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ABSTRACT: Developing target-specific catalysts and anion-exchange
membranes (AEMs) is crucial for direct urea fuel cell (DUFC) performance.
To advance the DUFC system, we developed an anode catalyst with a .
nickel—iron oxyhydroxide/carbon (NiFeOOH/C) nanofibrous structure for |e
the urea oxidation reaction (UOR), where we optimized the Ni/Fe molar
ratio as 6:4. The enhanced electrocatalytic activity of the anode
(NigFe,O0H/C) is attributed to the hydroxide group, which responds
with urea molecules to enhance the UOR in a pH-neutral system.
Furthermore, we employed a recently developed cross-linked phenyl-
acrylate-based AEM (PA/M). A DUFC prepared with the anode and PA/M
generates a maximum power density of 11.1 mW/cm?® and 0.92 V open-
circuit voltage under 3 M urea as fuel at 25 °C. We further analyzed the
applicability of PA/M in a DUFC system by measuring the urea partition
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coefficients and permeabilities over a range of concentrations.

lobal environmental concerns demand the development

of sustainable energy sources.’ Fuel cells and emerging
hydrogen energy technologies require high-purity hydrogen
production and low-cost catalyst materials.” The direct urea
fuel cell (DUFC) is an alternative energy platform that oxidizes
urea to generate energy’ while offering compact size and high
energy density operation at a low temperature.3 In comparison
to the hydrogen production by water splitting (reversible
potential of 1.23 V), the reversible potential of the urea
oxidation reaction (UOR, 0.37 V) is significantly less.”
Moreover, DUFC technology efliciently converts energy
from industrial and urinal wastewater containing urea to
electrical power.” A typical DUFC comprises a cathode, an
anode,® and an anion-exchange membrane (AEM); see Figure
1.

A DUEFC operates by the UOR at the anode and the oxygen
reduction reaction (ORR) at the cathode.” At the anode, urea
[CO(NH,),] and hydroxide (OH™) are oxidized to water,
nitrogen (N,), and carbon dioxide (CO,) and generate
electrons (e”), where N, and CO, leave the system as gases.
The excess e~ are then transferred to the cathode to reduce O,
and water (H,0) to hydroxide (OH™). Finally, OH™ is then
permeated through an AEM to complete the loop (Figure 1).°
Thus, the DUFC performance can be improved by advancing
the electrode reactivities (UOR and ORR) and the membrane
selectivity to OH™.
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anode reaction
CO(NH,), + 60H™ = N, + CO, + SH,0 + 6e~
E = —0.746 V versus SHE (1)
cathode reaction

O, + 4¢” + 2H,0 - 4OH™ E = 0.4 Vversus SHE

(2)
overall reaction
2CO(NH,), + 30, — 4H,0 + 2CO, + 2N,
E = 1.146 V versus SHE (3)

Nickel (Ni)-based catalysts have been considered for various
electrochemical applications (e.g, supercapacitors, batteries,
and DUFCs).”~"" For systems such as DUFC, increasing the
surface area of the catalyst is favorable to enhance the anode
reactivity to the fuel (i.e., urea). In efforts to increase the anode
surface area, a secondary metal (e.g., iron and Fe) has been
considered to prepare an alloy or a composite-based catalyst.
For instance, Ni/Fe-based catalysts offer a reduced onset
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Figure 1. Schematic of a DUFC and the PA/M (cross-linked AEM) chemical structure.
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Figure 2. (a) Schematic illustration of the preparation procedures for NiFeOOH/C nanofibers, (b) syringe with a conductive outlet, (c) photos of
washed and dried nanofiber, (d) SEM image of the nanofiber, (e) EDS mappings of the nanofiber to C, Ni, and Fe, and (f) TEM image of the

nanofiber.
potential as Fe is being stabilized in high-valence Ni and catalysts are relevant for basic environments,"” they are not as
introduces a greater surface area of the catalyst.'” While Ni/Fe suitable for pH-neutral conditions (agricultural and urinary
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wastewater). Therefore, a current challenge in DUFC is to
develop a catalyst that functions under pH-neutral conditions
without pretreatments.

In this work, we introduced a nickel oxide hydroxide
(NiOOH) catalyst by oxidizing nickel oxide/nickel hydroxide
[NiO/Ni(OH),] simultaneously into nickel hydroxide
(NiOOH) at a high potential (versus Hg/HgZO),14 resulting
in the formation of active sites for the UOR in alkaline
media.”> Lastly, we incorporated NiOOH with Fe (Ni-
FeOOH) to avoid electrode blocking by surface-adsorbed
CO species, improving the DUFC performance and stability."®

Ni(OH), + OH™ — NiOOH + H,0 + e~ (4)

6NiOOH + CO(NH,), + 60H~
— 6Ni(OH), + CO, + N, + SH,0 + 6e” (5)

An AEM is a dense polymeric membrane with positive fixed
charge groups (e.g, quaternary ammonium,'”  imidazo-
lium, ' etc.) that provide anion-selective transport. Trans-
port of monatomic ions (e.g, CI7)**™** in AEMs has been
well-studied, but transport of 4polyatomic: ions (e.g, formate_,23
acetate,”” and bicarbonate'**) or solutes (e.g,, methanol,>>*¢
ethanol,””*® and urea’’) has received less attention. One-
dimensional Fickian analysis of solute transport through a
membrane can be used to define the solute permeability (P;) as

the product of a sorption coefficient (K;) and an average
diffusion coefficient (D,).**™>*

B =KD, (6)

The sorption (or partition) coefficient is sensitive to the
affinity between the solute and the membrane.*® For example,
ion-containing polymeric membranes favor polar sorbates
(alcohols®™ and urea) over nonpolar alkanes. The diffusion
coeflicient represents the kinetic component of the transport
process and can be related to the diffusional jumps taken as the
solute diffuses through the membrane.** Generally, the driving
force of the solute transport is governed by the solute (e.g.,
urea and KOH) concentrations in both anode and cathode
cells. Additionally, the electrochemical field (Nernst—
Planck®®) contributes to the driving force of the charged
ions (e.g., K* and OH").

Previously, Lan et al. performed a series of DUFC
experiments with a linear polymer-based AEM prepared by
blending 60 wt % styrene-divinylbenzene-based anion-
exchange resin (AER, Amberlite IRA78) with 40 wt %
poly(vinyl alcohol) (PVA, M, of 50000 g/mol).37 They
varied the urea concentration from 1 to 7 M in the feed
(anode) cell and reported that the overall power density
decreased as the urea concentration increased. This result
indicates that the conduction of OH™ is the most critical (rate-
determining) process. Therefore, the device efficacy may suffer
from various factors (e.g, urea crossover) that lower the OH~
conductivity.

Cross-linked phenyl acrylate (PA)-based AEMs are promis-
ing membrane candidates for energy devices that are involved
with polyatomic solutes (DUFC>” and non-aqueous redox flow
batteries’®). Recently, we reported the synthesis of a cross-
linked AEM (PA/M) prepared with a cross-linker (N,N’-
methylenebis(acrylamide), 30 mol %), a hydrophobic mono-
mer (PA, 49 mol %), and a positively charged monomer
(methacroylcholine chloride, 21 mol %) (Figure 1).”” We then
prepared membrane-electrode assemblies (MEAs) with a

conventional Ni-based catalyst (anode) and a silver catalyst
(cathode)' to test the applicability of the PA/M in a DUFC at
a dilute urea concentration (0.33 M) in the feed. At 50 °C, we
acquired a power density of 3.4 mW/cm?, higher than that (2.5
mW/cm?) from the setup with a conventional AEM (Fumasep
FAA). We conjectured that the cross-links in PA/M may
suppress the urea crossover by restricting polymer network
swelling.””*’

In this work, we aim to advance the DUFC system by
introducing a NiFeOOH-based anode and a PA/M membrane.
We characterized the anode with scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) and the
PA/M membrane by measuring urea permeabilities (P,)*" and
sorption coefficients (K,)** at varied concentrations (0.33—3
M) and temperatures (25 and S5 °C). Lastly, we prepared
MEA to measure the performance in a DUFC.

A series of NiFeOOH with carbon-nanofiber-based catalysts
(NiFeOOH/C) were prepared by electrospinning (Figure 2a).
The electrospinning approaches offer a versatile method to
supply three-dimensional (3D) nanostructures to enhance the
surface area of the nanofiber, urea transport, and e~ transfer.
First, NiFe/C was synthesized using the electrospinning
method with carbonization. Polyvinylpyrrolidone (1.93 g),
dissolved in dimethylformamide (15.0 mL), was added to
water (5.0 mL) and ethanol (17.5 mL). Next, nickel(II) nitrate
[Ni(NO),] and iron(III) nitrate [Fe(NO);] were added at
various Ni/Fe molar ratios (100:0, 90:10, 80:20, 70:30, 60:40,
and 50:50) and stirred for S h at room temperature. The
resulting solution was loaded into a syringe with a conductive
outlet and applied at a constant rate (0.50 mL/h and 20 kV),
where the gap between the needle tip and flat aluminum foil
was 10 cm (Figure 2b). The collected precursor nanofibers
were carbonized at 950 °C for S h (heating rate of 3 °C/min at
high-purity N, gas). Next, NiFe/C nanofiber was adopted as
the working electrode in a cyclic voltammetry (CV) treatment
containing 1 M KOH. NiFe/C was converted to NiFeOOH/C
by CV treatment [between —0.1 and 0.6 V (versus Ag/AgCl)]
for 10 cycles and then CV process at 0.6 V for 30 min to form
an oxyhydroxide well.**** Obtained NiFeOOH/C was washed
and dried for 12 h at room temperature (Figure 2c). SEM was
used to characterize the morphology of NiFeOOH/C. The
SEM image confirms a uniform nanofibrous texture of the
catalyst (Figure 2d).

While the high carbonization temperature slightly affects the
density of nanofibrous structures,** 3D nanofibrous structures
still appeared to form NiFe/C catalysts after the carbonization
process. The retention of the 3D nanofibrous morphology was
observed, exposing potential active sites for UOR. The energy-
dispersive spectroscopy (EDS) mapping of NiFeOOH/C
suggested that relatively homogeneous C, Ni, and Fe
dispersion was obtained through electrospinning, carbon-
ization, and CV processes (Figure 2e). Among the series of
nanofibers with varied Ni/Fe molar ratios, the nanofiber
prepared with 60:40 NigFe,OOH/C exhibited the highest
current density with a low onset potential for UOR (Figure S1
of the Supporting Information). Therefore, NigFe,O0H/C
was selected for further characterization, unless noted.
Additionally, atomic percentages of NigFe,OOH/C were
obtained from EDS analysis, shown in Table S1 of the
Supporting Information. EDS mapping of TEM was used to
investigate the detailed microstructure and alloy formation in
Ni¢Fe,O0H/C (Figure 2f). Consistent with the SEM image
(Figure 2d), TEM images show bimetallic nanofibers with an
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Figure 3. XRD spectra of (a) NIOOH/C, NiFeOOH/C, FeOOH/C, and NiFe/C and (b—d) X-ray photoelectron spectroscopy (XPS) spectra of
NigFe,/C (before CV treatment) and NigFe,O0H/C (after CV treatment).

average diameter between 500 and 5SSO nm (Figure 2f). In
addition, the TEM image depicted randomly dispersed carbon
foam containing Ni and Fe on the electrode surface. A high-
resolution TEM image was acquired, which shows the well-
resolved parallel lattice fringes, and d spacings were measured
to be 0.208 and 0.339 nm. It can be indexed to the (111) plane
of the face-centered cubic (FCC) NiFe alloy and (002) plane
of graphitic carbon, respectively.45 The selected area electron
diffraction pattern of NiFeOOH/C describes the concentric
rings formed by the occasional bright spot assigned to the
(111), (200), (220), and (222) planes, which represent a
polycrystalline FCC structure. Thus, the polycrystalline
NiFeOOH/C nanofibers were confirmed, enhancing the active
sites for UOR during the formation of the bimetallic
composite.46

X-ray diffraction (XRD) of the prepared catalysts was carried
out to examine the crystalline phases (Figure 3a). NigFe,/C
had two prominent diffraction peaks found at 44.7° and 51.8°,
which are assigned to the (111) and (200) reflections of FCC
NiFe alloys [Joint Committee on Powder Diffraction Stand-
ards (JCPDS) number 47-1417].*> The formation of NiFe
alloys should be associated with the distinct carbon peaks
(JCPDS number 41-1487),*” which are marked using “#” as a
result of the decomposition of the polymer during the
carbonization process. After CV treatment, oxyhydroxide-
based compounds have emerged, such as NiOOH, FeOOH,
and NigFe,OOH. The diffraction peaks for NIOOH (JCPDS
number 74-2075)** and FeOOH (JCPDS number 29-0713)*
are well-matched with their reference XRD patterns,
respectively. The NigFe,OOH/C nanofibers exhibit consid-
erably similar diffraction peaks to those of FeOOH/C,
implying that incorporated Ni may not change the crystal
structure of FeOOH. Figure S2 of the Supporting Information
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shows XRD patterns of as-CV-treated catalysts of NiFeOOH
with different ratios of Ni/Fe, which are 9:1, 8:2, 7:3, and 6:4.
The appearances, such as peak shifts, intensity changes, and
peak broadening, would be remarked toward a 26 angle with
an increase in the Ni content at 38—40.5°. These results
indicate the successful incorporation of Ni into the Fe
structure, implying a decrease in the lattice parameter of
NigFe,O0H as a result of a lower lattice constant of Ni
compared to Fe.

Panels b—d of Figure 3 present the Ni 2p spectra of NisFe,/
C before CV treatment, where two peaks were accompanied by
two satellite peaks located at 863 eV (2p;;,) and 880 eV
(2p1/2)-*’ The two nickel peaks at 857 and 875 eV correspond
to Ni 2p;/, and Ni 2p, ,, res.pectively50 (Figure 3c). However,
the spectra of the CV-treated electrode exhibit a decrease in
the satellite peaks and two extra peaks at 857 and 867 eV,
ascribed to Ni** in NigFe,O00H/C."” These changes imply that
complete conversion from NigFe,/C to NigFe,OOH/C was
achieved.

Two broad peaks (at 711 and 724 €V) from the Fe 2p
spectra of NigFe,/C were deconvoluted by associating to the
two spin—orbit doublets of Fe 2p;, and Fe 2p;,,*
respectively (Figure 3d). Although these Fe 2p peaks are
partially involved in an oxidation state of Fe®', after CV
treatment, the distinguished position of the Fe 2p,,,
component (712.0 eV) indicates the Fe’" oxidation state.
Besides, the Fe 2p peaks of NigFe,OOH/C were accompanied
by two small satellite peaks (at 718 and 733 €V) correlated to
Fe3* 48,51

The electroactivity of Ni-based catalysts toward the UOR is
enhanced when bimetallic alloys are employed as a result of the
synergistic effect,”” raising the Ni oxidation state' and catalyst
structure defect.® In addition, the onset potential is moved to
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Figure 4. (a) CV results of urea oxidation for 5 cycles, (b) current densities to the potential for Ni¢Fe,/C and NigFe,O0H/C at 25 °C, and power
densities and voltages of DUFC power densities under different urea concentrations at (c) 25 and (d) 5S °C, where lines are guides to the eye.

the negative potential owing to the redox potential of Fe**/
Fe3* being lower than the redox potential of Ni**/Ni** for the
UOR. The CV results of urea oxidation of the NiFe/C catalyst
over S cycles in 1 M KOH solution are shown in Figure 4a. A
couple of redox peaks are located between 0.38 and 0.55 V
(versus Ag/AgCl) during the redox cycling, suggesting that the
inclusion of OH™ induces the electrochemical conversion of
NiFe/C to NiFeOOH/C."* The current value rises as the
number of CV cycles increases, implying that catalysts partially
converted from NiFe to NiFeOOH. This phenomenon is
attributed to catalyst activation, potentially encompassing the
removal of surface contaminants, restructuring of the catalyst
surface, or enhancement of electron transfer kinetics. The
electroactivity of Ni-based catalysts toward the UOR is
enhanced when bimetallic alloys are employed as a result of
synergistic effects”> by enhancing the Ni oxidation state' and
structural stability.”® To achieve the optimal ratios of Ni/Fe
(bare Ni to 5:5) for the UOR, we conducted CV tests at the
same urea concentration in alkaline media (Figure S1 of the
Supporting Information). In addition, the onset potential is
moved to the negative potential owing to the redox potential of
the Fe**/Fe** couple being lower than Ni**/Ni*" for the UOR.
NicFe,OOH/C exhibits a prominent redox peak with anodic
and cathodic peak potentials of 0.23 and 0.55 V (versus Ag/
AgCl) under an alkaline environment.

NigFe,OOH/C has a higher current density than that of
NigFe,/C at 0.33 M urea (with 1 M KOH at a scan rate of 10
mV/s) (Figure 4b). This result is likely due to NigFe,OOH/C
having more active sites to conduct the UOR. A higher current
density in the forward scan leads to higher catalytic activity and
resistance to byproduct poisoning. Moreover, the anodic peak
of NiFe/C at 0.5 V (versus Ag/AgCl) was distinctly curved,
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corresponding to the Ni**/Ni** couple oxidation. On the other
hand, the current densities of NiFeOOH/C increase gradually
with the increase of potential as nickel oxide hydroxide
formation (eq 4) is bypassed in the UOR. As we discussed, the
electrochemical performance also depends upon limiting the
urea crossover through the AEM." Here, we employed the
cross-linked AEM (PA/M; see the Supporting Information for
the synthetic approach) to suppress the urea permeation. To
further study the catalytic durability of the NigFe,OOH/C
electrode, we conducted CV (Figure S3a of the Supporting
Information) and chronoamperometry (CA) experiments
(Figure S3b of the Supporting Information). The CV curves
were almost unchanged during 200 cycles, and the CA result
indicates a constant current density over 60 min, revealing the
excellent stability of the NigFe,OOH/C electrode.

Figure S4 of the Supporting Information displays the CVs of
NigFe,O0H/C and NigFe,/C in real human urine at a scan
rate of 10 mV s™'. A similar UOR behavior was monitored in
human urine with 0.33 M urea (a normal urea level in urine is
0.4—0.7 mol/day) at NigFe,OOH/C, which can be measured
through commercial measurement of the urea concentration
(Figure SS of the Supporting Information). In contrast,
Ni¢Fe,/C shows no distinct oxidation current density in the
same solution, highlighting that the OH™ group is necessary to
catalyze the UOR. Consequently, oxyhydroxide-based catalysts
offer a unique platform for DUFC application with human
urine as a source without any treatment.

Distinct from our previous work (where we cycled 0.33 M
urea on the Ni(OH),/C anode at 20 and 50 °C),”” we
expanded the range of urea concentrations (0.33—3 M) on the
NiFeOOH/C anode at 25 and 55 °C. Similar to our previous
study, enhanced DUFC performance was observed at a higher
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Figure S. Membrane transport properties: urea permeabilities in (a) PA/M and (d) FAA at 25 and 55 °C, urea sorption coefficients in (b) PA/M
and (e) FAA at 25 °C, and urea concentration in swollen (c) PA/M and (f) FAA after sorption experiments; see section S1.1 of the Supporting
Information. All values were measured in triplicate, and the error bars indicate the standard deviation.

temperature (5SS °C; panels ¢ and d of Figure 4). This result
suggests that UOR is favored at a higher temperature. In
addition, we observed an increase in the maximum power
density with higher urea concentrations. For instance, we
received the maximum power densities of 11.08 and 14.15
mW/cm? with 0.92 and 0.99 open-circuit voltage (at 25 and 55
°C, respectively) at 3 M urea. This result is comparable to
other DUFC setups prepared under similar conditions,”* as
presented in Table S2 of the Supporting Information, which
indicates that (1) both NiFeOOH/C (anode) and PA/M
(membrane) are suitable for DUFC applications and (2) PA/
M can be applicable in DUFC with more concentrated urea
solutions (e.g,, S M>).

The urea permeabilities (P,) of PA/M were measured as a
proxy to understand the degree of urea crossover during
DUFC performance. P, values were measured with a
temperature-jacketed diffusion cell’” over the range of 0.16—
3 M upstream urea concentration at 25 and 55 °C (Figure 5a).
We then compared the results to a linear AEM (Fumasep
FAA) (Figure 5d). Generally, P, values measured at 55 °C
were higher than those measured at 25 °C. This result is due to
diffusion being an activated process that expectedly increases
diffusivity (and thus permeability) with an increasing temper-
ature. As a result, the P, values of the Fumasep FAA membrane
increased with an increasing urea concentration (Figure 5d). In
contrast, P, values of PA/M did not increase over the same
range of the concentration (Figure Sa).

The urea sorption coefficients (K,) were measured as a
proxy to understand the affinity between the polymer and urea
in water by sorption—desorption experiments”" (panels b and e
of Figure 5); see section S1.2 of the Supporting Information.
Generally, the K, values for both PA/M and FAA were
decreased as the external urea concentration increases (panels
b and e of Figure S). These results are unexpected; for
example, Galizia et al. reported constant sorption coeflicients
for linear polymer-based ion-exchange membranes (IEMs) and
cross-linked membranes equilibrated with aqueous methanol
(a polar organic sorbate®*) solutions between 0.1 and 12 M.*
To further explain this unusual behavior, we estimated the urea

concentration within PA/M and FAA after being solvated in
the external solutions (0.16—3 M urea) based on the solution
volume fraction.”” Apparently, the urea concentrations within
both films (PA/M and FAA) did not increase after 0.012 and
0.085 M, respectively (panels c and f of Figure 5). A potential
contribution to this unusual behavior is that mobile urea may
form bivalent hydrogen bondings between polymer-bound
hydrogen-bond acceptors (e.g., ketones on PA/M and sulfones
on FAA®) as the system reaches an equilibrium in urea
sorption solutions.”” As a result, a significant amount of urea
may become less mobile and unable to diffuse out to the
desorption solution (i.e., water).”® To further investigate this
potential adsorption, we employed a Fourier transform infrared
(FTIR) spectrometer (Figure S6 of the Supporting Informa-
tion). A urea peak (1161 cm™)*” was detected from dried PA/
M films after sorption—desorption experiments. As a future
work, a quantitative study is encouraged to capture the impact
of urea within the polymer networks.

In summary, we introduced a novel NiFeOOH/C-based
anode and studied the efficacy of PA/M (cross-linked AEM””)
in DUFC within a feed urea concentration range of 0.33—3 M
at 25 and 55 °C. We measured the urea transport properties in
PA/M with a non-cross-linked AEM (FAA). Here, we
observed that the PA/M permeability to urea was consistent
with urea concentrations when the FAA permeability to urea
was increased (more urea crossover). We observed that urea
sorption coeflicients were low in both films. The sorption
coeflicients of PA/M were lower than those of FAA, indicating
that less mobile urea is present in PA/M at an equilibrium. We
observed that the maximum power density of DUFC becomes
higher at a higher urea feed concentration, indicating that PA/
M is stable at a higher concentration.
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