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1. Introduction

Nitrate (W03 ') is considered ane of the top 10 drinking water pollutants
in the United States (Glenn and James Lester, 2010; Liu et al, 2005), asa
result of the widespread anthropogenic release of N-spedes into water
from the use of fertilizers. The World Health Organization established a
maximum contamination level (MCL) of 10 mg NOs-N L™ because
abowve this nitrate conceniration serious health risks can result, such asre-
spiratory and reproductive system illness, thyroid problems, cancer, and
even death (Singh et al, 2022; Teng et al, 2019). To mitigate the nitrate
pollution, the eledmchemical reduction process has emerged asa promis-
ing technology not anby to remowve the pollutant but at the same time to en-
able nitrogen resoune recovery of an added-value product, as is the case of
ammonia (Katsounaras, 2021; Lin et al., 2019; Liu et al., 2020; Marcos-
Heméndez et al, 2022 Tucker et al., 2004; Wang et al., 2020a). An addi-
tional advantage is that electrified systems can be deployed holistically any-
where as decentralized technologies operated by renewable energies (dos
Santos et al, 2023 van Langevelde et al., 2021). These advances may dr-
cumvent the use of the conventional Haber-Bosch process in the synthesis
of ammonia which is responsible for over 450 million tons of OO emission
annually (~ 1.2 % of global greenhouse gas emissions) (Juangsa et al.,
2021; MacFarlane et al., 2020). The electrochemical reduction of nitrate
(ERM, Eq. (1)) combined with a renewable electricity source appears as a
fossil fuel-free technology to produce ammaonia under ambient conditions.

NO,™ 4+ OH* £ 8p— —NH; + 3H 0 (1)

The main barrier to ERM is the reliasnce on monometallic
electrocatalysts from the platinum group metals (PGMs). Research has
chiefly focused on studying platioum and palladium as noble cathodic
PGMsz becanse of their high electrocatalytic activity and corrosion resis-
tance (Gauthard et al., 2003; Guo et al, 2022 Hasnat et al., 2014; Lotfi
etal., 2020; Shen et al., 2020). The use of Pt and Pd elecdrodes on a large
scale exerts severe technology translation limitations, since their cost di-
rects the capital expenditure of systems (Flores et al., 2022). Life cycle as-
sessments suggest that extensive use of these endangered elements
(ie., PGMs) is not feasible (Price, 2011). Thus, reducing the amount of
these metaks in the catalytic material oridentifying alternative catalytic ma-
terials is required to ensure competitive deployment of ERM as a dual water
treatment and resource recovery technology.

Bimetallic electrodes can synergistically boost the performance of abun-
dant transition metals (Le., Fe, Co, Mi, Cu, Zn) through the formation of hy-
brid metal interfares and metal /metal-oxides as catalytic sites (Barley et al.,
1986; Cerrdn-Calle et al., 2023; Fajardo et al, 2021; Hamid et al., 2020;
Jungetal, 2009 Shen etal,, 2020; Wu et al., 2021 ). Indeed, combining dif-
ferent metal catabytic sites that play different specific roles has proven to be
asucressful approach (Haoet al, 2022, Yanget al., 2022). For example, our
group has already published Cu elecirodes decorated with electrodeposited
nanodomains of Pt (< 0.5 wi), which displayed increased ammonia yields
194 4mgl " g NH:Nin Cu-Pt by combining charge transfer and hydro-
genation mechanisms enabled by Cu and Pt, respedtively (Cerrdn-Calle
et al, 2022). Other metals different than PGMs are prone to form metal hy-
dreecide or oxide interfaces (e, Fe, Co, ete.) (Deng et al., 2021; Jonoush
et al., 2020). Cobalt has been identified as a competitive monometallic cat-
alyst for ERN, while bimetallic cobalt-containing electrodes and partiou-
larly Cu-Co have demonstrated efficient nitrate removal and ammonia
production (Fu et al, 2023; He et al., 2022; Li et al., 2022; Niu et al,
2022b, 2022a; Wang et al., 2023; Wu et al,, 2022). According to density
functional theory (DFT) findings, Co sites increase the energy required to
overcome the barrier to fomm Ha while favoring monoatomic H* adsorption
and stabilization (Cui et al, 2017; Liu et al, 2021; Xu etal,, 2021; Yu etal,,
2020). This H* presents a strong reducing environment with an E* (H*/
H)= =23 VvsSHEthat could be potentially exploited to steep the nitrate
reduction to ammaonia (Garcia-Segura et al, 2018; Tucker et al., 2004). Am-
mania production is represented by ammania yield (mmal NH; g2 h= 1),
which may depend on the initial nitmgen content. For example, the same
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electrode using different initial nitrate concentrations can obtain different
ammonia yields since it can affect the surface coverage ratio between
adsorbed N-species and monoatomic hydmgen. Thereby, it is relevant to
consider closer to realistic conditions when benchmarking eledrocatalytic
materials and this is the reason why we study low conductivity and Low mi-
trate content effuents (Garcia-Segura et al,, 2020).

Thiz work aims to pave the way towards the identification of altemative
earth-abundant catalysts under ervironmentally representative nitmate con-
ditions that may outperform conventional PGMs not only in cost competi-
tiveness but also in overall performance and selectivity. Although some
waorks have been recently published regarding the synergy between copper
and cobalt as electrodes for the ERM (Pu et al, 2023 He et al, 2022 Li
et al., 2022; Nin et al, 2022a, 2022h; Wang et al, 2023 Wu et al, 2022),
to the best of our knowledge litthe has been explored in terms of 3D mate-
rials and the use of galvanostatic conditions that are the most adequate
for the scalability of real systems. The new electrosynthesized electrodes
{Cu foam /Co(0H),) working under galvanostatic conditions and using a
low conductivity and low nitrate content effluent were benchmarked
against the bare Co foam and our previous work wsing Cu foam-Pt in
terms of ERM kinetics conversion, product selectivity, and engineering fig-
ures of merit. However, no other single example of Cu-Co electrodes work-
ingunder galvanostatic conditions were found in the literature for the sake
of comparizon. In addition to this, Cu/Co{0H), eledrode stability was
assessed through a sequential fed batch trial and metal leaching in solution
was quantified. The synergetic behavior of the cobalt-copper interfaces
demonztrated superior electrocatalytic outcomes and signaled this type of
PGM-free eledrodes for sustainable emvironmental protection and resource
recovery in the dreular economy.

2, Materials and methods
2.1. Chemicals and materials

Ultrapure water was used for all solutions with resistivity >18.2 ME2 em
at 25 °C provided by Elga Water. Sodium sulfate (Ma»50.) of analytical
gmde (= 99,0 %) purchased from Sigma-Aldrich was used as a supporting
electralyte. Individual salutions containing inonganic nitrogen species sup-
plied by Sigma-Aldrich were prepared with analytical grade (= 99.0 %)
sodium nitrate (NaMOs), sodium nitrite (MaMO0,), and ammonium sulfate
((WHsk50s). Ter-butyl aleohal (= 99 %, Sigma-Aldrich) was used as
atomic hydrogen scavenger. Copper foam (110 pores per inch,
1.5 » 1.5 cm® 2 mm thick, area density = 330 g m™) with 99,99 % purity
was purchased from Futt and used as a 3D electmode. Elecdtrod es wene mod-
ified with cobalt nanocomposites by using (CoS0.6H,0, = 99.0 %) and
boric add (HsBOs, = 99.5 %) acquired from Sigma-Aldrich. Acetone
((CHZ).00, = 99.5%) and hydrochloric add (HCL = 37.0 %), provided
by Sigma-Aldrich, were used for copper surface pre-treatment.

2.2, Electrodeposition of Co{ OHx nanocompasites over Cu substra e

The electrodepaosition of ColOH), nanocomposites over Cu foam elec-
trodes was performed by chronoamperometry wsing the PGSTAT 302N
{Metrohm, USA) potenticstat. To remove surface impurities, Cu foams
were pre-treated by sonicating them in acetone for 15 min to remove or-
ganic compounds and greases, sank in 1.0mol L™ " HCl for 5 min, thor-
oughly rinsed with ultrapure water, and dried at mom temperature. The
elecirodeposition was conducted in a three-electrode cell using Ag/AgCl
(3.5 M KCl) as the reference electrode, platinum plate as the counter-
electrode, and Cu foam as the working electrode. The electr odeposi tion
bath consisted of 10 mmol L™ Co{S0, ), 6H.0, 0.5 mol L= HaB0s, and
0.1 mal L™ NagS0, with a final pH of 4.5. The working electrode under-
went cathodic polarization conditions at = 1.2 V vs Ag/AgCl, based on
the cyclic voltammetry Fig. §1, during 60, 120, 180, and 360 =. Then, the
mass of the dried electrode was registered. Acrording to Fig. 52, the
electrosynthesis of the Cu/Co(0H), at 180 s presented the higher nitrate
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2.3, Chomcterization of three-dimensional electrodes

sion scanning electron microscope coupled with energy-dispersive X-ray
spectroscopy (FESEM-EDS), Auriga-Zeiss, Cu foam erystallographic infor-
mation was evaluated by X-ray diffraction (XRD) using a PANanalytical
Aetis diffractometer with Cu (Ko = 1.5406 A) radiation source (45 kv
and 30 mA) from 20° to 80", The crystallographic structure of cobalt com-
posites was evaluated on an abermtion-corrected (scarming) transmission
electron microscope (STEM) (JEM-ARM200F) with a nominal resolution
of (.08 nm. Before STEM examination, the bimetallic electrode was ultra-
sonically dispersed in ethanol, and a drop of the solution was cast onto a
lacey carbon-coated TEM grid. X-ray photoelectron spectmscopy analyses
were performed using a Kratos AXIS Supra+ with a monochromatic Al
Kz ion beam (beam energy = 1486.5 eV).

Inaconventional three-elecirode system, the eledrochemical character
ization was carried out by linear sweep voltammetry (L5V) and cyclic waolt-
ammetry (CV). The three-electrode system was set up wsing Cu foam
(modified or pristine) as the working elecirode, Ag/AgCl (3.5 mol L™!
KCl) as the reference electrode, and a Pt plate as the counter electrode.
The geometrical area was determined considering the areal density and
the mass registened (4.5 em™ and used to define current density. Sohations
were deserated with Ar before carrying out eledochemical measurements
to ensure the abeence of oxygen dissolved in the electrolyte.

The electrochemical suface area (BCSA) was evaluated in a solution of
0.1 mol L ™" Mas S0, at different scan rates (75, 50, 25, 10, smd 5Smvs™")
using Eq. (2).

Ca

]

ECSA =

(2)

Whee Cy is the double-layer capacitance, and C, i related to the specific ca-
pacitance of the sample. The value of Cy was caleulated eqperimentally using
Eq. (3).

Ca= (3)

= a4

Where i, is the charging current and v is the scan rate. Then, plotting the
values of & vs v using a linear fitting, the value of Cais associated with the
curve dope. A general value for C, = 0.040 mF om™ 2 was used to estimate
the ECSA, as reported by several sudies (Li et al, 2020; Wang et al., 2020h).

The electmochemical behavior and direct electron transter for ERN of
each electrode were studied by linear sweep voltammetry (LSV). LSV was
performed at 10mV =~ in solutions 0f 0.1 mol L™" Ma S0, as suppart elec-
trolyte in the presence or absence of 20 mmal | T nifrogen oxyanions
(ie, WaNO; or NaN(y) to assign reduction peals.

Hydrogen adsorption was evaluated on the electrode surface by CV
using bimetallic configurations Cu/Co{0H), (180 =) as the working elec-
trode, Hg/HgO (1.0 mol L™ MaOH) as the reference electrode, and Pt
plate as the counter electrode. OV was recorded at 25 mV s~ ! in solutions
of 0.1 mol L= MaOH at different reduction limits (=1.0, =1.2, and
-1.4 V vs Hg/Hg(). All potentials used are referenced toa reversible hydro-
gen elecirode (RHE), according to Eq. (4) and Eq. (5). Where By ngq and
E'nigigo 218 197 mV and 98 mV at 25 °C, respectively.

E(RHE) = Eygypg +0.059pH + Epgypgcy @

E(RHE) = Epy g0 + 0.059 pH + Eg o (5)

24. Elrctrochemical reduction of nitrate

The electrocatalytic redudtion of nitmte was carried out in an open
batch reactor at 25 “C using 100 mL of non-deaerated 30 mg L™ NO; -N
(2.1 mM NO3 ) solution with 125 mmol L ™! MasS0y, which correspond
to contaminated natural groundwater effluents (Atrashhevich et al.,
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2027). Hectrolysis was conducted under magnetic stirring at 500 rpm to
ensure mass transfer. The initial pH and conductivity conditions were
5.90 + 0.2 and 320 * 0.05 mS em ™Y, respectively. All experiments
were operated under galvanostatic conditions using the power supply
TENMA 72-2720 DC at 20 mA cm® The Cu foam and Cu/Col(0H), were
used as cathodes (geometrical area = 4.5 an®, electrode mass = 0.15 g,
and commercial Ti/ A0, (DeMora —USA) as ananode ina two-electrode sys-
tem, Blank re-oxidation experiments were performed using 30 mg L™ "
NOg-N ar 30 mg L™ NHaN in 12.5 mmol L™! Nag50,. Aliquots of
~ 2.0 mL were withdrawn as samples at specific electrolysis times during
the 120 min of treatment to analyze NOS -N, NO5-N, and NHz-M. All the
ERN experiments were performed in triplicate and deviations between
them were lower than 5 % for all trials.

2.5, Analytical instruments and performance evahuation

Themo Sdentific Orion Star A221 meters were used to assess the pH
and conductivity, Nitmte (mg NO3-N L"), nitrite (mg MOz -N L"), and
ammonia (mgNHxN L™1) concentmtions were spectrophotometrically an-
alyzed over time by a UV=vis spectrophotometer model DRE000 (HACH)
using commercially available colorimetric kits TNT 835 (A = 345 nm),
THT 839 (A = 515 nm) and TNT 830 (. = 694 nm) from HACH, respec-
tively. The nitrate conversion was caleulated using Eq. (6)

Netrate conversion ﬁj:ﬂﬂ‘ﬁx 100 (6)
e

Chgrge; 15 the nitrate concentration in mg MO5 -N L™ before trestment,
and Cugge, is the nitrate concentration at time (£). N-volatile spedes (M,,
0, MOy, or Na0) were determined by the mass balance on aqueous nitrogen
species and labeled as N-gas. The ammonia yield can be cakeulated using
Eq. (7}

Amrnﬁ:yﬂd{mrdﬁﬁ:g&'h"]:ﬂ fea]
L

Where Gy, i the ammeonia concentration fmmol L™ 1), Vis the valume of

the solution (L), M. is catalyst mas (g), and ¢ is time (h).

The product selectivity towards ammomnia (5., ) was caloulated from
Eq. (8), and the percentage of ammonia conversion can be estimated by
Eq. (9). The selectivity describes the rate at which desited product ammonia
has been electrogenemted from the reduced nitrate. The percentage of am-
cerning the theoretical maximum expected defined by the initial nitrate
provides a more critical engineering metric for efficient recovery of added
value resources that reflects both slectivity aspects and conversion attained
during the treatment time.

Sm,[:ﬁlj=m—]'wX1m {8)
Cm - C-__g
Ammonia production (%) — SE8 . 100 ©)

O

Whete Cyg, o is theconcentration of ammaonia experimentally obiained (mg
MH=M L™ in Sy, and mmal in ammonia production), Ceg.; is the nitmte
concentration in mg NO5 N L7 before treatment, and Cpps . is the nitmte
concentration in mgNO s -M LY at time £, and Curysen is the ammonia con-
centmation in mmol obtained if all the initial nitrate would be comverted in
ammonia. The Faradaic efficiency (FE) estimated from Eq. (10) wasused as
a figure of merit that determines the performance of the system from the
number of electrons consumed in an electmochemical reaction relative to
the experted theoretical comersion ruled by Faraday's Lawr.,

FE(%) = AN 100 (10}




GA CevrdnCallr ot al.

Where n is the number of eledrons required per mol of ammonia (maol), Fis
the Faraday constant (96,485 C mol ™), Njis the mal of ammimia generated
during the electrolysis, I is the applied eledriccurrent (A), ¢ is the elecirolyss
time (H), and 3600 is a unit conversion fector (3600s h™ "),

Electrical energy per order (EE/0) was used as an engineering figure of
merit to benchmark the electric energy required to reduce MOy -M concen-
tration by one orderof magnitude in a wnit volume calolated from Eq. (11)
for batch operation mode.

I

EE/O{kWhm ~ "order ~ ') e

= 100 an

Where E.y is the average of the cell potential (V), I is the current intensity
(A), tisthe time (h), V,is the solution volume (L), and G s and Crpp
are the initial and final concentration after ome-order of magnitude redue-
tion of nitrate.

Metal leaching was recorded by induced coupled plasma with mass spec-
trometry (ICP-MS, Perkin Elmer) after each treatment period (120 min)
during six cycles with the zame electmde. The obtained calibration curves
has a correlation factor of 0.99 or higher for the analysis of Co and Co.

3. Results and discussion
3.1. Physical charscterization of three-dimensional Cu and Cu ACo(OH), elecirodes
The marphological characterization of the pristine Cu foam and the Cu/

Col{OH)x nanocomposites was performed by field-emission scamming elec-
tron microscope (FE-SEM). As shown in Fig. 53a at 500 X, the morphology
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of the Cu foam presented a macro-pomous three-dimensional arrange ment.
Additionally, at a higher magnification 10k X, the pristine Cu foam ap-
peared as a smooth surface without any composites (Fig. 1a). Conversely,
the Cu/ Co( OH), electrode in Fig. 1b presented modifications on the sub-
strate. In fad, Fig. 1c revealed a porows surface formed by nanofl ake-
shaped composites on the Cu surface with an average size of around
70 nm. An energy-disperse X-ray spectroscopy (EDS) mapping analysis
was performed to the surface of the Cu/Co{ OH), electrode material display-
ing an elemental composition of Cu, Co, and O (Fig. 53b).

The Cu foam ystal phase was evaluated by X-ray diffmetion (Fig. 54)
evidencing the erystallographic planes(111), (200}, and (220) which corme-
spond with the face centered cubic structure. The XRD pattern of Cu,/Co
{0H), did not show any additional peak (Fig. 54), which may be due to
the low amount of material present compared to the bulk Cu foam. Further
mare, the high-angle annular darl-field STEM images (Fig. 1d, f) reveal the
particle size, morphology, and surface modulations of the particles, and the
atomic resohition phase-contrast STEM images for Co{OH), nanooompos-
ites are illustrated in (Fig. le and g). Lattice-resolved phase-contrast
STEM of Co{OH), presented a lattice spadng of 0.24 and 0.27 nm, which
correspond to the (101) and (010) planes of Co(OH)s, respectively.
Fig. le also presents a lattice spacing of 0.22 nm corresponding to the
(012) plane of CoOOH. This crystal phase suggests the partial oddation
of Co{0H), to CoQOH, resulting in coexisting crystal phases (Le., Co{OH)
2 and CoDOH) on the electmode surface (Roy et al, 2017; Su et al, 2014).

The chemical composition of Cu foam was evaluated before and after
the electrodeposition of cobalt nanocomposites by a wide-range XPS
(Fig. 2a). Pristine Cu foam showed a defined Cu 2p peak signal and the
characteristic peaks of C 1z and O 1. The XPS spectrum of Cu/Co{OH)x

ey
d=0.22 nm
CoDOH

(i
-

(101} d=0.24 nm
Co(OH),

20 nm

{010)
d=0.27 nm
; Ca{DH}?

d=0.24 nm
Co(OH),

Fig. 1. SEM Images of (4) bare Cu foam surface and (b, ¢) Cuy/ ol OH7), swurface at d ifferent magnifications. {d, ) High-angle annular dark-fleld STEM images of Cu /Col O,
and (&, g) the cormespondlng atomlc resohstlon phase-contrast STEM Images of Co{OH), and CoOOH crystaks.
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(Fig. 2a) presented a Co 2Zp signal beyond the Cu 2p, C 1s, and O 1s peaks.
Thelow intensity and shift of Cu 2p peaks in thewide-range specira after dec-
trodeposition suggested an effective supedicial coverage of the Cu foam sur-
face. The high-resolution XPS for Cu 2p in Cu foam (Fig. 55a)
demonstrated the co-existence of Cu® Cu'*, and Cu®* | which will prove
the co-existence of pure copper with superficial copper xide. The difference
between Cu® and Cu'™ i hard to be discerned due to the slight binding en-
ergy shift (~ 0.3 eV) between both spedes. Thus, the deconvolution of the
Cu 2ps - spectrum invalved mainly two peaks at 930.9 ¢V and 932.6 eV
that correspond to Cu®sCu** and Cu**, respectively, Similarly, the Cu 2p,,

2 spectrum consisted of two peaks at 950.8 eV and 952.4 eV, related to
mm;“‘mch , respectively (Ivanova et al,, 2020; Liang et al., 2023;
Mﬂmmmmmaﬁrﬂuzpnmiﬂﬂltﬁgﬂﬂm
similar peaks, slightly shifted and with lower intensity than pristine Cu due to
Co{OH), presence. In Fig. 2¢, the Co 2p high-resolution XP5 spectrum re-
mlu:lﬂ!mufhcﬂiapu:iﬁﬁ}j' ad Co™* far the Cu/Co{ Oy ma-
terial. In Co 2psq the peaks at779.2 €V and 781.6 €V wem related to Co™*
and Co™*, mespectively, Co 2p1,2 was separated into two peaks for Go™ at
796.2 eV and Co™™ at 798.5 eV (Gao et al., 2020; Liu et al,, 2021; Ray
et al., 2017). This result suggests that the Co(OH)y is partially oxidized to
CoOO0H (ie, Co™ to Co™* ), corresponding to the lattice phase identified
by STEM images. The O 1 s spectrum was assodated with the Cu/ ColOH)x
in Fig. 2d and was decomvoluted into three peaks. The first peak at
530.5 eV (1) was related to the OH™ group from cobalt hydmaxide on the
surface (Xiso et al, 2020). The second peak was centered at 531.8 eV (02)
and can be attributed tooxygen vacaney in the structhure; this is typically ob-
served in CoDOH structures that enable the formation of a higher wddation
state of cobalt (Le., Co™™* ) (Dai et al, 2020; Gao et al., 2022, Xiao et al.,

(a)

CuZp Co 2p — CuiColOH],
" e Cu foam
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2020). The third peak related to chemizsorbed ceoygen (03) was observed at
5326 ¢V (Roy et al,, 20017). The prstine Cu foam high-resclution spedra of
0 1= (Fig. 55b) showed the same three peaks of acygen species but with
lower intensity, suggesting a lower content of eoypgen on the surface.

3.2, Understanding the electrocamlytic properties of Cu/Co({OH), using

The elecirochemical surface area (BCSA) was estimated for Cu foam and
Cu/Col0H), using electrical double layer estimation. It is important to re-
mark that after electrodeposition of Co(OH), nanoparticles, the electro-
chemical surface area (ECSA) decreased from 1.7 m* for pristine Cu foam
down to 1.2 m? for Cu/Co{OH),, respectively (see Fig. $6). These resulis
demonstrate that the enhanced performance of Cu/Col OH ) is not assod-
ated with an increase on ECSA but to the unique synergies enabled by Co
{OH)y surface actvity.

Hectrochemically driven resource recovery approaches from nitrate-
polluted wastewater aim to recover ammaonia selectively as the final prod-
uct. The reduction reaction of nitrate initially generates nitrite as stable in-
termediate species following Eq. (12). Subsequent reduction leads to the
formation of ammaonia, acconding to Eqg. (13

Ryo; : NOp +2HY 4+ 2e7 —=NO; +H0 (12)
Ryug: : NOJ +TH* 4+ 6e™ —NH, + 2H,0 (13)

To gain mechanistic insight into the charge transfer processes imvolved
at the different electrocatalytic interfaces, linear sweep voltammetry (LSV)

(b)

Cu 2p

Intensity (a.u.)

865 60 G55 a50 45 40 L 930  H25
(d) Binding enargy (6V)

01s

Intensity (a.u.)

Binding energy (eV)

Flg. 2. XP5 spectra for Cu feamand Cu/ o OH, elea mades: { 3) wide-range spectrum, high-resolution XPS of (B) Cu 2pin Cu/ColOHL, () Co 2p in Cu/Co{OH), and (d) 0 1 2

In CuColOH)
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of a 20mmaol L~ NOS was evaluated first to identify the thermodynamic
conditions of Eq. (13) that yields ammaonia from nitrite. Fig. 3a illustrates
the behavior of pristine Cu and Cu/Col OH ), electrodes towards N0 re-
duction, where a significant increase in the current density response is
clearly shown on Cu/Co{0H), electrode (blue plot) in comparizon with
bare Cu electrode (omnge plot). This implies a higher eledrocatalytic re-
sponse and an enhanced charge transfer reaction at the nanocomposite
electrode interface Moreover, the comparison between blank and nitrite-
containing solutions suggests that nitrite reduction (Eq. (13)) and hydrogen
evolution reaction (HER) (Eq. (14)) are competitive processes coexisting
under cathodic polarization conditions at the potential range required for
ammonia production. In contrast, no significant differences in current re-
spanse were observed for the LSV of blank solitions using either Cu foam

2H10 4 2e = — Hoy) +20H - 14)

The LSV of MO5 solutions in Fig. 3b shows two differentiated shoulders
overlapped with HER. The previous anabyzes conducted with nitrite allow
clear ass gnment of each reduction peak to a specific overall reduction pro-
cem. The first peak at —0.46 V vs RHE can be assigned toNO3 reduction to
MNO2 (Rwo- ), whereas the following peak (also observed in Fig. 3a) ata
mare negative potential of = 0,87 V vs RHE comesponds to the subsequent
reduction from NOS toNH; (Ryg,- ). Analysis of by-products yielded from
potenticstatic reductions at these defined potentials confirmed that the
main products formed are nitrite at —=0.46 V vs RHE and ammonia at
~0.87 V vs RHE (Fig. 7).

The higher current density registered for Cu/Col{0H), electrodes in
both NOs; and NOS reductions can be related to the enhanced adsorbed
hydrogen at the electrode surface. Previous studies confirm that cobalt-
based structures present a high affinity for hydrogen dissociative ad-
sorption during water splitting, yielding highly reductive monoatomic
Hiaas [49]. The hydrogenation reaction of NOs ocourring along with
direct charge transfer prooesses is a synergistic process still under explo-
ration for nitrate reduction, buthas been hypothesized by many authors
(Cui et al., 2017; Liu etal., 2021; Xu et al., 2021; Yu et al., 2020). In-
deed, the hydrogenation reaction contribution to overall BOs reduc-
tion can be one of the reasons for the excellent performance displayed
by noble metals such as Pt or Pd (Cerrdn-Calle et al., 2022; Gauthard
et al, 2003) One of the critical intermediates formed during the chem-
iral and electrochemical reactions in nitrate reduction is the adsor bed
*M0. This species is susceptible toreact with adsorbed Hy,,, on the elec-
trode surface and steer the product selectivity towards ammonia

w
—

B Cu w CwWCodOH),

Ruua
0.1 mal L' Na, 50,

——— 0.1 mol L' Na, S0, + 20 mmal L NalO.,

= = 0.1 mal L Ni;Sﬂ.

=01 mal L Na,50, + 20 mmaol L NeNO,

L e - — o - s
-0 05 oo 05

E vs RHE (V)

Current density (mA cm=3)
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through Eq. (15) or nitrogen gas through Eq. (16), respectively, depend-
ing on the N/H coverage ratio.

*NO+ SHgg) — "NH; + H,0 (15)

TNO+ 4H gy — "Np +2H,0 (16)

Thus, the HER should not anly be considered as a competitive reaction,
but also as an elemental process that can allow simultaneous catalytic hy-
drogenation reaction depending on the nature of the catalyst. For this rea-
son, hydrogen adsorption was evaluated on Cu/Co{0OH), electrode to
identify the effect of cobalt nanocomposites on the adsorbed hydrogen
formed at the electrode suface. Cyclic voltammetry of bare Cu foam
(Fig. 4a) presents no redox peaks assocdated with hydrogen adsorption. In
contrast, Cu/Co{0H), presents a new oxidation peak at 0.20 ¥V vs RHE
that only is registered when potentials where HER occurs are reached
(Fig. 4b). The appearance of this peak is attributed to the oxidation of
Haa., which was adsorbed on the surface of Cof OH), after HER. This analy-
sis suggests that Co{OH), as electrocatalyst may emulate the behavior of
noble metals stahilizing Hya, on their surface.

3.3 Performance of three-dimensional Cu/Co(0H), electrodes on the electro-
chemical reduction of nirate

The electrochemical reduction of nitmte was conducted under compa-
rable conditions to benchmark the performance of pristine Co foam
{Fig. 5a) and Cu/ColOH), (Fig. 5b) elecirodes. The time course of the con
centration of N-species (mg R asN) isdepicted in Fig. 5. Ascan be ob-
served, the gradual comversion of nitrate (NO3) to mitrite (NOZ),
ammaonia (WHs), and nitrogen species in the gas phase (N gas) occur for
both materials but at di fferent rates and selectivity. After 120 min, almost
complete nitrate conversion (98.7 %) was attained by the Cu/ColOH),
electrocatalyst (k; = 6.0 = 107* 5~ Y, R? = 0.997), while the Cu foam
solely led to 55.3 % (ki = 1.3 x 107 %5~ Y, R? = 0.988), The Cu foam
reached the highest amount of sccumulated NOZ with 5.48 mg-N L™1
after 90 min, which decreased to 4,61 mg-ML™ " at the end of the treatment
time. Conversely, the Cu/Co{ OH), ked toa maximum concentration of MO
of L61 mg-N L™ after 15 min of reaction, which dropped down to
0.41 mg-N L~ " {value below the nitrite MCL of 0.90 mg-N L~"} after
60 min of treatment, becoming completely negligible at the end of
120 min. These results agree with the higher eledrocatalytic activity of
Cu/Col0H), for nitrate and nitrite reduction asobserved during the electro-

b
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-
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o
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2 |
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Product selectivity is essential to ensure maximum recovery of N-
sources such as ammonia. While Cu foam allowed obtaining up to
11.36 mg-N L=" after 120 min (Fig. 5a), the Cu/ColOH), attained
26.3mgM L™ " at 90 min (Fig. 5b), which iza 2.3 times higher concentra-
tion. However, a slight decrease in ammaonia selectivity is observed on
Cu/Cof OH ) electrode after 90 min of electrolysis resulting in decreased
yield down to 24.0mg-N L™ ! at 120 min, which iz probable due to the
lowr amount of W05 remaining in solution after 90 min of electralysis.

Additionally, the electrochemical reduction of nitrite solutions was per-
formed to study the reasons related to the shallow accumulation of nitrite
from MO3 reduction when comparing Cu,Co(OH)x and pristine Cu eledrodes
performance Fig. 6a and b correspond to the time coumse of N-spedes during
the reduction of 30 mg-N L™ of NOS over 120 min. The NO§ constant ki-
netic decay (k1) fitted well a peeudo-fist-onder reaction. As can be obsenved,
using Cu/Co{OH)y, the k, was 2-fold higher (k; = 1.2 x 107 %5 ") than
the vahie abtained with Cu foam (k= 0.6 = 107357 1), The nanocomposite
Cu/Col OH), completely reduced nitrite in &0 min, while bare Co required
twice as long. These results demonstrated the catalytic effect of Co(0H)x
sites that accelerate nitrite reduction to ammonia production.

The Col OH) sites provide the capability to increase the amount of Haas
in the electrode surface to reduce MO to NH4 (Eq. (15)), which will explain
the lower accumulation of nitrite during the N03 electrolysis observed in

. Il vo; Evo, ElvH, BN gas

i
n

[N-species] (mg-N L)
=

L4yl

0 15

a0 60
Time {min)

80 120

Fig. 5h. It is well lnowm that nitrite is a readily redudble spedes through
catalytic hydrogenation while nitrate requires direct charge transfer
(Hirold et al., 1993). Thus, the hydrogenation contribution may play a
key role in expediting the reduced kinetics of formed nitrite, which will jus-
tify the lower nitrite accurmulation observed for Cu/ColOH), electrodes. To
evaluate the hydrogenation effect, nitrate reduction was assessed in the
presence of tert-butyl aleohol (TBA) used as a H,,, scavenger (Gu et al,,
2022). As can be seen in Fig. 7, the nitrate conversion rate significantly de-
creased after adding 10 and 20 mmol L~ TBA. According to kinetic rate
constant assesment, the contribution of hydrogen to the nitrate reduction
was around 66.7 %, which is the double of the diredt reduction contribution
with a discrete 33.3 % Furthermaore, the influence of hydrogen on ammo-
nia producion was demonstrabed by the decresse in ammaonia production
at higher TBA concentrations. These results show the outstanding perfor
mance of Cof OH), in comparison with bare Cu to stabilize H, 4, on the elec
trode surface for indirect reduction and ammonia production.

3.4 Assessing ammonia production and three-dimensional Cu/Co(0FH) » elec-
trode sebility

The performance of the electrocatalytic system to obtain NH; was
evaluated in terms of kinetic comstants and figures of merit, such as

(b)

30

- Il no, [EEno, EEvH, I gas
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Flg. 5. Time-course of N-specles (mg L") for electmolysts of 30 mg MO -N L~ at 20 maA em ™ using {a) Cu feam and (b) Cu/Co{OH) .
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Faradaic effidency (FE) and electrical energy per order (EE/0). The calew-
lated peeudo-first-order kinetic constant for NOy  reduction of
6.0 % 107 57" for Cu/ColOH), was 4.6 times higher than the observed
for pristine Gu foam (k; = 13 » 107 % s™"), These results demonstmted
that the catalytic effect of Col OH), sites accelerate the nitrate abaternent.
Regarding figures of merit that describe energy requirements, 10.2 and
43.1 kwh m™* order™ ! EE/O values were obtained with Cu/Co(OH), and
Cu foam materials, respectively. For comparison, Fig. 8a indudes the ki-
electrode Cu-Pt with 4.0 » 107° 5™ " and 13.1 kWh m ™7, respecti vely
{Cerrdn-Calle et al., 2022). Under galvanostatic operation, the EE/O
(Eqg. 11) mostly depends on the observed cell potential and nitrate reduc-
tion kinetics. The observed cell potential is defined by the applied corrent
density, the chmic resistance of the systern, and the eledrode conductivity.
Cell potentials (Eq) at 20 mA an ™2 for Cu foam, Cu-Pt and Cu/ColOH),
were 9.5V, 88 Vand 9.8 V, respectively. The three Exn were under the
same order of magnivde, being in this case the kinetic rates, the main EE/
O drivers. Cu/Col OH )z shows the highest competitiveness, given the en-
hanced eledtrocatalytic performance on nitrate conversion kinetics. The
low energy consumption for NH production using environmental MOs
concentrations and bimetallic eledmdes of Cu/Col0H), is more competi-
tive than Pt plate operated under galvanostatic conditions in the literatume
(Fajardo et al., 2021). As displayed in Fig. 8b, Cu foam, and Cu/Col(OH),
showed an anmonia yield of 0.3 mcﬂl‘lﬂgg&'h"uﬂﬂ.’?mdbﬂ{g g;u'
h~", respectively. Qur previous research work with Cu-Pt bimetallic elec-
trodes reported an ammonia yield of 0.6 mmal NHa go h™", which is
higher than the Cufoam but lower than CuACol0H),. Much higher ammonia
yield values can be found in the literature working under potentiostatic con-
ditions and using much higher NO3 initial coneentrations (0.1-0.01 M
W03 ), which makes impossible a proper comparison with our results (Fu
et al, 2023; Heet al., 2022 Li et al., 2022 Niu et al, 2022a, 2022k Wang
et al., 2023; Wu et al,, 2022), The benefit of Cu/Co({0H)k goes beyond the
higher productivity by setting a stepping stone in the path to substitute en-
dangered and expensive PGM-based elecirocatalysts A meaningful perfor
mance indicator is the percentage of ammonia production referred to in
terms of the maximum theometical expected from the initial concentration
of nitrate (Bg. (9)). Maximum ammonia production (100 %) would be
attained if all initial nitrate concentration comverts to ammonia. Fig. 8b de-
picts inreasing valves of ammonia production percentage of 38 %
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Flg. 7. (a) Nitrate reduction and {b) ammonia production & a functlon of dme for Cu/Co{OH), In the presence of different comncentrations of TBA
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The FE shows high er efficiency for both nanocomposites than for the
pristine Cu. The Co{0OH), nanocomposites attained a 20.7 % FE, which is
2.0 times higher than the bare Cu foam. The observed FE of Cu/Col OH),
had comparable values to those surveyed for noble electrocatalysts such
as Cu-Pt (22.0 % FE). These are considered high FE for processes
operated under galvanostatic conditions, which are lower than
potentiostatic operation mode (Chen et al., 2020; Kapatka et al.,
2011} However, galvanostatic electrolysis is the operational mode typ-
ically considered for scaled-up systems. These results identify Cu/Co
(0H)y as a viable and competitive electrocatalyst for NHz production
in low conductivity effluents.

Electmde activity and stability are essential parameters to determine
the feasibility of scaling-up the electrocatalytic sys tems. Therefore, five se-
quential feed- batch trials were performed as a preliminary evaluation of the
sustained performance of the Cu/Co{ OH), electrode under continuous op-
eration. The effectivenes of the Cu/Co{OH)y electrode was evaluated re-
gamding nitrate conversion and metal leaching after the five reuses. Fresh
synthetic solutions containing nitrate were consecutively treated for
120 min under the same operating conditions. As shown in Fig. 9a, the
Cu-Cof 0H)x electrode presents an excellent reproducibility and sustained
response over time. Identical abatement of initial nitrate concentration
(98 % removal) was attained in consecutive runs showing identical kinetic
rates. Thus, synthesized electrodes illustrate a resilient response and sus-

Metal leaching to aquatic mediums can be considered one of the
main concerns of using multimetallic catalysts for water treatment. As
reported by the Mational Primary Drinking Water Regulations
(NPDWR), which iz regulated by the United States Environmental Pro-
tection Agency (EPA), 1.3 mg L™ ! is the maximum contaminant level
(MCL) for copper and according to Europe Union (DOUE-L-2020-
§1,947) this maximum is setto 2.0 mg L™ . Similar levels are set accord-
ing to the emission standard pollutants for cobalt with an MCL around
50-100 pg L™ " (EU Drinking Water Directive (98,/83/EC) and Republic
of China GB25467-2010). Fig. 9b shows that the gquantity of Cu
(0.088-0.137 mg Cu L™ ") and Go (0.01-0.025 mg Co L™ ") leached
after each use is significantly lower than the MCL by several orders of
magnitude for both metals. The extraordinary activity and stability of
the electrode can be attributed to its preparation method, since electro-
deposition is an in-situ phenomenaon that provides a strong attachment
between material interfaces. This is superior to the physical attachment

obtained by typical drop casting of nanomaterials. Therefore, it can be
concluded thatelectrodeposition can genemte stable el ectrodes for sus-
tained performance of nitrogen management electr ified sysbems.
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4. Conclusion

Cobalt hydmodde nanocomposites eledrodeposited over Cu foams wene
gynthesized and tested for the electrochemical reduction of nitmte and am-
maonia production in a simulated low conducdtivity groundwater effluent.
The cohalt hydroxide sites grown on the surface of the Cu foam modified
the electrocatalytic response of the electrodes. This behavior is mainly
due to the synergistic effect of Cu/Col(0H ), nanc-interfaces that enable hy-
bridized mechanisms of catalytic eledrochemical and hydrogenation re-
duction processes. The new bimetallic active catalytic sites presented a
higher nitrate conversion when compared to the pristine Co electmde by
overcoming the limiting seprelated to nitmate to nitrite inital reduction re-
action. While the Cu surface promotes nitrate reduction to nitrite, Co(O0H),

increase the comversion of nitrite to ammonia. After 120 min
af treatment and under comparable operating conditions, Cu/Co{OH), elec-
trodes demonstrated an almaost total nitrate conversion of 98.5 %. In con-
trast, the Cu foam electrode led to 554 %, comesponding to 1.2 times
less, When benchmarking the earth-abundant Cu/Col0H) electmode with
a Cu-Pt material, since no other Cu-Co electrocatalyst have been tested
under galvanostatic conditions so far, the Cu/Co(0H), electrodes reached
the highest ammonia kineties production (k; = 6.0 = 107* 5", R? =
0.997) and ammonia yield { ~ 0.7 mmol g&! h™"), as well as the lowest
EE/0 with 10.2 kWhm ™ arder™ '. Regarding the activity and stability of
the new electrodes synthesized, the results were remarkable after 5 com-
plete cycles of use, with no decrease in ERN performance effidency, and
the coneentration of Cu and Coleached was always below the MCL. There-
fore, this work on the electrocatalytic conversion of nitrate to ammonia has
shown the great potential of bimetallic earth-abundant electode materials
to lead to an alternative and sustainable way for ammonia synthesis besides
treating contaminated water streams containing nitrate. These systems pro-
vide a unique opportunity for a circular economy by enabling worldwide,
decentralized ammonia recovery from polluted water sources. Another ad-
vantage of this setup is that it does not depend on fossil fuels and can be
powered by renewable electricity from the sun, wind, and waves, reducing
can use their natural renewable resources to support a more bal anced/
permanent ammaonia production through green methods, Using earth-
abundant materials as electrocatalysts, which global availability is not en-
dangered, represents a game changer and a step forward for developing
lowr -cost electrocatalytic-based treatment water systems. Identification of
alternative eledrocatalysts to cost-prohibitive PGMs canenable wideacress
to the technology for wider market implementation, given the drastic de-
cresse in electrode cost. E:penmtalremﬂtsmnhﬂmdmhlghermm
petitiveness than PGMs using the bimetallic earth-abundant combination
in Cu,/Co{ OH), electrodes, This work opens new avenues toexplore alterna-
tive electrocatalyst combinations that were unexplored before, as well as
defining new opportunities for the design of more compact reactors that ex-
plore the use of three-dimensional electrodes in flow-through configura-
tions that increase the surface area per water volume treated using the
same physical footprint than conventional flow-by electrochemical reac-
tors.
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