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HIGHLIGHTS

® Cu/Ni electrodes were successfully
prepared using electrodeless method.

® Depositing time affected the mor-
phology and crystal facet distribution
of Cu.

® The Cu{l11} facet played a sig-
nificant role on nitrate reduction.

® Nitrogen selectivity was 55.6%
at > —0.6 V vs. Hg/HgO.

® Complete nitrate reduction occurred
at < —0.6 'V vs. Hg/HgO.
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ABSTRACT

Cu/Ni composite electrodes were prepared and studied for the electrochemical reduction of nitrate in aqueous
solutions. Electrodeless plating technique, with tartrate as chelatant and formaldehyde as reducing agent, en-
abled the in-situ incorporation of Cu nanoparticles into the open-pore structured Ni foam to form Cu-Ni com-
posite electrodes. X-ray diffractometer (XRD) and scanning electron microscopy (SEM) revealed that the crystal
facet and grain morphology of Cu nanoparticles was closely controlled by the plating time and played a sig-
nificant role in nitrate reduction and nitrogen selectivity. Cyclic voltammetry provided information on the
electron transfer between surface nitrogen species and Cu/Ni electrodes. Electrochemical nitrate reduction was
initiated at the onset potential of Cu(0)/Cu(I) redox reaction over a potential window of —0.6 Vto —1.2V. The
preferential Cu{1 1 1} facet orientation improved the electron transfer process. Batch kinetics studies at constant
current and potential showed that specific adsorption of nitrate and nitrite on the Cu{1 1 1} facet was critical to
efficient electrochemical nitrate reduction. Moreover, the conversion of nitrogenous byproduct was potential-
dependent. Results showed that N, selectivity was high (55.6%) at low overpotential (i.e., > —0.6 V vs. Hg/HgO.
At high overpotential (i.e, < —0.6 V) there was complete of NO;~ reduction with NH," as major byproduct.

1. Introduction

Nitrate is detrimental to the aquatic ecosystem. It is mostly origi-
nated from the nitrification step in the nitrogen cycle [1]. The intensive
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use of fertilizers in agriculture and uncontrolled wastewater discharges
from various industries are primary contributors of nitrate to water
resources, namely ground waters, rivers, and lakes [2]. Nitrate is a
micro-nutrient that causes eutrophication in water bodies [3]. In
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addition, ingesting nitrate from drinking water is harmful to human
health such as methemoglobinemia, liver damage, and cancer [4],
which has prompted the World Health Organization to impose a max-
imum nitrate concentration of 11.3mg-N/L in drinking water [5].
Electrodialysis (ED), reverse osmosis (RO) and ion exchange (IE) are
among the acceptable methods for the removal of nitrate from waste-
water; however, disadvantages such as membrane fouling and high
strength regenerants used in ion exchange regeneration limit the ap-
plication of the above methods [6]. Biological denitrification such as
autotrophic and heterotrophic processes require relatively large land
space and long process time compared to chemical methods [7].

Catalytic hydrogenation technology, using hydrogen as electron
donor, enables nitrate reduction over noble metallic (Pd, Pt) and
transition metallic (Cu, Sn, In) catalysts are promising for nitrate re-
moval [8,9]. Electrochemical engineering processes are emerging al-
ternatives for nitrate removal owing to high effectiveness, low sludge
production and remarkable environmental compatibility [10]. Re-
cently, there have intensive interests in increasing nitrate removal and
N, selectivity using various electrochemical catalytic systems [11,12].
Yao et al. studied indirect electrochemical nitrate reduction over zero-
valent titanium anode and reported 83.4 and 78.5%, nitrate removal
and N, selectivity, respectively [11]. Duan et al., demonstrated that a
N-doped graphite carbon-encapsulated iron nanoparticles, Fe(20%)@N-
C, exhibited 100% N, selectivity in the presence of NaCl [12]. Cu,
known to promote electron transfer, is more reactive toward nitrogen
than other metals [13]. Factors such as particle size, shape, mor-
phology, and crystal facet, dependent on process and operation condi-
tions, determine the catalytic reactivity and selectivity [14]. We have
previously reported that ammonia can be removed through anodic
oxidation over metal oxides, such as PbO, and NiOOH, but slow nitrate
reduction together with the low cathodic current efficiency that led to
low selectivity toward nitrogen gas remained a future technology
challenge [15,16]. Hence, an effective electrode capable of reducing
nitrate simultaneously during the anodic oxidation of ammonia is
needed as to increase nitrogen selectivity.

The effect of morphology of Cu nanoparticles on electrochemical
nitrate reduction is scarcely studied. It is hypothesized that the mor-
phology (shape and size) and the crystal facet of Cu nanoparticles can
affect the mode and kinetics of electrochemical nitrate reduction.
Metallic copper was electrodeless deposited onto the nickel foam using
tartrate (H,T) as chelating agent and formaldehyde as electron donor
[17,18] according to the following chemical reactions:

Cu?t + 20H™ + 2T2~ = CuT,(OH),*"; K= 10207 @

CuT,(OH),*~ + 2HCHO + 20H~
= Cu’ + 2HCOO™ + 2T? + 2H, O+ Hy; K = 101%% 2

Voltammetry was used to study the electron transfer between the
redox couple of Cu’/Cu(l) and NO3; /N,. Cu nanomaterials were
characterized by X-ray diffractometer (XRD), scanning electron micro-
scope (SEM), and X-ray photoelectron spectrometer (XPS). Overall it
was to assess the effect of crystal facet and morphology of Cu nano-
particles on the mode and efficiency of nitrate reduction.

2. Materials and methods
2.1. Electrodeless deposition of Cu over Ni foam substrate

All reagents were of analytical grade and used without purification.
The electrodeless plating of Cu was conducted on Ni foam (sheet
thickness = 2mm, area density ~250g/m? mesh number = 94 +
10), purchased from Innovation Materials Co., Ltd., Taiwan. The Ni
foam was initially sensitized with 0.1 M SnCl, (Snowa Chemicals Inc.
Mueche Khort, Isfahanm, Iran) and 0.1 M HCI, followed by activation
with 5 x 1073*M PdCl, (Sigma-Aldrich Co. St. Lewis, MO USA) and
0.25M HCIL. The plating bath was prepared in 0.05M of CuSO4
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(Honeywell Fluka™, Morris Plains, NJ, USA) with 0.15M of sodium
tartrate (Alfa Aesar, Ward Hill, MA, USA) as chelating agent. The so-
lution pH was adjusted to 12.5 using NaOH (Nihon Shiyaku Industries,
Kyoto, Japan) when the color of the mixture gradually turned from light
blue to indigo. The activated Ni foam was immediately dipped into the
bath, and a specific amount of formaldehyde solution (Nihon Shiyaku
Industries, Kyoto, Japan) was added dropwise. Note that hydrogen
bubbles evolved from the electrode surface during Cu deposition. The
Cu/Ni electrodes, designated according to the electrodeless plating
time, for example, Cu/Ni/5-min and Cu/Ni/ —90 min for 5 and 90 min,
respectively. Then the electrodes were rinsed with 0.1 M HCl, washed
with deionized water, and dried in vacuum before use.

2.2. Electrochemical analysis

Electrochemical experiments were carried out with a potentiostat
(CHI611C, CH Instruments, Inc., Austin, TX, USA), in which Cu/Ni
electrodes, prepared at various deposition times, were applied as
working electrodes. The counter electrode was iridium oxide-coated
titanium (Ti/IrO,) and the reference electrode was Hg/HgO/1M NaOH
(E° = 0.14V vs. NHE) (RE-61AP, ALS Co. Ltd., Tokyo, JAPAN). The
stock ammonium solution was prepared with ammonium sulfate,
(NH4)»SO0y4, (J.T. Baker, Phillipsburg, NJ USA). Sodium sulfate (Na;SO4,,
Sigma-Aldrich Co., St. Lewis, MO, USA) was the supporting electrolyte.
The solution pH was adjusted to a specific value with sodium hydroxide
(NaOH, Merck KGaA, Darmstadt, Germany) and sulfuric acid (H,SO4,
95%, Sigma-Aldrich Co., St. Lewis, USA).

2.3. Batch electrochemical reduction of nitrate

Batch electrochemical reduction of nitrate experiments were con-
ducted in constant current mode. The Cu/Ni composite was rolled into
rod with a diameter of 3.5 cm and length of 7.5 cm (total effective area
~80 cm?) as working electrode. A Ti/IrO, cylinder of 5 cm in diameter,
surrounding the Cu/Ni electrode, was the counter electrode. A com-
mercial Cu foam (sheet thickness = 2 mm, mesh number = 100 open-
ings per linear inch) was used as a controlled electrode for comparison
with Cu/Ni electrodes. The nitrate removal efficiency (R, %) and ni-
trogen species conversion (Sy, %) were calculated at specific reaction
time, t, according to the following equations:

Cnoy.0 — Cnost % 100

R(%) =
®) Croso 3)

Oy X 100

Sn(%) = ——
Cnos.o — Cnog e ()]

where Cy stands for the concentration of nitrogen product, such as
NH,4*-N, NO, ™ -N, and N,-N in mol/L, respectively.

2.4. Chemical analysis

A flow injection analyzer (FIA, Lachat’s Quik Chem 8500 Series 2,
Loveland, Colorado, USA) was used to analyze the concentration of
aqueous nitrogen species (NO;~-N, NH4*-N, NO, -N). Nitrate was
reduced to nitrite (in a copperized cadmium column) prior to diazoti-
zation of nitrite with sulfanilamide (H,NCsH,SO,NH,, Sigma-Aldrich
Co., St Lewis, MO, USA) followed by coupling with N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED, C;o,H,NHCH,CH,NH>2HCI,
Sigma-Aldrich Co., St. Lewis, MO, USA) to obtain the concentration of
total oxidized nitrogen (NO,). The quantity of pink azo dye produced
was then calibrated spectrophotometrically at 540 nm [19]. Nitrate
concentration was the difference between NO, and nitrite, which was
determined separately. Measurement of ammonia was based on the
indophenol method (at 630 nm) according to the Berthelot reaction,
which involved reaction among phenoxide (NaOCgHs3H,0), hypo-
chlorite (NaClO), and ammonia, with nitroprusside (Nas[Fe(CN)sNO])
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Fig. 1. SEM micromorphology of Ni foam at (a) 200 %, (b) 2000 x; (c) Cu/Ni electrode (600 X ) by electrodeless Cu plating at different duration: (d) 5min, (e)

10 min, (f) 20 min, (g) 40 min, (h) 60 min, and (i) 90 min.

(Riedel-deHaén AG, Wunstorfer Stra8e, Seelze, Germany) as catalyst.
The detection limit was 0.2 ug/L for NH,*-N, and 0.25 ug/L for both
NO, ™ -N and NO3 ™ -N. Deionized water used for the preparation of all
solutions was purified with a laboratory-grade RO-ultrapure water
system (resistivity > 18.18 MQ cm).

The micro-morphology of the electrode surface was observed with
scanning electron microscopy (SEM, JSM-6700F, JEOL Ltd., Japan).
The crystallographic structure was analyzed by X-ray diffraction (XRD,
DX I, Rigaku Co., Tokyo, Japan) operated with Cu Kasource
(A = 1.5406 A) at a scan rate of 0.06°s~ ! in the incidence angle range
of 20-85° (20). The chemical state of electrodes was characterized by X-
ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe, Physical
Electronics, Inc., USA) with a monochromatic Al Ka X-ray source
(1487 eV).

3. Results and discussion
3.1. Characterization

Fig. 1 shows the micromorphology of Cu/Ni electrodes at different
plating time observed under SEM. The Ni foam was composed of in-
terconnected pores with skeletons at an average of 50 uym in diameter;
the smooth surface of Ni metal was decorated with Cu crystals after
plating (Fig. 1a—c). Under high magnification, the size of crystal clusters
increased with increasing deposition time. The shape of single Cu
crystals were granule, rod, rhombus, and hexagon (Fig. 1d-i). Ob-
viously Cu particulates aggregated to polycrystalline with time. Fig. 2a
shows the XRD pattern of Cu/Ni electrodes. The intensity of the two
main peaks at 43.3° and 50.4°, referred to the planes of Cu{111} and

Cu{2 00}, respectively, vividly increased with plating time. Fig. 2b
shows that the mass of Cu increased from 2 to 12 wt% when the de-
position time was increased from 5 to 90 min. Cu content of Cu/Ni
electrodes was determined by electrode mass difference before and
after Cu plating on a dry-weight basis. Note that the grain size did not
change significantly and remained at an average diameter of 20 and
35nm, estimated based on the Cu{111} and Cu{20 0} plane, respec-
tively, according to the Scherer equation. The aggregation of primary
grains oriented in different facet increased the particle size of the Cu
crystals (shown under SEM). Fig. 2c gives the area ratio of Cu{2 0 0}/Cu
{111} peak of Cu/Ni electrodes. The minimum Cu{200}/Cu{111}
value was observed at around 10-20 min of plating time, which ap-
proached ultimately to that of the Cu foam, which implied initial crystal
growth in the Cu{1 1 1} direction as to eliminate the surface energy of
the Cu{1 11} plane. Crystal ripening involves the growth kinetics that
may dimensionally transit from the facet of high surface energy to that
of the lowest Gibbs energy [20]. Meanwhile, the effect of ripening is to
alter the crystal size distribution with time in typical colloidal system in
equilibrium with its saturated solution [21]. The Cu{1l 00} facet is
known to have a lower density of mobile holes than that of Cu{111}
and Cu{1 1 0}, which explains the relatively low photocatalytic activity
of Cu{1 00} in Cu,0 [22]. Thus, the plating time could be an important
factor affecting the electron transfer of surface species. As shown in
Fig. 3a, a significant portion of copper coated on the Ni substrate was in
the Cu(ll) state (934.3 eV) based on XPS spectra of Cu 2p3,» orbitals,
which declined and transformed to the Cu(0)/Cu(l) state (932.3eV)
[23] with increasing plating time. From the corresponding O 1s orbitals
(Fig. 3b), Cu with the hydroxyl group (531 eV) predominated initially,
and later evolved as an oxide film (530.7 eV) [24], which also indicated
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Fig. 2. (a) XRD analysis of Cu/Ni electrodes, and the corresponding (b) grain size and (c) area ratio of (200)/(11 1) plane.

the change in oxidation states of the Cu particles with time.

3.2. Electrochemical analysis

The characteristics of the electrochemical nitrate reduction over the
Cu/Ni electrode were studied using cyclic voltammetry. Fig. 4a presents
the current profile of Cu/Ni/10-min electrode in the presence of 0.1 M
Na,SO, supporting electrolyte scanned between varying upper limit
potentials (from —0.7V/—-0.2V to —0.7V/+0.25V vs. Hg/HgO).
Results showed that the oxidative corrosion for Cu‘® on the Ni substrate
had two peak potentials of O; and O, at —0.2V and +0.05V, re-
spectively, which can be attributed to the formation of oxide films:

The sharp enhancement in current as scanning at upper limit of
potential up to +0.1V (O3) suggested that the passivated oxide, pro-
tecting the metal surface, was totally oxidized to the Cu®™ state, i.e.,:

Cu® — Cu?t + 2e7(03) 7)

As a result, the salt film that accumulated at the electrode surface
was polarized with a potential-independent current density. To avoid
the interference of electrode dissolution with nitrate redox reaction, the
potential window of —1.2V/+0 V, where Cu(0)/Cu(I) occurred, was
studied.

As shown in Fig. 4b, the reversible peak current of Cu/Ni/10-min
redox was a linear function with respect to the square root of the scan
rate, which suggested that the electron transfer in Eq. (5) was limited by
diffusion  coefficient was

2Cu@ + H 2HY + 2e”
Cu™ + H; 0= Cu0(s) + +2e7(0) ® proton  diffusion. The proton
—13 2 —12 2 .
Cu,0(s) + H, O— 2CuO(s) + 2H" + 2e7(0,) ©) 8.85 ><.10 cm /s and '1.26 X ?0 cm ./s for the anodic and the
cathodic reaction, respectively, (Fig. S1) which was comparable to that
2p32 Cu-O
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Fig. 3. XPS of Cu/Ni electrodes at the binding energy ranges of (a) Cu 2p and (b) Ols.
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Fig. 4. Cyclic voltammetry of (a) Cu/Ni electrode scanned in the range of —0.7 V/+0.25V in the presence of 0.1 M Na,SO,4 (10 mV s~ 1); (b) Cu/Ni/10-min and (c)
Ni foam at different scan rate; Cu/Ni/10-min in nitrate solution under different (d) scan rates ([NO3;~] = 3 x 10~ M) and (e) different NO;~ concentrations

(10 mVs~1); (f) Ni foam in different nitrate solutions.

of the Ni/NiOOH electrode [16,25]. In such potential range, the Ni
foam substrate did not exhibit electrode redox reactions, but a strong
reduction current for hydrogen evolution reaction (HER) (Fig. 4c). Note
that the higher overpotential of gas evolution on Cu foam, in compar-
ison with Ni foam, would benefit the reduction of target electrolyte over
a Cu/Ni electrode. In nitrate solution, the current at R; improved and
an additional current appeared at around —1.0V (Ry, Fig. 4d), which
was also diffusion-controlled. Furthermore, peak currents at R; and Ry,
as a function of nitrate concentration shown in Fig. 4e, proved the
nature of multistep electrode process involving the redox reaction of
Cu® and NO; ™. The current profile in Fig. 4f never changed with in-
creasing nitrate concentration on the Ni foam substrate, which sug-
gested that the metallic Ni was incapable of inducing nitrate redox
reaction.

Fig. 5 shows the linear regression between peak currents at R; and
Ry and nitrate concentration over Cu/Ni electrodes prepared at various
plating times. Fig. S2 shows the voltammetry in the presence of NO3 ™.
According to the Nicholson and Shain equation:
ip = 2.99 X 10°na'/2ADY2C*v'/2, the peak current (i,) of a faradaic re-
action is proportional to the concentration of electrolyte (C*, mol
cm ™ %) under fixed scan rate v (0.01 Vs~ 1), effective area A (3 cm?), and
diffusion coefficient D (1.4 x 10~°cm?s~1). If the electron number of
redox reaction (n) is known, the slope in Fig. 5a and b should be a
function of the transfer coefficient (a). One can assume that R; is the
step of one electron transfer assigned to Cu(I) oxide reduction (the
backward reaction of Eq. (5)), and then its increase in current with
increase in nitrate concentration may be resulted from the indirect

redox reaction between Cu'® and the adsorbed NO;~ species (Eqs.
(8)-(10)) [26].

Cu® + NO; = Cu®NO5 (8)
Cu®NO; + 2H* - Cu*PNO, + H,0 9
Cu*PNO, + e~ = Cu®NO, (10)

The catalytic effect of Cu/Ni electrode on steps (i.e., 8-10) may be
similar to the incipient hydrous oxide-adatom mediator (IHOAM)
model [27], which describes the activated chemisorption. The mono-
layer redox Cu(0)/Cu(I) couple on the electrode surface catalytically
mediates the supplementary electron from the reactive species, i.e.,
NO; . Increase in cathodic potential, further increased the reduction of
the adsorbed species, i.e., nitric oxide. The strong polarization current
at Ry, involved at least four electrons to yield one molecular nitrogen
on the Cu surface [28,29], was the precursor of gaseous nitrogen and
ammonia nitrogen.

CuONO, + 4H* + 4e~ - Cu©N + 2H,0 11

2CUON = culON, a2

With n = 1 and = 4 for the limiting currents of R; and Ry, respec-
tively, the transfer coefficients (@) were calculated according to the
Nicholson and Shain as shown in Fig. 5c. A controlled sample (the
commercial Cu foam) had a value of 0.27 and 0.55 for R, and Ry, re-
spectively. By contrast, among electrodes prepared at different plating
times, the Cu/Ni/20-min electrode had a maximal a value of around 0.8
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for both R; and Ry steps.

Fig. 6a and 6b show the polarization (log i-E) of Cu/Ni electrodes in
the presence of 0.1 M NaClO, (i.e., HER) and 5 x 10~2M KNO; plus

0.1 M NaClO, supporting electrolyte, respectively. The formal potential
of H, formation occurred at around —1.3 V on Cu foam, then increased
to —1.0V on Cu/Ni electrodes due to the low overpotential of Ni
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Fig. 6. log i vs. E plots for Cu/Ni electrodes (a) without and (b) with the presence of 5 x 1072 M KNOs. Comparison in the voltammetry of (c¢) Cu and (d) Cu/Ni/20-

min electrodes.
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Table 1
Slopes of logi-E for hydrogen evolution reaction (HER) and nitrate reduction on
Cu and Cu/Ni electrodes.

Tafel slope b, mV dec !

Electrodes HER NO;~ reduction
Cu 183 149
Cu/Ni/5-min 177 120
Cu/Ni/10-min 159 113
Cu/Ni/20-min 166 117
Cu/Ni/40-min 170 135
Cu/Ni/60-min 174 135

substrate in HER. Besides, note that the Tafel slope b is a function of a
and n (electron number of the limiting step), according to the reduction
polarization b = (2.303RT)/(anF) = 59/an (mV dec™! @ STP). As
listed in Table 1, the Cu/Ni electrodes prepared at plating time of 10
and 20 min exhibited relatively small b value of about 160 mV dec ™ ?,
compared to b = 183 mV dec ™! of pure Cu metallic electrode. The de-
cline in b of HER with increase in Cu plating time implies that Ni has
higher affinity toward H" than Cu, which could assist protonation of
steps shown in Egs. (9) and (11) [30]. On the other hand, the b value of
NO3;~ was also increased with increasing the plating time, under which
the ratio of Cu{200}/Cu{111} peak areas increased (Fig. 2c). The
results of voltammetry and polarization curve suggested that the mor-
phology of Cu particulates could be a critical factor affecting the per-
formance of Cu/Ni electrodes in nitrate reduction toward nitrogen se-
lectivity. Fig. 6¢ and 6d compare the CV for commercial Cu foam and
Cu/Ni/20-min electrodes, respectively, without and with 1072M of
KNOj3. The Cu particles formed during electrodeless plating (Cu/Ni)
showed more pronounced R; peak (@ —0.6V), were responsible for
larger active surface and greater Cu(0)/Cu(l) transition, than pure Cu
electrode. In the presence of KNOs, the first electron step from the
adsorbed nitrate (Egs. (8)—(10)) by improving R; peak occurred on both
electrodes, whereas much higher current of Ry was created on the Cu/
Ni electrode compared to that on Cu electrode as more negative po-
tentials were applied. That is, the pure Cu metal was less active in
mediating the transfer of electrons in intermediates, or the steps of
NO3~ conversion would not be completed in the potential range of
—0.6 and —1.2V.

3.3. Constant current and constant potential

Fig. S3 shows the effectiveness of NO3 ™~ reduction as a function of
time (initial NO3~-N = 50 ppm, pH ~ 8.5, 0.1 M Na,SO, as an inert
electrolyte) over pure Cu and Cu/Ni electrodes prepared at various time
intervals (i.e., 5-60 min). At a constant current of 3mAcm™ 2, the
temporary concentration of the stable byproducts, namely, NH, ", and
NO, ™, are recorded. N,, were calculated from mass-balance relation-
ship. Some less stable gaseous nitrogen compounds, such as NO, N,O,
were possibly produced from catalytic NO3;~ reduction, while they
could be rapidly transformed to N, and were not considered in the
present work [3,31]. The electrochemical nitrate reduction rapidly
proceeded over the Cu/Ni/10-min and Cu/Ni/20-min electrodes but
was slow on the pure Cu metal and the Cu/Ni/60-min electrode. Such
results agreed with those of voltammetry experiments, showing that a
greater value of transfer coefficient (@) of nitrate reduction could be
obtained by manipulating the facet oriented more toward Cu{111}.
The removal efficiency of nitrate followed the order: Cu/Ni/20-min
(97%) > Cu/Ni/10-min (95%) > Cu/Ni/60-min (57%) > Cu (11%)
in 5h of electrolytic reaction. Table 2 summaries the selectivity of ni-
trate conversion toward various nitrogenous compounds. Results show
that Sy, in terms of N5, was significantly related to the intensity of Cu
{111} facet at different plating time, which improved from 17.5% over
Cu to 33.1% over both the Cu/Ni/10-min and Cu/Ni/20-min electrode.
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Table 2

Selectivity of nitrate conversion to nitrogenous byproduct over Ni foam, Cu
foam, and Cu/Ni electrodes (current = 3 mA cm ™2, initial NO3 ™ -N = 50 ppm,
0.1 M NaySO,).

Sn, %

NO, -N NH4*-N No-N R, %
Ni 21.6 60.5 18.0 2.4
Cu 0.1 82.5 17.5 11.3
Cu/Ni/5-min 6.4 70.3 23.2 59.4
Cu/Ni/10-min 0.5 66.4 33.1 95.7
Cu/Ni/20-min 0.3 66.6 331 97.2
Cu/Ni/40-min 1.0 76.5 22,5 80.4
Cu/Ni/60-min 0.8 83.2 16.0 57.4

In addition, the Ni foam, used as a substrate for Cu plating, exhibited a
rather limited ability to mediate the electron transfer from nitrate ac-
cording to voltammetry study, thus resulting in negligible nitrate re-
moval (R = 2.4%).

According to Fig. 6¢ and 6d, the current created in the range of
—0.6 to —1.2V was ascribed to the presence of nitrate. Fig. S4 de-
monstrates the effect of constant potential (—0.6 Vand —1.2V vs. Hg/
HgO) on the removal of nitrate and the evolution of nitrogen by-
products (initial NO3 ~-N = 50 ppm, pH ~ 8.5, 0.1 M Na,SO, as an inert
electrolyte). Fig. 7 shows the effect of overpotential on the mode of
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Fig. 7. Selectivity of nitrate conversion to nitrogenous byproduct on a) Cu foam
and (b) Cu/Ni/20-min electrodes at different electrode potential (ref.
electrode = Hg/HgO, counter electrode = Ti/IrO,, initial NO3 ™ -N = 50 ppm,
0.1 M NaySO,).
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nitrate reduction over pure Cu and Cu/Ni/20-min electrodes. Gen-
erally, nitrate reduction increased with overpotential for both elec-
trodes. At low electrode potential (—0.6 V), NO;~ was preferentially
converted to N, with Sy value of 46.3% and 55.6% over the Cu and the
Cu/Ni/20-min electrodes, respectively (Table S1). However, with in-
creasing electrode potential (to —1.2V), the predominance of N, de-
creased, and the concentration of NH, " became significant; at the end
of electrolysis (4 h), the main byproducts over the Cu metal electrode
were NO,~ (47.1%) and NH,* (42.9%) and those of Cu/Ni electrode
were NH; ™ (89.1%) and N, (10.7%). The heterogeneous catalysis may
explain the difference in the selectivity of nitrogen conversion. Since
detectable nitrogen compounds in the aqueous solution came from the
desorption of surface species, the affinity between a specific crystal
facet and chemicals that participated at the redox reactions (namely,
NO;~, NO,~, NH;", Ny, H") in the electrolyte would influence the
sequence of reduction steps.

We visualize the following scheme as the overall mechanism of ni-
trate reduction on the Cu particulates (S2, Supplementary Information).

K] kz i k4 k7
NO5'ayz=2NO3 (ady—> NO; (aty—> Naaasy = NHjpg9)

T Ik Ik

NO; (a9 Noay  NHsg
I &,
Nag
a3

On the basis of voltammetric observation, total of 5 electrons
throughout R; and Ry were transferred, which meant that the direct
electrochemical reactions from NO3~ to N (Egs. (10) and (11)) ac-
counted for the polarization current, and the production of NH,"-N
resulted from the indirect protonation of nitrogen by the surface hy-
drogen as a strong reducing agent [32].

CuH* + e~ — CuH- a14)
CuN + 3CuH-—CuNH; (15)

By treating all surface adsorbed chemicals as steady-state species,
including Ono;, Onoy> Ons Ony» Onms, and By, one has the following rate
equations of NO3 ™~ and nitrogenous byproducts in the solution.

% = —k{*6[NO3 ] + ki nos a6)
% = kjBos — k3O[NO;] an
% = kb, — kO[N] (1s)
d“zif’ﬂ = kO, — ks O[NH}] 19

(S2. Supporting Information gives detail derivation of rate equa-
tions.)

The aqueous nitrogen species converted from an initial [NO3™ ]o
were [NO, ™1, [N,], and [NH, "1, and the total reduction rate was equal
to the sum of NO,~, N, and NH, " generation, namely,

[NO3]o = [NO3] + [NO3] + 2[N,] + [NHj] (20a)
and
_ d[NOs] _ d[NOg] + d[NHf]  1d[Ny]

e  ar dt 2 dt (20b)

Consequently, the concentration profile of nitrogen species in the
solution as a function of time can be obtained by integrating Eq. (16)
through Eq. (19).
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Table 3

Rate constants and equilibrium constants of nitrate reduction over Cu and Cu/
Ni electrodes at constant current of 3mA cm ™2, and various electrode poten-
tials (vs. Hg/HgO).

Electrodes ke (x107% min™") k. (x10"% min~") K, K4(x1072)
Cu 1.0 20.0 0.80 35.0
Cu/Ni/5-min 5.0 2.1 05 95
Cu/Ni/10-min  10.0 9.0 0.40 9.0
Cu/Ni/20-min  14.0 4.0 0.23  10.0
Cu/Ni/40-min 6.0 1.2 075 11
Cu/Ni/60-min 3.5 20.0 0.70 4.0
Commercial Cu foam
vs. Hg/HgO ke (1073, min™") k. (x107% min~') K, Ky(x1072%)
-0.6V 4.0 15.0 1.20 450
-0.85V 21.0 5.5 1.10 18.0
-1.0V 22.0 3.1 0.95 17.0
-1.2V 24.0 2.8 0.77 5.0
Cu/Ni/20 min
vs. Hg/HgO ke (x1073, min™") k. (x107% min™Y) K, K4(x1072)
-0.6V 2.4 3.0 1.8 40.0
-0.85V 21.0 6.0 1.6  19.0
-1.0V 29.0 5.0 0.3  15.0
-1.2V 25.0 3.0 02 55
[NO; ] = [NOj Jpe ™! (21)
k.K,
[NOy ] = —=2—[NO; |y (e at — e~ket)
kc - ka (22)
2(ke — kg + koKp)Ky _ _ 2k, KKy _
[N,] = - ka_ ka [NO; o (1 — ekal) — ﬁ[NO3 Jo
(4 a (4 a
(1 — eket) (23)
_ (ke — kg + kaKp)(1 — 2Kq) - —k
[NH{] = T ke INOsTo(1 = e
_ kaKp( —2Kq) — _ e—ket
ke —ka [NOslo(1 — e7*cf) (24)
. . _ Kkka00g [e] _ I _ kgkatpfe]
n which ko = ki + k26 [e]” Ky = ks + kabpr[e]” ke = k3 + kabpr[e]” and

Ky = stfﬁ are composite functions of rate constants in the reaction
scheme, Eq. (13). The rate constant k, is determined by the rate of
adsorption (k; *) and 1st electron transfer (k) of NO3™; k. is related to
NO, ™~ sorption (k3™ ) and surface N formation (k). The constant Kj
describes the equilibrium of NO,~ desorption (k3;*) and N formation
(k4); K4 reflects the selectivity of Ny (ks) and NH,* (k). Table 3 lists the
rate constants and equilibrium constants of nitrate reduction over dif-
ferent electrodes under constant current and constant potential systems
by fitting the data in Figs. S3 and S4 using Egs. (21)-(24). Among the
tested electrodes, Cu/Ni/20-min exhibited a relatively high k,
(1.4 x 10" ?min ') along with small K (0.23); that is, the Cu{111}
plane may favor the adsorption of NO;~ and NO,~ anions, which leads
to higher removal efficiency of NO3; . The predominance of Cu{11 1}
on Cu/Ni/20-min electrode also improved the selectivity for N, ac-
cording to its high K, value. For cuprite structured (Cu,0), each Cu has
two oxygen neighbors; on the Cu{1 1 1} facet the dangling bonds of Cu
can be positively charged, whereas the Cu{1 0 0} facet, fully saturated
with oxygen bonds, has the lowest energy state [33,34]. Crystal facets
of Cu{111} and Cu{l 10} should therefore interact with oxyanions
more strongly than the electrically neutralized Cu{l 00} [35,36].
Under constant potential system, the Cu foam electrode had k. value
greater than k, at studied potential to evolve the Ry current; which
implied that the step for nitrate adsorption on the Cu/Ni foam was rate
limiting. Such observation explains the much lower selectivity of NO, ™~
on Cu/Ni electrode than the metallic Cu foam electrode. Notably, K; on
both Cu/Ni and Cu electrodes decreased significantly with increasing
the negative potential, indicating that the selectivity of N, (ks) was
affected by the electrode potential. One can rationalize more NH,*
being reduced from N by hydrogen radicals accumulated onto the



Table 4

Effects of electrode material characteristics on electrochemical nitrate reduction.

Material factors Electrodes Methodology Electrochemical conditions Properties Ref.
Morphology SnPd/SS Multi-step of electrodeposition using SnCl, and PdCl, electrolytes 112mg/L NO3™ -N; 0.1 M HCIOy; Ratio of Sn/Pd = 4; 80% nitrogen yield [39]
pH 1.5 at 40 mA/cm?
Sn/Pd Electroless deposition on Pd metal in 0.12mM SnCl, + 0.1 M 0.01 M NaNOs; 0.1 M HCIO, at 80% of Sn coverage; 51.3% nitrogen yield [40]
HCIO, solution for 2-20 min —0.2V vs. Ag/AgCl
Cu High-energy ball milling at different time 0.1 M NaNO3; 1 M NaOH at Milled copper with 73-74% nitrate reduction with 97% NHj selectivity [41]
—1.3V vs. Hg/HgO
Porous Cu/Pd Electro-deposition at galvanostatic mode using 3 A/cm? using 0.1 M NaNO3; 1 M NaOH Mostly produce NO,~ and NH; over Cu;7Pdgs [42]
0.5M HCI and CuCl,/PdCl,
Nano-porous Two-step electrochemical anodization of nano Ti electrode (NTE) 100 mg/L NO3™-N; 0.5 g/L Na,SO, Current efficiency: ENTE (0.36) > NTE (0.25) > Ti metal (0.15) [43]
TiOo/Ti at 50 mA/cm”
Ni/TiO,/Ti Ni deposition over anodized Ti using phosphinate as reducing 50 mg/L NO3™-N; 0.5 g/L Na,SO,  Calcining temperature of Ni affects the efficiency of NO3;~ removal [44]
agent at 30 mA/cm?
Co304/Ti Sol-gel using 1 M Co(NO3), over Ti; annealed at 300-700 °C/2h 50 mg/L NO3 ™ -N; 0.1 M Na,SOy; Co(II)/Co(III) couple mainly converted NO3~ to NH3 [45]
pH 7 at 10 mA/cm?
Crystal facet Pt(100)/Pt Electro-deposition of Pt; 2mM H,PtClg + 0.5M H,SO, at different 10 mM KNOz; 0.1 M HCIO4 NO3;~ on Pt(1 00) is reduced by fresh H,qs to finally produce ammonia [46]
110 windows of sweeping potential
Pt/Rh, Pt/Ir Pulsed laser deposition at 3 x 10~ % bar 0.01 M NO3~; 0.5M H,SO,4 Pt(1 00) decreases the overpotential over PryoRhsg and Ptoslrys [47]
Cu/Pt Polishing of single crystal Pt and annealed at 1100 °C 0.02M NaNO3; 0.1 M HCIO4 The rate of nitrate electroreduction grows at low Cu coverages following [48]
Pt(210) < Pt(410) < Pt(610).
Cu/Pt(111) Polishing of single crystal Pt 5mM NaNOgz;.1M HCIO,4 Nitrate reduction improves by Cu monolayer; H on Pt inhibits the adsorption of ~ [49]
nitrate
Cu/Pt(100) Electrodeposition of Pt on titanium foil in 10 mM HCl and 0.5mM 0.1 M NaNOjz; 0.1 M NaOH at 95% faradic efficiency of NO3~/NO,~ conversion and 98% conversion [50]
Na,PtClg; underpotential deposition of Cu/Pt in 0.5M 0.15V. selectivity on Cu adsorbed on 50% of Pt(1 0 0)
H,SO4 + 2mM CuSOy4
Cu/Ni Electroless Cu deposition on Ni foam using HCHO reductant 50mg/L NO3 ™ -N, 0.1 M Na,SOy, Nitrate efficiency (99% at 3mA cm ~2) and selective conversion (55.6% at Present
pH 8.5 —0.6 V vs. Hg/HgO) improves with preference of Cu(111) work
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electrodes (Egs. (14) and (15)) at higher overpotential with respect to
HER.

Chemical reduction of nitrate ion has been performed directly using
strong reducing agents, such as Ti>*/Ti** over Ti electrode [11] and
H, over SnPd catalysts [37,38]. Generation of secondary pollutants and
regeneration of spent catalysts are two process challenges. Further-
more, direct nitrate reduction over specific electrodes without the ad-
dition of reducing agents could be eco-friendlier. However, interfacial
activity between adsorbed nitrate and cathode is strongly influenced by
the catalyst properties. Table 4 summaries the effect of electrode ma-
terial characteristics relevant to improving the efficiency of nitrate re-
duction. Generally, the electrode characteristics pertinent to nitrate
reduction efficiency can be divided into two major categories: (1)
morphology, including surface roughness, particle size, crystal phase
and porosity, and (2) crystal facet. The size reduction of Sn and Cu
crystallites through multi-step deposition [39,40] and ball milling [41]
resulted in high micro-surface area and roughness, which promoted the
catalytic response of nitrate. Additionally, Pd metal is known to dras-
tically enhance N, yield from NO3;~ reduction by favoring the capture
of H,gs that is incorporated in CuPd and SnPd alloys [39,42]. Some
transition metal oxides (TiO,/Ti, Ni/TiO,/Ti, Co304/Ti) exhibit sig-
nificant nitrate adsorption and efficient electron transfer to nitrate si-
multaneously. Although Ti support leads to low selectivity of No,
chlorine generation by anodic oxidation of Cl~ aids to the oxidation of
ammonia and enhance nitrogen selectivity [43-45]. The manipulation
of crystal facet is important to improve the rate and selectivity of nitrate
reduction. The density and orientation of lattice atoms vary with crystal
facet. Specific adsorption of nitrate over the Pt{1 0 0}, Pt{11 1}, and Pt
{11 0} facets has been studied [46,47]. Nevertheless, the decorated Cu
is rather critical to N selectivity [48-50]. The present work revealed
that the ratio of Cu{2 00}/Cu{1 1 1} controlled by the plating time was
key to the performance of Cu/Ni electrode. The rate-determining NO3 ™~
adsorption step could be moderately improved to accelerate the re-
duction reaction when Cu{l111} became a predominant and pre-
ferential facet.

4. Conclusion

The electrochemical behavior of nitrate reduction over Cu/Ni
composite electrodes in Na,SO, electrolyte was investigated. Surface
characterization of the electrodes using XRD and SEM revealed that the
crystal facet and grain shape of Cu nanoparticulates supported on the Ni
foam substrate could be manipulated readily by the mode of electro-
deless plating, specifically the reaction duration. According to cyclic
voltammetry, the protonation of NO; ™~ at potential around the onset of
Cu(0)/Cu(l) redox couple (—0.6 V vs. Hg/HgO) proved the dependence
of nitrate adsorption on the phase transition of surface cuprite oxide
film. The transfer coefficient was maximized over the Cu/Ni/20-min
electrode, for which the facet was preferentially oriented toward Cu
{11 1}. Based on the peak currents from the voltammetry curves in the
presence of KNOj at various concentrations and scan rates, the electron
pathway was evaluated in the potential window of —0.6V to —1.2V:
the first electron was indirectly mediated by Cu® at —0.6 V, and the
subsequent reduction of the adsorbed NO; ™ to NO, ™ and Nags), which
then dimerized to N, whereas N(,q5) Was protonated to NH,* by hy-
drogen radicals at a potential beyond HER, i.e., < —1.0 V on the Cu/Ni
electrode. Because of morphological effect on nitrate reduction, Cu/Ni/
10-min and Cu/Ni/20-min electrodes were highly effective (> 97%
nitrate removal rate) compared to that of the Cu foam and Cu/Ni/60-
min electrode. Results indicated that that Cu{1 1 1} played a significant
role on nitrogen selectivity. At overpotential of >—0.6 V vs Hg/HgO,
the selectivity of N, was 55.6%; however, at < —0.6 V vs Hg/HgO
complete reduction of NO3;~ occurred and yielded NH,* as major
product.
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