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Simulations of fluid flow, mass transport and current distribution in a parallel plate flow cell during nickel electrodeposition
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Abstract 
A laboratory filter-press flow cell with parallel plate electrodes is designed for nickel electrodeposition on mild steel from a diluted solution. Design features, such as electrolyte manifolds and turbulence promoters, produced by 3D printing, following computational fluid dynamics (CFD) simulations, are used to minimize jet flow and edge effects on current density. A hydrodynamic analysis is performed by solving the Reynolds averaged Navier-Stokes (RANS) equations with the k−ε turbulence model. The averaged convective-diffusion equation is solved for mass transport simulations, while wall functions are used to simulate tertiary current distribution considering the side reaction of hydrogen evolution (HER). The flow cell design minimizes electrolyte flow and current density edge effects at the entrance to the cell by using an electrolyte manifold followed by polymer mesh turbulence promoter and a flow calming zone before the reaction region of the flow channel. The experimental validation of nickel electrodeposition agrees with the predicted tertiary current distribution profiles. 
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1. Introduction
Electrochemical operations capable of facile scale-up can be carried out in a controlled reaction environment, on the laboratory and pilot scale, using parallel plate flow cells [1-2]. Electrodeposition and recovery of metals are two of their numerous applications [3]. Suitable fluid dispersion, mass transport and uniform current distribution must be achieved as part of a controlled reaction environment [4-7]. Optimization of the operational conditions of flow rate and current density can be performed in order to achieve uniform metal deposition. However, the reaction environment in the cell must be first characterized to provide acceptable distributions of hydrodynamics, mass transport, potential and current. 
In filter-press cells with parallel plate electrodes, fluid dispersion plays an important role, since the momentum transport governs the arrival of the electroactive species to the electrode surface. Pronounced jet flow tends to appear at the flow channel entrance in most cells [8], generating hydrodynamic edge effects where fluid elements achieve the highest velocities [9,10]. The jet flow can significantly alter the local mass transport at the electrode area near the entrance, affecting the current distribution and quality of metal deposits [9]. Mitigating strategies, such as incorporation of static turbulence promoters [11,12] and ‘flow calming zones’ [13] can reduce these effects.
CFD simulations of hydrodynamics, mass transport, and then potential and current distributions are useful in the design of electrochemical cell components such as electrolyte manifolds, electrolyte flow channels, shape and dimension of the electrodes, interelectrode spacers, turbulence promoters, and current collectors [7,12,14,15]. Using these simulations, the electrochemical engineer can construct cells that satisfy specific needs. In this work, we demonstrate that the reaction environment at a filter-press cell specifically designed to obtain uniform metal deposits is suitable for the electrodeposition of nickel from dilute solutions. The flow reactor described here will be used to obtain uniform particle dispersions in nickel composite coatings, which are difficult to achieve in stirred beaker cells [16]. Indeed, the mean linear flow velocity of the electrolyte and mass transport coefficient in a flow cell can be accurately reported, whereas the rotation rate of a magnetic stirrer can hardly be related to the chaotic, vortex affected, flow pattern around the immersed electrodes. Another aspect to consider during electrodeposition of nickel is the HER, which occurs simultaneously with nickel ion reduction [17]. The HER should also be considered during the formulation of numerical simulations since it consumes current, acting on the local pH and modifying mass transport of Ni2+ ions to the cathode.
Here, we model and simulate the hydrodynamics, mass transport and current distribution in a smart rectangular channel flow cell design. The electrochemical system of interest was the electrodeposition of nickel from a dilute solution containing 3.4 mM NiSO4 in 60 mM H3BO3 at pH 4; this solution resembles a static rinse water from a Watts’ Nickel bath. HER is included in the model. The design configuration incorporated fins and a turbulence promoter in the flow channel, after the inlet manifold. A short calming zone before the electrode surface was used to discourage jet flow and increase flow dispersion. A shorter turbulence promoter was used at the end of the electrode to avoid directional flow in electrolyte leaving the cell. The undivided electrode channel was left unrestricted to avoid contact and flow witness marks on the deposits. CFD simulations of turbulent flow were attained solving the RANS equations with the standard k−ε turbulence model. The averaged diffusion-convection equation was solved for turbulent mass transport simulations, while concentration wall functions were used for the simulations of tertiary current distribution. The transport equations were solved numerically, in three dimensions, by the finite element method using a commercial software package. RANS and continuity equations were solved simultaneously. The averaged diffusion-convection, and Laplace equations were solved simultaneously to provide simulations of mass transport and potential distributions. Finally, the predicted current distributions profiles were compared with experimental curves for nickel deposition plus hydrogen evolution.

2. Description of the parallel plate flow cell
The undivided parallel plate flow cell consisted of two symmetrical flow frames, as shown in Figure 1(a), separated by a 0.5 mm thick, flat silicone rubber gasket. The flow frames were kept between compression plates by stainless steel tie-bolts, as shown in Figure 1(b) and 1(c). Both frames and plates were manufactured in polypropylene by CNC machining, although the flow frame was first prototyped by 3D printing (stereolithography) in a tough and durable Accura® Xtreme™ white polymer. As shown in Figure 1(a), each frame could accommodate an electrode of 32.0 cm2 active area. Frame dimensions are shown in Figure 2(a) and the major characteristics of the electrode channel are given in Table 1.
The electrolyte channel was designed to reduce jet flow and increase flow dispersion. Fins were located near the inlet and a turbulence promoter (5.0 cm long) was placed between the inlet and a calming zone (1.0 cm long) before the electrode. The dimensions of the turbulence promoter, shown in Figure 2(b), were chosen for the relatively short computational processing time required and proven effectiveness [11]. A similar, 2.0 cm long piece was located close to the outlet manifold. Both components were 3D printed in acrylonitrile butadiene styrene (ABS) by the molten filament technique. 
The working electrodes (cathodes) were machined mild steel plates, as illustrated in the Figure 2(c). They had a 4.0 cm × 8.0 cm active (wet) area and a 5.0 cm × 9.0 cm dry base. Hydraulic sealing was ensured by a silicone gasket between the electrodes and the flow frame, keeping the electrode surface and the flow channel coplanar. The electrical connections consisted of a pair of stainless steel (316 alloy) screws passing through the compression plates, which helped to maintain the position of the electrodes. A Ti|RuO2 anode was used with the same active surface area as the working electrode.

3. Formulation of the numerical simulation
The polymer mesh (often referred to in flow cells as a ‘turbulence promoter’), Figure 2(b), helps to homogenize the fluid flow prior to the electrode zone. However, local changes of flow course, vortex and rotational flow exist within the turbulence promoter [11]. In such complex geometries, turbulence models predict flow patterns regardless of the Reynolds number [10,11,18]. For this reason, the RANS equations are solved using the standard k−ε turbulence model. This fluid flow simulation is followed by the simulation of mass transport and tertiary current distribution employing the averaged diffusion-convection equation. The simulations were performed at mean linear flow rates (u0) of 5.1, 8.9 and 12.7 cm s1, equivalent to volumetric flow rates (Q) of 4, 7 and 10 cm3 s1. Transport equations and boundary conditions are specified below.
3.1 Turbulent flow
The simulation of hydrodynamics was carried out throughout the reactor, from the inlet, through the fluid distributors, the turbulence promoter and the interelectrode gap until the outlet. The change in the cross-sectional area and the direction of the fluid, generates rotational flow (eddies) [6,9,10,11,14,18]. In this context, the RANS equations coupled with the kappa-epsilon turbulence model were used to simulate electrolyte fluid dispersion in a three-dimensional domain. Such realistic flow deviations would be impossible to obtain in a two-dimensional domain because the rotational flow structures and eddies require calculation in 3D space. In the steady state, for an incompressible fluid, the RANS and the continuity equations are:
				(1)
									(2)
Where  is the fluid density,  the averaged velocity vector,  the averaged pressure and  the dynamic viscosity. In this paper, the turbulent viscosity T is described by the standard k−ε turbulence model by means of Equations (3) to (5).
									(3)
					(4)
			(5)
[bookmark: OLE_LINK222][bookmark: OLE_LINK223]where the turbulent kinetic energy is  and the turbulent energy dissipation velocity is .  is an energy production term; details of this parameter are provided elsewhere [19].
In regions close to the wall, electrolyte velocities decrease rapidly and are dissimilar to the predictions of the turbulent model. A wall function, described by Equation (6), which is valid for fully turbulent flow layer, can be used to solve turbulent flow problems [19]. 
 								(6)
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK19]Here,   is the dimensionless velocity normal to the wall,  is the von Karman constant,  is the dimensionless length from the wall to the boundary layer, , being  the friction velocity, , and  is the distance from the wall [19]. 
[bookmark: OLE_LINK230][bookmark: OLE_LINK231][bookmark: OLE_LINK232]The solution of Equations (1)-(5) is subject to the following boundary conditions:
· At the electrolyte inlet, , where  is the average velocity at the electrolyte inlet and  is the normal unit vector. The inlet values of  and  were determined from the turbulent intensity,  and the turbulent length scale, , according to the next simple formulas:  and . Here, LT was calculated as LT = 0.07r; the electrolyte inlet radius r = 0.5 cm and  was fixed at 0.05.
· At the electrolyte outlet, , being  the pressure at the solution exit. At the solution exit, 𝛻𝜀∙and 𝛻𝑘∙
· The local flow velocity is in Equation (6) applies to all other boundaries.
3.2. The electrochemical system
Rectangular mild steel and Ti|RuO2 plates were used as the cathode and anode in the flow cell, respectively. Meanwhile, the electrolyte composition considered for the simulation was 3.4 mM NiSO4 in 60 mM H3BO4 at pH 4. At the cathode, the reduction of Ni2+ to Ni occurs, 
	Ni2+ + 2e  Ni			Eo = 0.257 V vs. SHE		(7)
In nickel baths, the simultaneous HER occurs [20,21]:
2H2O + 2e  H2 + 2OH		Eo = -0.83 V vs. SHE			(8)
In this paper, reactions (7) and (8) are considered at the cathode together with the oxygen evolution reaction (OER) at the Ti|RuO2 anode:
2H2O  O2 + 4H+ + 4e   	Eo = 1.23 V vs. SHE			(9)
It is assumed that Ni2+ ions are the only species limited by mass transport during cathodic reduction, due to their low concentration. It is important to highlight that this paper does not consider biphasic electrolyte flow in the mathematical model, due to the modest formation of hydrogen. Typically, the volume fraction of gas () is in the order of 1.2  107 (as shown in section 5.2). The hydrogen and oxygen are assumed to be dissolved in the electrolyte and rapidly removed from the reaction zone.

3.3. Mass transport
In steady state and under turbulent flow environments, the divergence of the Nernst–Planck equation is simplified to averaged diffusive-convection, Equation (10), by neglecting the migration term due to the high concentration of supporting electrolyte and considering that there are no chemical reactions in the bulk solution:
						(10)
  is the averaged concentration,  the diffusion coefficient and  the turbulent diffusion coefficient; the i subscript refers to the species i.  was determined from the turbulent Schmidt number (. The calculation of Di,T follows the analogy between heat and mass transport according to the Kays–Crawford model for ScT number [22,23]:
	(11)
[bookmark: _Hlk41745143]was fixed at 0.85. Equations (10) and (11) are valid in the bulk fluid section. In order to define the CNi(II) concentration distribution near to the wall, the Launder–Spalding model has been adapted to the mass transport problem for the analogy with heat transport [24]. This model uses the standard wall function and the universal near wall concentration distribution, according to Equations (12) and (13) [23,24,25]:
					(12)
						(13)
where the concentration on the wall and at distance  are  and ;  while the diffusion flux adjacent to the wall is .  in Equation (12) links the differences in mass transport from the viscous and turbulent layers and is described by [23, 25]:
						(14)
The expression for Pc has offered good results in the prediction of mass transport [23,25]. The parameter a is commonly fitted from experimental data. Here, its value was set to unity, to fit the data. Equations (12) and (13) were matched and CNi(II),w was solved in terms of y+ and CNi(II). The Launder-Spalding-like model was only employed to describe the rate of mass transport of Ni(II) ions from the bulk  solution (CNi(II),0 = 3.4 mol m–3) to the electrode surface. The HER is not controlled by mass transport due to the water being present in excess.
[bookmark: OLE_LINK60][bookmark: OLE_LINK61]In the continuous operation mode, the boundary conditions to solve Equation (10) are:
· , at the reactor inlet, where  is the inlet concentration of Ni(II).
· A nickel flux to the cathode, , where jNi(II)  is the local current density employed in the nickel reduction (see tertiary current distribution in section 3.4), z is the nickel electron stoichiometry and F is the Faraday constant.
· [bookmark: OLE_LINK62][bookmark: OLE_LINK63][bookmark: OLE_LINK64], at the reactor exit and all other boundaries.
[bookmark: OLE_LINK32][bookmark: OLE_LINK33]
3.4 Tertiary current distribution problem
In dilute solutions, the local current density  was calculated according to Ohm’s law applied to the electrolyte:
						(15)
where  is the current density vector,  the electrolyte conductivity and  is the electric potential of the solution. The influence of the volume fraction of H2 gas () on apparent electrolyte conductivity (), for the secondary and tertiary current distribution problems, was calculated by the Bruggemann equation [26], . As the values of  were very low (in the order of 1.2  107, as shown in section 5.2) . Equation (16) was used for all the calculations of current distribution. The potential distribution in the electrolyte was defined by the Laplace equation:
								(16)
Depending on the boundary conditions at the working electrode, three types of current distribution models can be described [27]. In this work, the dilute Ni2+ concentration (CNi(II),0 = 3.4 mol m-3) leads to a mass transport control and, consequently, to a type of tertiary current distribution problem. In the case of the HER, the proposed model considers charge transfer control, the water being present in excess.
The boundary conditions to solve Equation (16) at the cathode are:
·  
· Here, the concentration overpotential, , was solely considered for nickel ions, due to mass transport-controlled nickel deposition. 
· , water oxidation at the anode with  and  as kinetic parameters (Table 2).
· , zero flux condition, at all other boundaries.
Where,   is the normal to the surface, ,  and   are the exchange current density for nickel electrodeposition, the HER and the OER,  is the overpotential at the electrode ( = ),  the electric potential of the metallic electrode,  is the open circuit potential, ,  and   are the Tafel slope for nickel electrodeposition, the HER and the OER. The values of Ci, Ci,w and  were simultaneously calculated from the averaged diffusion-convection Equation (10) and the Laplace Equation (16). 

3.5 Simulation
[bookmark: OLE_LINK21][bookmark: OLE_LINK114][bookmark: OLE_LINK91][bookmark: OLE_LINK92][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK214][bookmark: OLE_LINK209][bookmark: OLE_LINK210][bookmark: OLE_LINK211][bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK151][bookmark: OLE_LINK183][bookmark: OLE_LINK184][bookmark: OLE_LINK194][bookmark: OLE_LINK197][bookmark: OLE_LINK203][bookmark: OLE_LINK204]Transport equations were solved by the finite element method in 3D using the commercial code COMSOL Multiphysics® version 5.1, on a workstation with two Intel® Xeon ™ 2.30 GHz processors, 96 GB of RAM, and a 64-bit operating system. The simulation domain (the reactor) was superimposed in the same program, Figure 3(a) and (b) show the computational domain. A sensitivity analysis was carried out changing mesh size to guarantee accuracy in the calculations. A simulation domain with 781251 tetrahedral elements was employed in all calculations, ensuring the accuracy of the simulations. The mesh was refined in the zone close to the working electrode. Momentum Equations (1) to (5) were solved using a stationary solver with Geometric Multigrid iterative methods for , ,  and  variables, with a relative tolerance of 1 103. At this point, multigrid methods were preferable to direct methods because of their ability to employ algorithms to solve differential equations using a hierarchy of discretization, resulting in lower hardware and software demands. The processing time was approximately 2 hours. The solution of Equations (10) and (16) was simultaneously calculated in approx. 50 minutes using multi-coupled mass transport and tertiary current distribution models, because the cathodic boundary conditions, for both equations, include the concentration overpotential [27]. The reactor characteristics and the values of kinetic constants and electrolyte transport properties employed in the calculations are shown in Table 1 and Table 2.
 
4. Experimental methodology
4.1 Nickel solutions
As explained in the previous section, the simulations assume dilute solution theory. The microelectrolysis and bulk electrolysis were carried out in a solution of 3.4 mM (3.4 mol m3) NiSO4 in 60 mM (60 mol m3) H3BO3 at pH 4. All solutions were prepared using high purity compounds and deionised water with a resistivity > 4.0 S cm–1. Acidity measurements were made with a calibrated Jenway pH-meter 3510. The ionic conductivity was determined using a Pt/Ti conductivity probe and a calibrated ATI Orion 162 conductivity-meter.

4.2 Microelectrolysis
The polarization curves were performed in a 100 mL Pyrex® three electrode cell using a disk electrode of polished stainless steel 316 (with area of 0.0314 cm–2), a graphite rod counter electrode of 0.28 cm2 immersed area, and a Hg|Hg2SO4(sat.) reference electrode (0.615 V vs. SHE) fitted with a Luggin capillary. In this paper, all electrode potentials are stated versus SHE. The RDE experiments were carried out at room temperature (25  2 oC) using 50 mL of a solution of 3.4 mM NiSO4 in 60 mM H3BO3 at pH=4. The disk electrode surface was polished with a 0.3 μm alumina powder and washed with distilled water before each test. The polarization curves initiated from the open circuit potential (-0.039 V vs. SHE) to –0.7 V vs. SHE, at sweep rate of 2 mV s–1 and at 100, 200 and 300 rpm. The RDE speed was controlled by a PINE velocity controller model 11246. For the RDE trials, a Biologic Instruments SP-150 potentiostat-galvanostat was employed. The exchange current density, Tafel slopes and resistance values presented in Table 2 are an average of triplicate experiments. 

4.3 Electrodeposition of nickel and experimental validation
Nickel electrodeposition from the diluted solution was performed galvanostatically at –1 mA cm-2 using a PSP-2010 GW INSTEK® power supply. The electrolysis was carried out in the solution of 3.4 mM NiSO4 in 60 mM H3BO3, at pH 4 and at room temperature. This value was chosen as it occurs in the mass transport-controlled region of for nickel deposition in the polarisation curve described in section 4.2, aiming to validate the tertiary current distribution model. The cathodic current was applied for 120 min with a mean linear flow rate of 12.7 cm s–1 in continuous mode. Following electrodeposition, the electrodes were rinsed thoroughly and dried in a desiccator overnight. Then, the coating was discretized in squares (w(x,y)) of 2 cm2, at eight different heights in the y-coordinate, which were carefully removed and weighted in an analytical mass balance with a resolution of ±0.00001 g. All squares were employed to obtain an average weight (wave) by Equation (17):
							(17)
where L is the length in the y-coordinate of the electrode surface. Finally, normalized profiles of w(y)/wave vs. y/L were obtained and compared with the tertiary current distribution profile to indirectly validate the proposed model.

5. Analysis of results and discussion
5.1 RDE experiments
Figure 4 shows the polarization curves on stainless steel RDE at 100, 300 and 500 rpm for nickel deposition, Equation (7). Two zones are observed, corresponding to a charged transfer control region from open circuit potential to –0.25 V, and a mixed control zone from –0.26 V to –0.4 V. Typically, a limiting current density is obtained after the mixed control zone at E < –0.4 V; however, as the HER takes place, Equation (8), simultaneously with the nickel deposition, a pure mass transport zone was very difficult to distinguish [16-17]. Nevertheless, it is evident that nickel and the HER occurs at potentials more negative than –0.4 V vs. SHE. It should be noted that all simulations of mass transport and current and potential distribution (shown in section 5.2) were performed at electrode potentials from –0.4 to –0.7 V, where both the nickel deposition and HER occur.

5.2 CFD simulations in the flow cell
Figure 5(a) shows a slice plot of the velocity magnitude inside the cell obtained from the solution of Equations (1) to (5), and Figure 5(b) the magnitude velocity field in a x-y plane, with an inflow mean linear velocity of 12.7 cm s–1 (equivalent to a volumetric flow rate of 10 cm3 s–1). It is clearly seen that the flow behavior presents complex deviations in the polymer mesh close to the inlet; however, the fluid flow in the working electrode zone tends to homogenize due to the flow distributor and the polymer mesh at the entrance of the cell. Figure 5(c) shows the velocity profiles along the working electrode width in the x-coordinate, at three different y-lengths (1.5, 4 and 6.5 cm), where three moderated jet flows along the x-axis are seen at y = 1.5 cm are seen; at y = 4 and 6.5 cm, the fluid adapts its trajectory towards the exit of the cell. Other profiles were constructed at flow velocities of 5.1 and 8.9 cm s-1 (not shown) and the behavior was very similar.
The hydrodynamics obtained here differs from that found in the FM01-LC electrolyser, where jet flow of electrolyte is appreciable along the length of the cell [6]. The jet flow obtained in the FM01-LC reactor is intrinsically related to the electrolyte inlet, where a manifold, close to the bottom of the cell disperses the fluid. However, in the present cell, the use of a turbulence promoter at the electrolyte inlet attenuates the velocity field, diminishing jet flow.
Figures 6(a), (b) and (c) show the interfacial concentration field of nickel ions, the nickel flux, and nickel current distribution on the working electrode, respectively. These simulations were obtained at an inflow mean linear velocity of 12.7 cm s–1 with jc,ave = 1 mA cm–2.  From analysis of Figure 6(a), the nickel interface concentration follows the pattern obtained for the velocity profiles shown in Figure 5(c); However, the nickel flux is practically uniform over the working electrode surface, Figure 6(b), since the values of C+Ni(II) obtained from Equation (13) remains relatively constant, at values between 3.36 and 3.4 mol m-3 due to the small variations of the local DNi(II),T values. The nickel current distribution on the cathode surface of Figure 6(c), demonstrates the relatively even current distribution along the electrode length; however, at the beginning and at the end of the electrode minor border effects appeared. The same behaviour observed in Fig 6(c) was obtained for the current distribution of HER (not shown), giving an average current density of jave,HER = 1.64  103 A m2 (1.64 A cm2). This value gives a volume fraction of H2 gas of  = 1.2  107, which supports that the conductivity variation is insignificantly affected by the gas phase. The calculation of the volume of H2, , was performed by using Faraday’s law, and  = /Vchannel, Vchannel being the rectangular channel volume between electrodes.
Figure 7(a) shows the electrode potential for the simulated electrolysis at jc,ave = 1 A m–2, while Figure 7(b) shows normalized current distributions (at jc,ave of –1, –0.33 and –0.13 A m-2); these curves were constructed along the normalized length of the cathode in the y-coordinate, assessed in the middle of the channel width, at x = 2 cm, Figure 3(b). The average current densities include the contribution of reduction of the nickel ions and the HER. The electrode potential ( ) shown in Figure 7(a) is practically uniform over the working electrode surface (with a value of –0.65 V vs. SHE), highlighting that at the beginning and at the end of the electrode length,  two border effects appears, giving more negative potential values close to -0.7 V, favoring the HER according to Figure 4. The behavior of the tertiary current distribution (with jc,ave = –1 A m-2) presents two edge effects located at the inlet, between 0 < y/L < 0.03, and exit, 0.96 < y < 1.0 cm, of the cell, highlighting that uniform current density is achieved over 93% of the electrode length (in the interval 0.03 < y/L < 0.96). These edge effects represent the 7% of the electrode length. The higher border effect at the inlet is attributed to the calming zone, where the insulator is imbedded in the same plane of the electrode, Figure 1(a). The current distributions for jc,ave of –0.33 and –0.13 A m–2 presented a similar pattern to that obtained at jc,ave = –1.0 A m–2 but giving even electrode potentials of –0.55 and –0.45 V vs. SHE, respectively. 
Finally, the multi-coupled modelling proposed in this work for current distribution was indirectly validated with the procedure described in section 4.3. Figure 7(b) shows the normalized weight of the nickel deposits w(y)/wave along the normalized working electrode surface; these deposits were performed during electrolysis at constant current density of –1 mA cm–2 and 12.7 cm s–1. A uniform nickel electrodeposit is evident from 0.2 ≤ y/L ≤ 0.8, in close agreement with simulations, but a mass depletion of nickel deposit at the entrance and at the exit of the flow cell is observed, which agrees with the edge effects of simulations. The current efficiency obtained for the nickel deposit was 95%, which coincides with that found in the calculation of the current distribution. 
In practice, a Watts’ nickel bath having a much higher Ni(II) ion concentration is commonly employed in the industrial electrodeposition of nickel [17, 28]. A theoretical analysis employing concentrated solutions was outside the scope of this paper. However, it is expected that this work will serve to develop flow cell models considering concentrated solutions and biphasic flow.

6. Conclusions
The design of the cell allowed to minimize electrode edge effects on electrolyte flow and current density at the entrance of the cell. This was achieved by locating an electrolyte manifold followed by a polymer mesh and a small flow calming zone before the reaction region. The edge effects of the current density were attenuated at the end of the electrode, where a polymer mesh collected the fluid at the cell exit. The electrochemical system was the rinse water from a Watts’ bath, 3.4 mM NiSO4 in 60 mM H3BO3 (pH = 4) in order to maintain the validity of the dilute solution model. The fundamental equations for simulating hydrodynamics and mass transport were the RANS, with a k turbulence model, and the averaged diffusion convection equations. The tertiary current distributions along the cathode considered the simultaneous reduction of nickel ions and the HER. Close agreement between the current distribution simulation and the experimental nickel deposits profiles was obtained, resulting in a current efficiency of 95%.
Future simulation work will aim to implement a theory of current distribution compatible with concentrated species, such as nickel ions in a Watts’ bath. The model presented here could be employed as a starting point in an electrochemical cell design, indicating that the current and potential distribution are practically uniform in the electrode surface.
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Table 1	Dimensions of the rectangular channel flow cell.
	Electrode width, B
	4.0 cm

	Electrode length, L
	8.0 cm

	Interelectrode gap, S
	0.5 cm

	Rectangular channel volume between electrodes, Vchannel
	16.0 cm3

	Cathode area, Ac
	32.0 cm2

	Anode area, Aa
	32.0 cm2

	Cross-sectional area, Ax = BS
	2.0 cm2

	Equivalent diameter of flow channel, de = 2BS/(B+S)
	0.89 cm

	Volumetric flow rates, Q
	4, 7, 10 cm3 s-1

	Electrolyte residence times in Vchannel,  = Vchannel/ Q
	4.0, 2.3, 1.6 s





Table 2	Kinetic parameters and electrolyte transport properties employed in the numerical calculations at room temperature, 25  2°C.
	Property
	Value

	Electrolytic conductivity, κ / Ω-1 m-1
	
	0.226

	Inlet concentration of Ni(II) ions, CNi(II),0 / mol m−3
	
	3.4

	Kinematic viscosity,  / m2 s-1
	
	1×10-6

	Diffusion coefficient of nickel ion, DNi(II) / m2 s-1 [23]
	
	7.6×10-10

	Tafel slope for nickel deposition, bc,Ni(II) / V
	
	–0.104 (±0.007)

	Tafel slope for hydrogen evolution, bc,HER / V
	
	–0.8

	Tafel slope for oxygen evolution,  / V
	
	0.083

	Ni/Ni(II)  exchange current density, j0,Ni(II) / A m-2
	
	0.0244 (±0.0004)

	Hydrogen exchange current density, j0,HER / A m-2
	
	7.5 ×10-3

	Oxygen exchange current density,  / A m-2
	
	0.17

	Open circuit potential of the solution adjacent to the steel cathode, ocp,c / V vs. SHE
	
	
–0.039

	Open circuit potential of the solution adjacent to the Ti|RuO2 anode, ocp,a / V vs. SHE
	
	
–0.248





Figure captions
Figure 1	(a) Electrode frame, polished mild steel cathode and flow channel components of one of the two symmetrical half-cells. (b) General view of the assembled laboratory filter-press flow cell. (c) Side view of the same flow cell, showing CNC machined polypropylene end plates and a 3D printed ABS frame prototype.
Figure 2	(a) Design for the machined or 3D printed flow frames. (b) 3D printed ABS turbulence promoter. (c) Machined electrode: removable, polished active area and dry electrode base.
Figure 3	(a) Simulation domain (interior of the flow channel). (b) x-y view of the bottom of the simulation domain. Dotted lines represent the locations where velocity and current distribution profiles were taken.
Figure 4	Polarization curves in a stainless steel RDE for nickel reduction at 100 (dotted line), 300 (dash line) and 500 (solid line) rpm. Electrolyte: CNi(II) = 3.4 mM, pH = 4.
Figure 5	(a) Slice plot of the velocity magnitude distributions within the flow cell. (b) Velocity magnitude field in the x-y plane of the cell. (c) Velocity magnitude profiles on the cathode surface at different y locations. u0 = 12.7 cm s–1.
Figure 6	(a) Nickel concentration field, (b) nickel flux distribution, and (c) current density distribution attributed to the nickel reduction on the cathode surface. u0 = 12.7 cm s–1, jave = –1 mA cm–2, CNi(II),0 = 3.4 mol m–3.

Figure 7	(a) Electrode potential field at the plane y-x on the working electrode for jave= –1 mA cm–2; (b) tertiary current distribution profiles were performed at –1 mA cm–2 (blue line) (with electrode potential of –0.68 V vs. SHE),      –0.33 mA cm–2 (black line) (with electrode potential of –0.55 V vs. SHE), and –0.13 mA cm–2 (red line) (with electrode potential of –0.45 V vs. SHE). The symbols (●) correspond to nickel electrodeposits (w(y)/wave vs. y/L) at –1 mA cm–2. In the ordinate axis, the current data consider that j/jave = w(y)/wave.





[image: ]


Figure 1



[image: ]


Figure 2



[image: ]


Figure 3



[image: ]
Figure 4



[image: ]


Figure 5









[image: ]
Figure 6
[image: ]


Figure 7
20

image2.emf

image3.emf
Inlet

Outlet

Counter electrode top

Working electrode 

bottom

Inlet

Outlet

(a) (b)

Working 

electrode 

length, 8 cm

y =1.5 cm

y =4 cm

y =6.5 cm

y =0 cm

y =8 cm

x =2 cm

Fins


image4.emf
-2.5

-1.5

-0.5

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

j

/ mA cm

-

2

E vs. SHE / V 

Simultaneous nickel 

reduction and HER region

Mixed control Charge transfer control


image5.emf
u 

/ cm s

-

1

(a)

(b)

(c)

3

3.5

4

4.5

5

5.5

6

6.5

7

0 1 2 3 4

u 

/ cm s

-

1

Working electrode width, x / cm

1.5

4

6.5

y / cm 

y =0 cm

y =8 cm

Electrode

length


image6.png
(a)

CNi(II)/ mol m-3

box

34

3.39

3.38

3.37

3.36

3.35

3.34

3.33

3.32

SZ

4
YaYaVY
RAX

00l
Q%0
00
* \9/\9,
-1.6

23





image7.emf
0.6

0.8

1

1.2

1.4

1.6

1.8

0 0.2 0.4 0.6 0.8 1

j

(

y

)

/

j

ave

y/L

(a)

(b)

E

vs

. SHE / V


image1.emf
mesh

Fins


