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Abstract

Electrocatalytic urea removal is a promising technology for artificial kidney dialysis and wastew-
ater treatment. Urea electrooxidation was studied on a variety of nickel electrocatalysts modified
with Cr, Mo, Mn, and Fe with varying electrochemically active surface and roughness. Mass trans-
fer limits were observed for urea oxidation at physiological concentrations (10 mM). Urea oxida-

tion kinetics were explored at higher concentrations (200 mM), showing improved performance
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during polarization, but lower currents per active site. A simplified dialysis model was developed
to examine the relationship of mass transfer coefficients and extent of reaction on flowrate, com-
position, and pH of the reacting stream. For a nickel hydroxide catalyst, the model shows that a
minimum electrode area of 1314 cm? is needed for continuous operation. This research combines
experimental data and a computational dialysis model for a simplified continuous dialysis system,

highlighting the potential of these catalysts and paving the way for future improvements.
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1 Introduction

Access to affordable chronic kidney disease treatment is a major problem since the increasing
number of patients with end-stage kidney disease has outpaced the growth of available treatment
options.! Patients diagnosed with end-stage renal failure suffer from high burdens and have high
rates of mortality.” The high burden, coupled with co-morbidity and related mental issues like de-
pression, lead to a poor health-related quality of life.>~ There is evidence suggesting more frequent
treatments, like daily home dialysis, would benefit patients by improving metabolic parameters.”

The introduction of more frequent dialysis treatments reduces the magnitude of swings in toxin

levels in the blood stream, thereby improving the patient’s overall health.
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Figure 1: Depiction of traditional (left) and portable (right) hemodialysis. Traditional dialysis re-
lies on a large amount of fresh dialysate composed of electrolytes and water to remove blood toxins
in a single-pass configuration. Portable dialysis relies on a small amount of recycled dialysate to
make the operation small enough to be comfortably carried.

The bottlenecks for converting patients from traditional dialysis to home dialysis are storage,
cost, and disposal of dialysate. Traditional hemodialysis is an expensive process requiring 300-600
liters of dialysate per week.® The composition of the fresh dialysate is important as it influences the
exchange of ions between the blood and the dialyzer, restores acid-base equilibrium, and strongly
affects cardiovascular stability.” Patients of different ages, sizes, gender, and other external factors
will have varying compositions of dialysate, making a "one size fits all" fluid difficult to achieve.?

One possible method to overcome the limitations of traditional dialysis is portable dialysis, as
seen in Figure 1. Portable dialysis, employing a wearable artificial kidney (WAK), relies on a small
amount of fluid customized to each individual and that does not need replacement. The dialysate
regenerator in Fig. 1 needs to remove major waste components, such as urea, creatinine, peptides,
and protein-bound toxins, in spent dialysate without appreciable loss of ions.” This study focuses

solely on the removal of urea with a WAK, because urea is the species of highest concentration in

spent dialysate.



The three major technologies for efficiently removing urea from spent dialysate are: physisorp-
tion and chemisorption, enzymatic hydrolysis, and reactive decomposition.'” Physisorption and
chemisorption with sorbent materials are ideal for a WAK as there are no byproducts of a reac-
tion, but the sorbents are highly selective, requiring many different types to remove all uremic
toxins.' !> Enzymatic hydrolysis utilizes urease to remove urea at near-neutral pH. The urea is
converted to ammonium, which is far more toxic than urea; thus, extensive filters are required for
implementation.'3

Electrochemical removal, a form of reactive decomposition, for dialysate regeneration has been
explored by several groups and has been shown to be an efficient method for urea removal for a
WAK. 41 However, the method has never been applied in a clinical application with humans.?’-%?
The reason a WAK has not been used in a clinical application has not been explicitly stated, but
may be due to generation of chloride species, production of ammonia, overoxidation of urea into
nitrite and nitrate species, or leaching of metal species.?>>>~26 Discovery of a catalyst that is stable
and efficient, and produces safe reaction products is necessary for application.

Nickel is a promising anode material for electrochemical removal of urea in a WAK. Nickel,
although susceptible to chloride corrosion, shows affinity for urea electrooxidation with low selec-
tivity for ammonia-type compounds.'®?7-2 Addition of other metals into nickel have been shown
to improve passivation and minimize corrosion, but their effect on urea oxidation activity has not
been well understood.>?-33

The urea oxidation reaction (UOR) is catalyzed by the presence of nickel oxyhydroxide (NiOOH),
as seen by Reaction 1.3*3> There is debate whether or not the nickel hydroxide sites are con-
sumed during UOR, since UOR is mediated through the electrochemical activation of nickel from
Ni(OH); to NiOOH at 1.35 Vgryg, as seen by Reaction 23637 A catalyst regeneration mechanism

(where Ni(OH); is inactive and NiOOH is active) has been identified as the mechanism most rele-

vant near the Ni(OH),/NiOOH onset potential and is adopted here:>®

CO(NH3)2,(aq) +6NiOOH 5) +H20 (1) —> CO2,(g) + Na (4) + 6Ni(OH)2 (5 (D



Ni(OH)z’(s) + OH(:lq) <==NiOOH) + HoO@) + e~ 2)

Reaction 3, hydrogen evolution, is used to balance the half reactions occurring on the anode. The

overall electrolysis reaction is given by Reaction 4.

2HyO() +2¢” —>Hy () +20H™ 3)

CO(NH2)2, (aq) +H20(1) —>Na,(5) + CO2,(5) +3Ha () )

The addition of nickel and other metals into nickel hydroxide has been shown to increase the
electrode activity by altering the electronic structure and by expanding the electrochemically ac-
tive surface area.’®® The inclusion of chromium oxide into nickel has been shown to depress the
density of states at the Fermi level of the d-band of nickel, thereby weakening the Ni-O,,,, bond
and decreasing the energy for adsorption.** The inclusion of Mo into the nickel hydroxide films
causes Ni to complete the Ni(OH),/NiOOH transition at lower onset potentials.*’ The onset poten-
tial for UOR is also lowered by the addition of Mo into Ni, as UOR is dependent on the presence
of NiOOH. Doping of Mo promotes coupling of the N—N bond on the intramolecular level as
well as the fracturing of the C=0 in urea, promoting the selectivity of N» and CO, products.>’
Tafel slopes were lower on nickel iron hydroxide (57 mV dec™!) than pure nickel (102 mV dec™ b,
indicating that iron alters the potential dependence of UOR.*’ The inclusion of manganese into the
oxide film allows for active nickel centers to reach a 3+ oxidation state at lower potentials, thus
lowering the potential needed to drive UOR.>!

An electrochemically-based WAK relies on two major components - the dialyzer and the
dialysate regenerator. The dialysate regenerator is comprised of a urea removal cell, where the
urea is electrochemically removed with a catalyst in an electrolyzer-type configuration. Previous
studies have computationally modeled dialyzers for use in traditional dialysis and electrolyzers for

52-54

use in commercial applications. A model combining the two process elements has not been



previously seen before and is useful for determining operating parameters for a WAK. More im-
portantly, the model is useful for finding pH of fluid downstream of the dialysate regenerator, as the
production of CO, from Reac. 4 can affect the bicarbonate composition. Therefore, understanding
urea electrooxidation on nickel-based catalysts is important for further development of the model,
which is necessary to achieve a portable dialysis device.

This report combines incorporating electrochemical and model results for operation of an
electrochemically-based WAK. Here, nickel-based electrocatalysts (Ni, NiMn, NiCr, NiMo, NiFe)
were synthesized through a one-pot hydrothermal growth process. The electrochemical perfor-
mance of each catalyst was investigated with cyclic voltammetry and staircase polarization tech-
niques. Furthermore, the electrochemical performance of the catalysts was considered in a computationally-
developed WAK model. The model was created to demonstrate the flowrates, urea concentrations,
and pH of streams in contact with the dialyzer and the catalyst. Together, the catalysts and the
model define and satisfy the criteria needed for development of a simplified dialysis device, setting

the stage for future improvements.

2 Experimental

2.1 Electrochemical Cell

All electrochemical experiments were performed in a 150 mL three-electrode cell (Pine Research).
Experiments were conducted in 0.5 M KOH with reagent grade concentrations of 0, 10, and 200
mM urea. The redox properties of nickel hydroxide have been seen to be affected by the presence
of incidental iron (as low as 40 ppb) in the electrolyte. However, other groups have identified
that nickel undergoes transformations with or without the presence of incidental iron in the elec-
trolyte.‘“’SS’56 The concentration of iron was not monitored within this study, as there is assumed
to be non-zero concentrations of iron in the dialysate in real-life applications.’” A Pt coil (~ 5
cm?) was used as the counter electrode, and a double-junction mercury oxide electrode (4.24 M
KOH, Ef[)g /HgO = 0.098 V, Pine Research) was used as the reference electrode. Since measurements

were made in 0.5 M KOH, the reference electrode potential was adjusted for the liquid junction
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potential (Eyjp) of —25.1 mV between 4.24 M KOH and 0.5 M KOH calculated with the stationary

).58

Nernst-Planck equation using LJPcalc software (https://swharden.com/LJPcalc).”® Voltages

are reported with respect to the reversible hydrogen electrode (RHE), calculated using the equation:

ERug = EHg/HgO + (0059) pH+ Egg/HgO —FErpp = EHg/HgO +0.931 &)

The nickel transition and urea oxidation reaction onset potentials within this study are within 20
mV to those found in other reports, suggesting that the reference electrode and liquid junction
potential are within an acceptable tolerance.?®>

The electrochemical experiments were controlled by a Solartron 1287 potentiostat. Cyclic
voltammetry (CV) and staircase polarization experiments were performed at 37 °C with and with-
out urea. Cyclic voltammetry was performed within a potential window that encompasses the
Ni(OH),/NiOOH transition (Reaction 2) and oxygen evolution reactions. Cyclic potential sweeps
from 0.90 to 1.60 Vrug were conducted at 5 mV s~!. The third CV scan was used for figures
and analysis. Staircase potential step (polarization) experiments were conducted for steady-state
analysis of UOR. For the staircase polarization experiments, the potential was stepped from 1.25 to
1.60 Vrgg in 10 mV increments at 20 min per step. Staircase polarization curves were generated

by plotting the average of the last five minutes of current for a given step vs. the potential of that

step.

2.2 Electrodes

Nickel foam (99.5 wt %, 95% porosity, Goodfellow) was laser cut to 1 cm? pieces and used as a
substrate for hydrothermal growth. The nickel foam (NiF) was sequentially sonicated in deionized
water (DI, Millipore-Q water system), ethanol (95 wt.%, Fisher-Scientific), and 3 M HCI (Macron
Fine Chemicals) for 10 minutes each to remove any contaminants before being placed in the hy-
drothermal growth chamber. The percentage of metal grown on the working electrode was targeted
to be 1 mol%, with the remaining as nickel. Metallic salts of 1.00 mg of Cr(NO3)3-9H,0 (99.9

wt.%, Acros Organics), 1.01 mg of Fe(NO3)3 - 9H,0 (99.95 wt.%, Aldrich), 0.39 mg of KMnOy4
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(>99 wt.%, Fisher-Scientific), and 1.75 mg of (NH4)sMo07024 - 4H>0 (99.97 wt.%, Aldrich) were
added and mixed with 20 mL DI water in separate vials. Then, 72 mg Ni(NO3); - 6H20 (99.9
wt.%, Acros Organics) and 150 mg urea (99.6 wt. %, Fisher-Scientific) were added and mixed
into each vial. The solutions were individually transferred into a 25 mL Teflon-lined stainless-steel
hydrothermal vessel. Four pieces of NiF were placed vertically into the solution in the vessel.
The vessel was sealed and placed in a 105 °C oven for 12 hours. The vessel was cooled to room
temperature before opening. The hydrothermally grown NiF pieces were sonicated sequentially in
DI water and ethanol for 10 minutes each to remove loose particulates. Each electrode was imaged
with a scanning electron microscope (SEM, ThermoFisher Scientific Apreo-Symmetry with Ulti-
max 100) equipped with an energy dispersive spectrometer (EDS). The mol % loading for each

electrode was confirmed with elemental analysis by EDS.

Figure 2: Scanning electron microscopy images taken at 12,000x magnification of a) nickel foam
(NiF) and metallic species b) Ni, ¢) NiMn, d) NiCr, e) NiMo, and f) NiFe grown on NiF prior to
experimentation.



NiM) Ni M

Ni 100.00 0.00
NiMn 99.30 0.70
NiCr 99.30 0.70
NiMo 99.18 0.82
NiFe 99.56 0.44

Table 1: Mole % composition of metal species (M) grown on nickel foam, ignoring oxygen content.

3 Results

3.1 SEM/EDS

Scanning electron microscopy images taken at 12,000x magnification for nickel-based electrodes
used in this study are seen in Fig. 2. The NiF electrode showed a smooth surface, while grown
species exhibit a change in surface morphology. NiF-Ni and NiF-NiFe growths form platelets that
are similar to surfaces seen in literature (Fig. 2b, f).?%° NiF-NiMn and NiF-NiMo growths form
large crystalline nodes (Fig. 2c, e). NiF-NiCr does not form large crystalline structures, but rather
evenly coats the surface with a rough mossy texture (Fig. 2d). The compositions of the grown
metallic species was confirmed by EDS and are seen in Table 1 and in elemental maps in the

Supplementary Information.

3.2 Nickel Transition And Oxygen Evolution

Cyclic voltammetry scans of 0, 10, and 200 mM urea in 0.5 M KOH for nickel foams are presented
in Figure 3. Currents for the grown species exceed those for NiF for all cases. The urea-free nickel
transition onset potential can be seen for all electrodes near 1.36 Vryg on the forward scan, except
for NiF-NiMn, which has the lowest onset of ~1.33 Vrgg. The NiF electrode exhibits a narrow
peak at 1.36 V (inset of Fig. 3 a) while the grown species show a single, wide peak. At higher
potentials, the current increases sharply due to the onset of oxygen evolution reaction (OER, ~1.50
Vwrug). The grown species show an increase in OER current compared to NiF, with NiF-NiFe

showing the largest OER current at 1.60 VRyg.
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Figure 3: Cyclic voltammetry scans (5 mV s~ 1) of a) nickel foam (NiF) and metallic species b) Ni,
¢) NiMn, d) NiCr, e) NiMo, and f) NiFe grown on NiF for concentrations of 0 (orange), 10 (blue),
and 200 (green) mM urea in 0.5 M KOH at 37 °C. The solid line on the CV indicates the forward
scan while the dotted line indicates the reverse scan. The current for NiF is scaled by 2 to include
the curves on the same y-axis.

The reverse sweep shows the reduction of NiOOH back to Ni(OH),. All grown species show
a single reduction peak, but NiF-NiFe exhibits a flattened peak from 1.31-1.27 Vryg suggesting a
second peak.

Staircase polarization curves (SPC) for 0, 10, and 200 mM urea for all electrodes are pre-
sented in Figure 4. The 0 mm plots for all electrodes show no current during potentials where
Ni(OH),/NiOOH occurs, indicating that steady state was achieved. The current increases near
1.48 Vrye as the potential is large enough to begin OER. At 1.63 Vgryg, the rightmost point in the
plots, all electrodes exhibit similar currents near 33 mA cmgezo, except NiF and NiF-NiFe. NiF-
NiFe has the largest OER current compared to the other electrodes, in agreement with other studies

of iron-containing electrodes that show improved oxygen evolution kinetics.8->3-26:60.61
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Figure 4: Staircase polarization curves of a) nickel foam (NiF) and metallic species b) Ni, c) NiMn,
d) NiCr, e) NiMo, and f) NiFe grown on NiF for concentrations of 0, 10, and 200 mM urea in 0.5
M KOH. The catalyst and potential shown in Figure 9 is designated by an X’ for NiF-Ni at 1.45
VRuE, respectfully. The current for NiF is scaled by 4 to include the points on the same y-axis.

3.3  Urea oxidation

Urea electrooxidation was performed at 10 mM urea to understand performance under dialysate-
relevant solutions and in 200 mM urea to probe UOR kinetics. The 10 and 200 mM CV responses
are seen in Fig. 3. For both 10 and 200 mM, the current is essentially zero from O up to 1.36
Vrug since UOR does not occur on Ni(OH),. Urea oxidation begins near the same potential as
the Ni(OH),/NiOOH onset potential, as there is now NiOOH on the surface. The 10 mM current
continues to increase until a mass transfer limitation is reached, as seen by a peak in Fig. 3. The
mass transfer limit is semi-consistent amongst the grown species. The 200 mM CV response is
not impeded by a mass transfer limitation, however OER may be participating on the surface at

potentials greater than 1.53 Vryg.
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The reverse scans exhibit similar behaviors for all electrodes in Fig. 3. The reduction peak
is smaller with the addition of urea because urea consumes nickel sites by a catalyst regeneration
mechanism, converting NiOOH back to Ni(OH); as seen in Reac. 2. Higher concentrations of urea
cause the reduction peak to be small, as seen by comparison of 10 and 200 mM curves in Fig. 3.

Staircase polarization curves for 10 and 200 mM urea for all electrodes are seen in Figure 4.
The 10 mM curves start to plateau at 1.46 Vryg for all cases due to the mass transfer limitation. The

-2

mass transfer limitation occurs at nearly the same current (~ 9 mA cmgg,

) for all grown species.
For all cases, 0 and 10 mM currents at 1.60 Vrygg were similar, suggesting OER was the dominant
reaction on the surface. The 200 mM responses, except NiF, all show an increase in current at

OER-relevant potentials ( > 1.48 Vryg) beyond the 10 mM responses in the SPC. The currents for

0, 10, and 200 mM on NiF indicate that OER is dominant from 1.58-1.63 Vryg.

3.4 Model

A simplified dialysis model was created and evaluated to gauge the viability of the synthesized
catalysts for a WAK. The two main components, the dialyzer and the regenerator, were modeled

with specifications applicable to a WAK:

« Remove 30 g urea of during an 8 hour operation (3.75 g urea hr!);
 Accommodate flow rates up to 300 mL min~! from the dialyzer®? and;

* Conduct hemodialysis without a continuous water source.

A diagram of the continuous dialysis unit is seen in Figure 5. Blood flows from the patient into
the dialyzer, where urea crosses over from the blood loop into the dialysate loop due to a concen-
tration gradient. The dialysate flows into the urea removal cell (URC) where urea is removed via
Reac. 1. The dialysate leaves the URC and enters the dialyzer to receive more urea from blood.

The dialyzer is based on a hollow-fiber and tube mass exchanger. Blood flows through hollow
fibers, where small solutes and ions can migrate to the dialysate by diffusion and convection.®?

Sherwood numbers of hollow-fiber dialyzers tend to be large to induce higher fluxes of uremic

toxins and middle-molecular weight solutes.®*-%¢ Toxins other than urea are not included in the
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Figure 5: Simplified model of a portable dialysis unit. Blood flows from the patient through a
dialyzer, where the urea transfers to the dialysate for removal by the urea removal cell (URC).

systems of equations, but can be added in the future. The dialyzer is designed for counter-current
operation to maximize urea removal. The dialyzer was modeled with the mass transfer and mass

balance, Egs. 6 and 7, respectively:

N, = KoAACy (6)

VeiCupri—VroCupro = Vb.iCup,i—VDoCub,o @)

where N, is the flux of urea through the dialyzer membrane, KpA is the mass transfer coefficient
with area (units of mL min~ 1), P is the patient side, D is the dialysate side, and V and C, are
volumetric flowrate and urea concentration, respectively, of inlets i and outlets o.

The anolyte chamber of the URC was modeled as a continuous stirred tank reactor. The URC
extent of reaction was set as a design variable for calculation simplicity.®’-%° The extent of reaction
was based on the urea electrooxidation half reaction in Reac. 1. The model uses the following

equations to find the changes in molar flows through the URC:

N, = fico, = Vp,iCuXa ®)
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ni,0.m = 6 MVp,iCuXa )

. 2Vp iCuXaP,
0. = AT (10)
b0 = Vi — 1,0, + ,0m + 5 Vp,iCuXa (11)
iy = VpiCu(1 —Xy4) (12)

where 7 is the molar flow rate per respective species, Vp,; volumetric flowrate of fluid into the
URC, C, is the concentration of urea, X4 is extent of reaction, 7 is the osmotic drag coefficient
through the membrane (m), P is the total pressure (760 torr), and P is the saturation pressure of
water at 37°C. Water molecules are able to cross over from the cathode compartment to the anode
compartment due to osmotic drag, which is proportionally related to the number of hydroxide ions
generated from Reac. 1 and the osmotic drag coefficient.”” The osmotic drag coefficient is constant
for this study, but depends on reaction conditions and can be tuned accordingly for increased model

accuracy.

3.5 Model Trends

A system of the combined dialyzer and URC was modeled over a range of flow and urea concen-
tration conditions. An array of KpA (200 - 400 mL min~') and Xy (0.4 - 1) values was used to
calculate flowrates, concentrations in and out of the dialyzer, and pH of dialysate after the URC,
as seen in Figure 6. The model, for example, provided urea concentrations of 1.6 and 8.2 mM of
dialysate entering and exiting the dialyzer at 160 mL min~!, respectively, while showing that the
pH drops from 7.4 to 7.1 for an X4 of 0.8 and a KpA of 231 mL min~! (Fig. 6, F3).

At a low extent of reaction, the URC is not able to remove enough urea to substantially lower

14



the concentration entering the dialyzer, as seen by Fig. 6a. A low extent of reaction also requires a
high mass flowrate of urea to enter the URC, thus requiring a high volumetric flowrate of dialysate
through the dialyzer in order to remove 3.75 g urea hr~!. A high extent of reaction lowers the urea
concentration entering the dialyzer (with O mM at 100 % X4), maximizing the flux of urea from
blood across the dialyzer. A high extent of reaction consumes urea faster, thereby allowing for a
low flowrate to be achieved. A larger extent of reaction also produces more CO,, which reduces
the solution pH, as seen in Fig. 6d. As CO; is produced on the anode, a fraction of CO; reacts
with H,O to form H,COj3, a weak acid that dissociates to form H™ and HCO3;~."!

Fresnius F3 and F4 dialyzers are included in Fig. 6 to show the performance of commonly
used, commercially available products.”>~7# Larger mass transfer coefficients allow for more urea
to move through the dialyzer membrane, as seen by the increase in concentration along the arrow
in Fig. 6b. The Fresnius F4 has a higher KpA value than the F3 (374 > 231 mL min~!), allowing

for the system to operate with a lower extent of reaction.

4 Discussion

4.1 Electrochemical surface area

The electrochemical surface area (Agcsa) of each electrocatalyst was determined by finding the
number of sites participating in the Ni(OH),/NiOOH transition. The number of sites was calculated
by integrating the reverse sweep where current was less than 0 mA. The Agcsa was calculated by

correlating the number of sites to the average cell density of the NiOOH plane by Equation 13

QrNA
nFT

AEcsa = (13)

where Q; is the NiOOH reduction charge, N4 is Avogadro’s number, n is the number of electrons
involved in Ni(OH)2/NiOOH (1 e°, Reac. 2), F' is Faraday’s constant, and I" is the NiOOH site

2

density. An average I' value of 5.7 x 10'* cm~2 was calculated based on a lattice parameter of

0.283 nm.”> Q.4 was calculated by integrating the CV in Fig. 3 between the potential where
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Figure 6: Model output for: concentration of urea flowing a) in and b) out of the dialyzer, c)
flowrate into the dialyzer, and d) pH of fluid flowing into the dialyzer. Arrows indicate an increase
in mass transfer coefficient (KpA). Fresnius F3 and F4 are commercially available dialyzers with
mass transfer coefficients of 231 and 374 mL min~!, respectively.’>74

current becomes reducing (~ 1.48 Vryg) and 0.90 Vryg.

Values for Agcsa are presented in Figure 7. The grown species increased the physical surface
area within the pores of NiF (seen in Fig. 2), thereby increasing ECSA and allowing more active
sites to participate in Ni(OH)2/NiOOH reaction. The ECSA of grown species was within an order

of magnitude with each other. NiF-NiFe had a smaller ECSA than NiF-Ni, but had similar platelet
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structures (Fig. 2a,f). NiF-NiFe and NiF-NiCr had the similar ECSAs, despite different crystal

morphologies.
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Figure 7: Electrochemical surface area (Agcsa) for nickel foam (NiF) and metallic species. The
metallic species were grown on a NiF precursor via a hydrothermal method.
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Figure 8: Turnover Frequency (TOF) of a) nickel foam (NiF) and metallic species b) Ni, ¢) NiMn,
d) NiCr, e) NiMo, and f) NiFe grown on NiF for concentrations of 0, 10, and 200 mM urea in 0.5
M KOH. The TOF for NiF is scaled by 0.2 to include the points on the same y-axis.
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4.2 Turnover Frequency

The 10 and 200 mM urea staircase polarization curves were used to determine turnover frequencies
(TOF) on a per-site kinetic analysis. The TOF was examined over a potential range of 1.30-1.45

VRug to avoid current associated with OER. The TOF is given by

_ispcNa  ispcNa

TOF = =
Fl’lNS F n, FAECSA

(14)

where igpc is the staircase polarization current, n, is number of electrons involved in UOR (6 e-,
Reac. 1), and Ny is the number of NiOOH sites. The 10 and 200 mM TOFs for all electrodes are
seen in Figure 8. Although the SPC data continues past 1.45 Vgrygg, oxygen evolution becomes
large and skews the conclusions drawn for UOR kinetics. The TOFs level off after ~ 1.41 Vryg
as a mass transfer limitation is reached for 10mM urea, but otherwise follow the same trend as the
200 mM TOF.

NiF-based grown species had UOR TOF values similar to electrodes seen in literature.’6~"8
The hydrothermal growth increased the number of active sites from NiF, as seen by the Agcga in

Fig. 7, but decreased the UOR kinetics of NiF based on the TOF analysis. Growing more sites

allowed for more urea to oxidize, but at a slower rate per site.

4.3 Implementation

The synthesized electrodes provided values that, when combined with the results of the model,
show operation parameters necessary for a simplified dialysis device. All electrodes with grown
species electrodes exhibited similar currents towards UOR due to the mass transfer limitation be-
tween 1.40 and 1.45 Vryg. The NiF-Ni catalyst was chosen to be paired with the model due to its
single element composition.

Figure 9 shows the performance of a NiF-Ni electrode (operating at 7.64 mA cm ™2 at 1.45
VRHE, as seen in Fig. 4) with four different sizes of geometric area for a dialyzer flowrate of

200 mL min~!. The curve represents the performance of a Fresnius F4 dialyzer (KoA of 374 mL
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min~!), where the shaded area shows the flowrates and extent of reaction of catalysts that remove
> 3.75 g urea hr~!. Fig. 9I represents a current of 7.64 mA cm~2, which is beneath the curve and
is not usable in the WAK for any dialyzer flowrate. However, the geometric area of the catalyst
can be expanded to increase the current supplied to the anode, increasing the rate of urea removal.
Fig. OIII represents the lowest geometric area needed (1314 cm?) to remove 3.75 g urea hr ! at a
200 mL min~! dialyzer flowrate. Fig. 9IV represents an area of 2000 cm?, which obtains an extent
of reaction higher than necessary for operation. However, large, planar areas necessary for a URC
may impinge on the portability of the system.

A rough estimate of URC size can be made on the basis of a total area of 2,000 cm?, which
allows for de-rated electrooxidation performance. For a single cell of 100 cm? and spacing between
cells of 0.5 cm, the size of the electrolysis stack would be 10 x 10 x 10 cm? (1 liter). This estimate
includes only the electrodes and flow field plates. A conservative estimate of ancillary hardware
(compression plates, manifolds, tabulation, etc.) is a volume equal to that of the URC. This brings
the total reactor volume to approximately 2 liters. This is a large volume for a portable dialysis
device and clearly needs to be reduced. Because of the mass transfer limit of dilute urea solutions,

further URC development should be focused on improving mass transfer.

300
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Figure 9: Performance of NiF-Ni catalyst with 1 (I), 750 (II), 1314 (III), and 2000 (IV) cm?
with a dialyzer flowrate of 200 mL min~!. The line represents the model output for a Fresnius
F4 dialyzer (KoA: 374 mL min—').”? Points in the shaded region are acceptable for use in the
simplified dialysis device.
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5 Conclusion

Nickel-based catalysts were developed by a hydrothermal growth procedure to include Ni, NiMn,
NiCr, NiMo, and NiFe deposited on nickel foam to improve the urea oxidation current density for
application in a wearable artificial kidney. The grown species increase the electrochemically active
surface area and roughness of the electrode. Although the electrochemically active surface area is
increased, a mass transfer limitation is reached with 10 mM urea for all grown metallic electrodes.
Urea oxidation kinetics were investigated using non-dialysate concentrations of urea (200 mM), as
reaction was not limited by mass transfer. The grown electrodes had the highest currents during
staircase polarization, but NiF exhibited TOFs an order of magnitude or more greater than that of
the grown electrodes.

A simplified dialysis model was created to evaluate the viability of nickel-based catalysts by es-
tablishing necessary flowrates, urea concentrations, and pH of streams as a function of the dialyzer
mass transfer coefficient and the URC extent of reaction. The performance of a NiF-Ni electrode
was evaluated in the computational model of a continuous dialysis system. The minimum required
area is 1,314 cm? to remove 3.75 g urea hr—! for a Fresnius F4 dialyzer flowrate of 200 mL min—!.

Together, the model and the catalysts provided operating conditions of a simplified, continuous

dialysis system, setting the stage for future improvements.
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