p     α a  F  η s    R T    − e x p    −  α c  F  η s    R T     ,  



(4)




with j,   j 00  ,   c s  ,   c bulk  ,  γ ,   α a  ,   α c  ,   R ,  T ,   and F denoting the current density at the electrodes, the reference exchange current density, the surface and the bulk concentration of the deposited metal ions, the kinetic parameter related to the reaction order, the apparent transfer coefficients for anodic and cathodic reactions, the universal gas constant, the temperature and the Faraday constant, respectively.



The surface overpotential   η s   is defined as the difference between the electric potential at the electrode surface   E e   and in the electrolyte nearby   φ e   minus the equilibrium electrode potential   φ eq  :


   η s  =  E e  −  φ e  −  φ eq  ,       φ eq  =  φ  eq , Ref   +   R T   z F   l n    c s   c Ref    ,  



(5)




with    φ  eq , Ref     denoting the standard electrode potential [19].



The simulation parameters, e.g., the cell geometry, the electrolyte composition, and the time-dependent cell current during the pulse-reverse plating, are chosen according to the experiment. Due to the small length scale of the cone height (∼2  μ m) compared to that of the magnetic field gradients (∼0.5 mm), the local surface elevation of the WE caused by the growth of the conical structures is neglected in the numerical model.



An unstructured prismatic numerical mesh consisting of 4.8 million elements is used, which is refined near the iron wires to adequately resolve the high gradients of the magnetic field, the flow velocity and the concentration in these regions. Time discretization was carried out using an implicit backward differentiation formula. Each pulse cycle requires approximately 1000 time steps, with the length of each step modified by the solver based on error estimation during the calculation. Quadratic (second-order) shape functions are used for solving all the differential equations except the pressure equation, which is smoother and requires only linear (first-order) shape functions to deliver accurate results.



The material parameters used in the simulations are listed in Table 1.



Based on the temporal behavior of the current density obtained in the simulations, the thickness distribution of the deposit at time t can be calculated according to Faraday’s law [19]:


  d  ( x , t )  = −   V m   z F    ∫  0  t  j  ( x , t )   d t ,  



(6)




with   V m   and z denoting the molar volume of the deposited metal and the charge number of the metal ion. By convention, the current density j is negative during deposition and positive during dissolution. As the computational effort for performing 3D simulations of the pulse-reverse deposition over several cycles is considerable, preliminary axisymmetric studies for a single Fe wire were performed to compare the deposit height profile obtained after 30 cycles with the values obtained when linearly extrapolating the further growth after 10 cycles. As no significant difference was found, the linear extrapolation after 10 cycles is also applied in the present 3D case to obtain the deposit height profile after 30 cycles.





3. Results and Discussion


3.1. Electrode Kinetics Related to the Cu Layer Distribution on the WE


As shown in Figure 2b, after 30 cycles of pulse-reverse Cu plating, three cone-like structures of ∼2  μ m height are found to have grown on top of the three magnetized Fe wires in the center WE region (high-  ∇ B   region). Figure 3 shows the surface morphology at the tip and the rim of the middle cone as well as in a region located between neighboring cones. As can be seen, the WE is completely covered by a Cu layer in the cone regions, whereby the grain size at the tip is larger than at the rim of the cone. This is related to a higher magnetic field gradient and thus a faster mass transport at the tip [25]. However, between the neighboring cones, still the Au substrate with only small Cu crystal islands can be observed. Although not shown here, photos of the WE in total also indicate that the three cones obtained after 30 cycles still remain nicely separated, and that also the outer electrode region is not covered by a Cu layer.



However, differently from what is seen in the experiment, in preliminary numerical studies it was noticed that the conical Cu structures which evolve during the cycles are not well-separated. After all cycles are completed, a thin Cu layer has formed between the neighboring cones and also in the outer region of the WE.



This difference between the simulation and the experiment might be related to a more complex reaction kinetics than given in Table 1 which always assumes a Cu substrate for simplicity. However, the kinetics of the Cu deposition and dissolution processes on the Au substrate is likely to be different. Unfortunately, a more accurate implementation of the reaction kinetics is currently not feasible due to a lack of experimental data. Therefore, in order to reduce the thickness of the Cu layer in the outer region and the regions between the cones in the simulations, an empirical approach is introduced. To slow down the deposition and to accelerate the dissolution in these regions, the exchange current density   j 00   is modified as follows:


     D e p o s i t i o n :   j  00 , dep       =  f dep  ·  j  00 , Ref   ,       D i s s o l u t i o n :   j  00 , dis       =  f dis  ·  j  00 , Ref   .     



(7)







Figure 4a shows the spatial distribution of the modification factors for the deposition (  f dep  ) and the dissolution processes (  f dis  ) on the WE. Three circular high-  ∇ B   regions (⌀0.97 mm) vertically aligned with the three Fe wires are defined. In these regions, where the cones are expected to grow [8], the surface can be assumed to be always covered by Cu. Thus, the electrode kinetics for Cu deposition on a Cu substrate (Table 1) fully applies, and both   f dep   and   f dis   are set to be unity. In the outer region and the regions between the cones,   f dep   is decreased and   f dis   is increased to account for the influence of the Au substrate, which promotes dissolution and retards deposition in these regions.



Figure 4b shows the distribution of the deposit layer thickness along the horizontal center line passing the three cones after 1 cycle. Compared to the simple uniform reaction kinetics, the modification of the exchange current density   j 00   leads to nicely separated conical deposits, and also the deposit layer thickness in the outer region (  ∣ x ∣ ≥ 2500  μ m  ) is slightly reduced. We would like to mention that due to the large area fraction of the outer electrode part, the thickness of the deposit in this region strongly influences the height of the conical structures. As can be seen in Figure 4b, already the slight reduction achieved by the modified kinetics significantly enhances the cone heights. However, as still the Cu layer in the outer region cannot completely be suppressed, it is likely that the cone heights will still remain underestimated in the simulations.




3.2. Structured Deposit Growth


Figure 5 shows the experimental and numerical results of the deposit layer thickness after 30 cycles. Compared to the experiment, the simulation nicely qualitatively reproduces the height profile of the three cones including the small minimum in the cone centers. The largest layer thickness is found at the rim of the Fe wires where the strongest magnetic field gradients exist (see Figure 1a). Nevertheless, the cone heights obtained numerically still lack a factor of about 2.5 in height compared to the experimental results, which mainly seems to be attributed to the approximations made with respect to the unknown electrode kinetics. We remark again that even thin layers deposited radially outward account for large parts of the charge deposited in total, causing less charge flowing in the center cone regions. A more accurate implementation of the complex and partly unknown electrode kinetics in future simulations may further enhance the agreement with the experiments.



To better understand the structured deposit growth, next we analyze numerical results of the flow and the mass transfer in the electrochemical cell. Figure 6 (left) shows the temporal change of the vertical flow velocity at a point 0.1 mm above the top center of the center Fe wire, which is found to be directed downwards (   U y  < 0  ) during deposition, and upwards (   U y  > 0  ) during dissolution. The opposite flow directions can be interpreted as a result of the curl of the magnetic gradient force. According to Equation (2), the opposite signs of   ∇ c   and the unchanged   ∇ B   during deposition and dissolution phases result in opposite signs of   ∇ ×  f  ∇ B    , and thus of the flow forced.



During the deposition, a downward flow brings enriched electrolyte towards the electrode regions above the Fe wires, thus causing a thin concentration boundary layer with enhanced gradients (Figure 6 (right), 160 s). This small-scale local flow driven by    f  ∇ B     is in full agreement with the numerical findings reported in [13] and also the measurements reported in [26]. In result of the flow, the deposition rate will increase locally near each Fe wire.



During dissolution, the upward flow forced by    f  ∇ B     brings enriched electrolyte upwards from the surface, which is causing a thicker concentration boundary layer above the Fe wires (Figure 6 (right), 190 s). The decreased concentration gradient consequently slows down the dissolution rate in these regions. In addition, the local enrichment of Cu    2 +    ions near the Fe wires is expected to raise the reaction rate in the subsequent deposition step. Therefore, the numerical findings give further support to earlier statements that the growth mechanism in pulse-reverse deposition is due to the magnetic gradient force which drives opposite local flows that accelerate the deposition and retard the dissolution in regions of high   ∇ B   [9,16].



Compared to potentio-/galvanostatic deposition, the additional flow generated by    f  ∇ B     in the dissolution phase may contribute to the higher deposit structures found in pulse-reverse plating. In addition to the magnetic gradient force, the buoyancy force may also act on the electrolyte and influence the deposit growth. For potentio-/galvanostatic deposition, as more metal ions are continuously consumed at the magnetic gradient region of the WE, here the electrolyte becomes lighter compared to other regions and is therefore accelerated upwards. This effect may counteract the local downward flow driven by the magnetic gradient force, thus hindering the structured conical growth [27]. When pulse-reverse plating is applied, however, the concentration boundary layer built during a deposition phase will be relaxed and reversed in the subsequent dissolution phase. This effect stops the upward acceleration of the electrolyte near the structure and reduces the detrimental impact of buoyancy on its further growth. This is a clear advantage of using pulse-reverse plating to produce structured deposit layers. However, as a net deposition charge is transferred during the cycles, despite the dissolution phases, with ongoing plating, similar to potentio-/galvanostatic deposition, an overall decrease of the electrolyte density occurs at the WE, which again is strongest near the growing structures. This means that after longer times compared to potentio-/galvanostatic deposition, an upward buoyancy flow may appear also in the pulse-reverse mode. In Figure 6, beside the local flow near each Fe wire, an upward global cell flow more far away from the templated electrode region can clearly be observed. The development of such a buoyancy-driven flow is likely to counteract and hinder the further growth of the conical structures. This is in line with the experimental results showing that the conical growth was found to slow down when further increasing the number of the pulse cycles.




3.3. Lorentz Force Effect


Due to the finite size of the permanent magnet, near the rim of the WE the direction of the magnetic field may deviate from the vertical direction. The horizontal components then in combination with the vertical current density cause a Lorentz force, which according to Equation (3) acts in a circumferential direction. From top view, this force is directed clockwise during deposition (  j < 0  ) and anti-clockwise during dissolution (  j > 0  ). Figure 7 shows the distribution of the paper-normal component of the Lorentz force    f  L , y     in the vertical center plane. The opposite directions of    f  L , y     observed near the electrode rim during deposition and dissolution clearly indicate that a circumferential flow of alternating direction might be driven in the cell. As can be further seen in Figure 7, also near the edges of all Fe wires Lorentz force effects are found, which originate from the local modifications of the magnetic field and the current density. However, as the forcing region is very small, related flow effects can be expected to be negligible.



Figure 8 shows the paper-normal component of the flow velocity in the phases of deposition and dissolution. As can be seen, a circumferential global cell flow is forced, which corresponds to the direction of the strong Lorentz force that is originating from the non-vertical magnetic fields near the electrode rim. As expected, electrolyte flow resulting from the Lorentz force close by the Fe wires can not be observed. As can be further observed, the flow velocity is stronger during dissolution than during deposition, despite that the magnitudes of the cell current and   f L   are almost the same at the depicted two time instants. The reason may be the higher dissolution current shortly before 190 s, which generates a stronger flow that has not yet fully decelerated, see Figure 1b.



Due to the centrifugal acceleration of the electrolyte, also a secondary flow is forced. Regardless of the rotation direction of the primary flow, the secondary flow is directed along the rotation axis towards the horizontal plane in which the primary flow is strongest. This region is found to be in the lower part of the cell (approximately 5 mm above the WE surface), see Figure 8. Thus, in addition to the solutal buoyancy effect discussed before, also the secondary flow tends to bring electrolyte upwards from the electrode. However, the horizontal flow feeding the vertical rise at the template region becomes weak due to friction near the WE surface. As can be seen in Figure 6, here the flow and the concentration boundary layer remain dominated by the influence of the magnetic gradient force that is acting near the magnetized wires.





4. Conclusions and Outlook


Cone-like Cu micro-structures were obtained from pulse-reverse plating on a planar Au electrode that is magnetically templated by three magnetized Fe wires underneath. By 3D numerical simulations the shape of the micro-structures obtained in the experiment could be closely reproduced, but the heights of the structures in the simulations were found to be lower compared to the experiment.



Nevertheless, compared to earlier investigations, the agreement was considerably improved. This was made possible partly by empirical modifications of the electrode kinetics known for copper only in order to better account for the Au electrode in the simulations. The agreement could be further improved by implementing more accurate data of the electrode kinetics in future simulations which are not yet available today. Another possible reason causing the difference between experimental and numerical results is related to a certain roughness of the micro-structure surface (see Figure 3), which was not taken into account in the simulations. Furthermore, measurements by using a microbalance could deliver additional data of the mass deposited on the WE.



The structuring of the deposit layer was found to be enabled by the magnetic gradient force, which causes a downward or upward flow during deposition or dissolution locally near each magnetized Fe wire. These local flows then alter the concentration boundary layer thickness accordingly, thereby promoting deposition and hindering dissolution to enable faster growth in these regions. The local structuring effect could be counteracted by a buoyant flow that is originating from the lower electrolyte density near the structure. However, the replenishment of the metal ions in the dissolution phases may slow down the development of the buoyant flow. Therefore, pulse-reverse plating can be expected to provide a more pronounced magnetic structuring effect when compared to potentiostatic or galvanostatic deposition.



For the experimental setup considered, slight deviations of the magnetic field vector from the vertical direction near the rim of the electrode cause a strong global Lorentz force, resulting in a circumferential primary flow and an upward secondary flow that reinforces the global buoyancy flow. In the vicinity of the WE surface, the global flow is significantly reduced due to friction, and the local flow driven by the magnetic gradient force dominates. However, as the global flow still partly counteracts the beneficial local flow, minimizing such global flow may further enhance the magnetic structuring effect. This could be realized by using larger permanent magnets or electromagnets to ensure a uniform magnetic field distribution. The global buoyancy flow could further be reduced by decreasing the cell height or by adding inert salts to the electrolyte to increase its density. Here, however, the magnetic susceptibility of the addition [6], possible changes of the electrolyte conductivity and the diffusivity of the ions have to be taken into account. Arranging the WE at the top of the cell can be expected to lead to an accumulation of depleted electrolyte near the WE. Thus, the buoyant flow would largely be suppressed. However, with growing thickness of the depleted layer the action of the magnetic gradient force reduces, and the support for local deposit growth diminishes. In order to understand these phenomena in more detail, experiments of modified setups and according simulations are required in future work.
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Figure 1. (a) Sketch of the electrochemical cell with the planar WE that is magnetically templated by three magnetized iron wires. The distribution of the magnetic gradient term   B ∇ B   on the WE is shown on the right (zoomed top view). (b) Cell current measured in experiments. Top: all 30 cycles. Bottom: the first 5 cycles. 
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Figure 2. (a) Result of the topology measurement. The concave shape can be clearly seen. (b) The originally measured deposit profile along the line passing the three micro-structures, the concave substrate shape obtained from fitting (see text), and the corrected deposit thickness. 
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Figure 3. Morphology of the surface at the mid of the middle cone (left), the rim of the middle cone (middle) and in a region between the cones (right) after 30 cycles. 
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Figure 4. (a) Distribution of the modification factors    f dep  ,   f dis    for the exchange current density   j 00  . (b) Deposit layer thickness along the horizontal center line passing the three cones after 1 cycle for modified and unmodified   j 00  . 
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Figure 5. Deposit layer thickness along the horizontal center line passing the three cones in (a) the experiment and (b) the simulation.   d = 0   is set to be at the bottom of the cones in both cases. 






Figure 5. Deposit layer thickness along the horizontal center line passing the three cones in (a) the experiment and (b) the simulation.   d = 0   is set to be at the bottom of the cones in both cases.



[image: Magnetochemistry 08 00066 g005]







[image: Magnetochemistry 08 00066 g006 550] 





Figure 6. (Left) Vertical flow velocity at a point 0.1 mm above the top center of the middle Fe wire (indicated by the black circle in the right subfigures) as a function of time. A dashed line at   U y   = 0 is added. (Right) Distribution of the concentration variation   c −  c bulk    in the center vertical plane at 160 s (deposition) and 190 s (dissolution). Black arrows represent velocity vectors. 
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Figure 7. Lorentz force component in paper direction    f  L , z     in the vertical center plane passing the three Fe wires at 160 s (deposition) and 190 s (dissolution). 
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Figure 8. Velocity component in paper direction   U z   in the vertical center plane passing the three Fe wires at 160 s (deposition) and 190 s (dissolution). 
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Table 1. Material parameters used in the simulations (room temperature).
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Parameter

	
Value

	
Reference






	
   χ   Cu  2 +    mol    (   10  − 8    m 3  / mol  )

	
1.57

	
[20]




	
   χ   H 2  O     (  10  − 6   )

	
   − 9.0   




	
  ρ 0   (  kg /  m 3   )

	
1014

	
[21]




	
   β   CuSO 4      (   10  − 5    m 3  / mol  )

	
16




	
   β   Na 2   SO 4      (   10  − 5    m 3  / mol  )

	
   12.4   




	
 ν  (   10  − 6    m 2  / s  )

	
   1.05   




	
    V  m , Cu        (  10  − 6    m 3  / mol )   

	
7.11




	
  D   Cu  2 +      (   10  − 10    m 2  / s   )

	
   5.6   

	
[22]




	
  D   Na +     (   10  − 10    m 2  / s   )

	
   13.34   




	
   D     SO 4    2 −       (   10  − 10    m 2  / s   )

	
   10.04   




	
   z Cu  2 +    

	
2




	
   z Na +   

	
1




	
    z     SO 4    2 −       

	
−2




	
   j 00      ( mA /  cm 2  )   

	
2.5

	
[19,21,23,24]




	
   ϕ  eq , Ref     (V)

	
   0.337   




	
  γ  

	
0.75




	
   α a   

	
1.5




	
   α c   

	
0.5

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
deposition dissolution

1mm T 1e0s  tmm L 190 H

0.8
0.6

lez [N/m3]





media/file4.png
6 | | |

S Hm —_— Measured profile
5 — - - Concave bottom
— Corrected profile

d [um]

oum

(a) (b)





nav.xhtml


  magnetochemistry-08-00066


  
    		
      magnetochemistry-08-00066
    


  




  





media/file16.png
deposition

I mm ‘R 160 s

I mm

dissolution






media/file2.png
BVB (T?/m)
800 1600

WE (Au)
Fe wire

(a) Setup

I[mA]

I [mA]

0 500 1000 1500 2000
t[s]
dep dis dep dis dep dis dep dis dep dis
0 50 100 150 200 250 300

t[s]
(b) Cell current





media/file5.jpg
id of the middle cor rim of the cone between the cones






media/file3.jpg
5um

opm

mm

(a)

dfum)

——  Messured profle
== Concave botiom
Corrected profle

.
3
't
1
o
14

o 2 4 & 8

xmm]
(b)





media/file1.jpg
CE (PY) BVE (T2/m) 5
G 800 1600 2
z 0
>
-
-
-0
;| o S0 10 1S 2000
s —wemn (Bl
Fe wire 6 [dep s dep s deop dis dep s dep i
g 4
_ 2
Ma e
S
-
N -
-

R
i1t}
(a) Setup. (b) Cell current





media/file7.jpg
region

WE region

i i h o

ongen=fic oot Jinais = fa -Joarer

(@

afum

o
oos
00
oors
oo

o005

——  Modified
Unmodiied 3

000 2500 0 2500 5000
<)

0]





media/file10.png
d [um]

2.5 ‘ ‘ ‘ : 1.1 ‘

@
2 09 ]
0.8 -
1.5 1 i — 07
i 0.6
| = 05
0.4 -
0.3 -
05 ] 02 i
0.1 -

0 < 0 ‘ ‘ ‘
1000 0 1000 1000 0 1000

x [Lm] x [um]

(a) Experiment (b) Simulation





media/file12.png
dissolution

Uy [Lm/s]

deposition

0 50 100 150 200 250 300
t]s]

— | |
= = o gy ™
¢ = Cpux [mol/m’]

(@)

|
[\

N
¢ = Cpux [mol/m’]

|
N

|
[
=





media/file9.jpg
d [um]

25

0o o
xluml

(a) Experiment

1000

dum]

L

09
08
07
06
0s
04
03
02
ol

000 0 1000
xlum]

(b) Simulation






media/file0.png





media/file14.png
ek

mm

deposition

160 s

dissolution

190 s

0.8
0.6
0.4

1 0.2

-0.2
-0.4

-0.6
-0.8

fL,Z [N/m 3]





media/file8.png
ﬁiep ﬁiis

cone
region

outer
WE region

0.1 | 1 10

Jo0.dep =Jgep *J0o.Ref Joo.dis =/gis *Joo.Ref

(a)

d [um]

Modified j,
Unmodified j,, |

M
ys L‘r_.

—-0-0—

5000 2500 0O 2500 5000
x [um]

(b)






media/file11.jpg
dissolution

100 150 200 250 300

50

0

sl






media/file6.png
mid of the middle cone

rim of the cone

-t x, e b
o % :
< » v
~e o x> ¥
: s -
-
- 7 . e
b : -
R ,, X -
- & b"rl‘
<A\-4V ¢
e ra‘i" ﬂr e ' Seier ;
. - .o 2XY. . A u"\"' *"‘ "‘! {2 b S EREl
Mag= 2000KX 1hm NdEn R AY SunalA's 8K bl @ Mag= 2000KX Thm EHT = 5004V 586‘ Cu Spots JDrah:‘e 59"“’"‘ sez 3tz il Mag= 2000KX Tum EHT= 500KV 58C Cu Spots 3Drihte ~ SionalA=SE2  31Jul2019 é
— WD = 5.5mm 58C Cu Spots 3Drihte 13:28:34 Wi — WD = 5.5mm !:l — WD=55mm  gany ﬁ

between the cones






media/file15.jpg
dissolution

deposition
1500
400
1000
500 %
0
- -500
» 1000
-1500

1 mm 160s 1 mm 190s






