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The electrochemical reduction of nitrate (NO;~) presents a
promising route for wastewater treatment and nitrogen cycle
restoration. In this work, we investigate the influence of pH
on the electrochemical nitrate reduction reaction (NO3;RR) using
metallic copper as a model catalyst. We systematically examine
pH effects within the range of 4.4 to 9.3 through electrochem-
ical experiments, such as on line differential electrochemical
mass spectrometry (DEMS) and in situ Fourier transform infrared
(FTIR) spectroscopy. Our findings reveal that the NO;RR mech-
anism is highly dependent on the electrolyte pH, dictating the
rate-determining step and the formation of reaction interme-

1. Introduction

The fixation of inert atmospheric nitrogen (N,) at industrial scales
to supply the intensive use of fertilizers has caused a global
imbalance in the nitrogen cycle.? It fixes around 108 tons of
nitrogen into reactive species per year,>! which accumulate in
aquatic systems over time. In 2017, the National Academy of
Engineering recognized the management of the nitrogen cycle
as a grand challenge for engineers.!! Therefore, it is urgent
to develop improved technologies for wastewater treatment to
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diates. Under mildly acidic conditions (pH 4.4), NO formation
is favored, while at mildly alkaline pH (9.3), byproducts such
as N,O and N,H,; emerge due to lower proton concentration
that hinders oxygenated intermediate hydrogenation. In situ
FTIR spectroscopy reveals local pH alkalinization during NOsRR,
shifting phosphate equilibria and influencing reaction selec-
tivity. These insights emphasize the critical role of electrolyte
pH in tuning product distribution and reaction pathways. Our
work highlights the importance of electrolyte engineering for
optimizing electrochemical nitrate reduction, contributing to
sustainable nitrogen management strategies.

minimize the increasing concentrations of nitrogenous species
in water streams. Among the nitrogen-containing contaminants,
nitrate (NOs;™) is the most oxidized species and the main pol-
lutant of wastewater.”! The accumulation of NO;~ in aquatic
systems leads to harmful environmental consequences, such as
algal blooms, and the poisoning of fishes and their predators,
possibly creating “dead zones”!®! Fertilizers are the main source
of nitrogenous contaminants, from which we can establish a
clear correlation between NO;~ contamination in groundwa-
ter and rivers with areas in which more agricultural activities
are conducted.””®! Besides agriculture, some industrial processes
have NO;~ as one of the components of their wastewater.!’!
Thus, the accumulation of NO;~ is an alarming problem that
needs to be addressed to restore the disturbed nitrogen cycle.
The development of technologies that convert NO;~ into benign
(N;) or more valuable (NHs) nitrogenous species is crucial to
dealing with this issue.[*!

The electrochemical NOs;~ reduction reaction (NO3;RR) to NH;
is an interesting alternative to overcome the accumulation of
nitrate and reduce the high carbon footprint of the Haber-Bosch
process, when powered by renewable energy.>'*'®! Although
NO;~ is not as abundant as N,, by using a pollutant to produce
a valuable fertilizer, we would be managing nitrogenous species
toward a circular economy, which could help the reestablish-
ment of the disturbed nitrogen cycle.™! Nevertheless, NOsRR to
NHs is a complex reaction that involves the transfer of eight
electrons with many possible byproducts, such as nitrite, nitric
oxide, nitrous oxide and hydrazine. The pH of the electrolyte
is very important for electrochemical reactions and actively
dictates the reaction mechanism of NO;RR. Liao et al” has
recently shown that electrolyte engineering can fundamentally
steer NO;RR selectivity, with a halogen-mediated proton feeding
strategy. Additionally, the NOsRR to NH; can either consume 10
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moles of protons (Equation 1) or produce 9 moles of hydroxyls
(Equation 2) per mole of NH; produced depending on the elec-
trolyte pH,"®? which can impact both local™ and bulk pH during
the electrochemical reaction.!

NO3_(aq) + 1OH30+(aq) +8e™ — NH4+(aq) + 13H20(|) (1)

NOS(;q) + 6H20(|) + 8¢ — NH3(9) + 90H7(aq) (2)

Examining the steps required to produce NH; from NOsRR,
they consist of multiple proton-coupled electron transfer (PCET)
steps. In this regard, the concentration of protons can determine
whether a hydroxonium cation (H;0%) or a water molecule will
be the proton source for the NOsRR. Anionic species can also
donate protons to the hydrogenation of the adsorbates, such as
hydrogenophosphate, bicarbonate, etc. Depending on the elec-
trolyte pH, the reaction can follow different elementary steps,
and the solution pH determines the predominant species from
an acid/base equilibrium, depending on its acid dissociation con-
stant (pK,). For instance, NH,OH can be protonated to NH;OH™
at pHs lower than 5.93.

Cu-based catalysts have compelling attributes that make
them a strong candidate to make the electrocatalytic NO3;RR to
NHs viable. Cu is a cheap and abundant metal that has a favor-
able charge transfer between its d-band and NO;~ LUMO 7* and
promotes NO,qs) hydrogenation to NHO .4 especially, when it is
undercoordinated, which favors the formation of NH;.[2%2! The
influence of the pH on single crystals Cu activities for NOsRR was
well studied by Pérez-Gallent et al.”®®! They found that at pH 1,
HNO, is the first intermediate formed, from which NO is released
in solution and then re-adsorbed (NO,qs) to be further reduced
to NH,* for both Cu(100) and Cu(111) surfaces. For pH 13, they
detected the formation of NO, () and NH,OHgs on both Cu
surfaces, being faster on Cu(100).”%! Hu et al.'*!! also explored
both pH and Cu facet influences on NOsRR to NH; with den-
sity functional theory (DFT) calculations and reported that the
rate-limiting step (RLS) and overpotentials are pH-dependent.
Although these findings clarify the mechanism at those bound-
ary pHs (1 and 13), the mechanisms underlying NO3;RR at mildly
acid and alkaline electrolytes on Cu remain unclear. Understand-
ing how near-neutral pHs impact the NOsRR is crucial to enable
the wastewater treatment of nitrate-rich streams since most of
them are neutral solutions.

In this study, we first evaluate through electrochemical
experiments how the solution pH from 4.4 to 9.3 impacts the
NOsRR to NO,~. Using on line differential electrochemical mass
spectrometry (DEMS), we also established a pH influence on
the formation of gaseous intermediates and how it dictates
the mechanisms that NOsRR can undergo. We employed in situ
Fourier transform infrared (FTIR) spectroscopy to investigate the
impact of local pH changes from NOs;RR on Cu at bulk pH
4.4 and 9.3. Our study complements extensive reports on both
Cul®321 and Cu-based catalysts'*?6-21 under various electrolyte
conditions, where the focus has been primarily on products dis-
tributions toward ammonia and nitrite. We concentrate on the
intermediate chemistry and pH-dependent interfacial processes,
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which are key to rationalizing why different electrolytes lead to
distinct products selectivity.!®® Thus, we could provide a pic-
ture of how near-neutral pHs ranging from 4.4 to 9.3 dictate the
NO;RR mechanisms on metallic Cu to elucidate crucial aspects of
designing electrolytes for this reaction.

2. Experimental Methods
2.1. Electrochemical Measurements

We conducted potentiostatic chronoamperometric experiments
in a two-compartment electrochemical cell separated by a
Nafion 424 membrane. We used a saturated Ag/AgCl reference
electrode (RE), a Pt plate as a counter electrode (CE), and a pre-
viously electropolished Cu mesh (Alfa Aesar, copper gauze, 50
mesh woven from 0.23 mm diameter wire) as working electrode
(WE). The electropolishing protocol consisted of applying +3.0 V
versus Cu at the WE for 30 s using a 50% H;PO, solution fol-
lowed by the application of 0.0 V versus Cu for another 30 s. We
applied potentials from —0.1 to —0.8 V versus standard hydro-
gen electrode (SHE) for 60 s for each measurement to obtain
the steady-state current at each condition. At pH 9.3, we also
did measurements at potentials -0.9 and -1.0 V versus SHE. The
potentials were applied using a previously calibrated saturated
Ag/AgCl reference electrode (with the potential against SHE at
pH 0 denoted as E%xg/aqc1) and were corrected versus SHE and
reversible hydrogen electrode (RHE) according to the following
Equations (3 and 4) respectively:

Esve = Eng/agal + Egg/AgCI €)

Erve = Eng/agal + ERgjaga +0.059 V pH @

The electrolyte consisted of 0.2 mol L=' NayHs;_4PO, vary-
ing the quantities of NaH,PO, (sodium phosphate monobasic
dihydrate > 98%, Sigma-Aldrich) or Na,HPO, (sodium phosphate
dibasic heptahydrate > 98%, Sigma-Aldrich) to obtain solution
pHs of 4.4,7.1, and 9.3, with and without the addition of 0.05 mol
L~' NaNO, or NaNO; (>99%, Sigma-Aldrich) in the catholyte.
Argon was purged before (at least for 15 min) and during the
electrolysis. The catholyte was stirred at 700 rpm to minimize
the current limitation by mass transport. All electrolysis measure-
ments were 85%-iR-compensated considering the impedance
measured at 100 kHz at open circuit potential (OCP), with the
remaining 15% iR being considered afterward for data analy-
sis. The pHs were measured after the experiments and did not
change significantly. We calculated the electrochemically active
surface area (ECSA) of the Cu mesh through the measurement of
the double layer capacitance (Cq). By varying the scan rate and
extracting the slope of the relationship between the capacitive
current and scan rate, we can obtain the Cy and we are able to
get the ECSA by the ratio between Cy and the specific capaci-
tance (G;) of Cu, which we considered to be 34 uF cm=2."! We
show in Figure S1 the CVs and the calculation of Cy for the Cu
mesh at pH 7.1.
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2.2. On Line Differential Electrochemical Mass Spectrometry

We performed on line DEMS experiments to track the variation
of the ionic current (lipnic) of key mass/charge ratios (m/z) dur-
ing electrochemical experiments. The DEMS equipment consists
of a mass spectrometer with a vacuum system, powered by two
turbomolecular pumps operating at 60,000 rpom (HIPACE 300 Tur-
bopump DN 100 CF-F) and a mechanical pre-vacuum pump, two
chambers, and valves.?*?! We used a DEMS with two chambers
that under operating conditions with a difference of pressure
of up to 4 orders of magnitude (each one with a pressure in
the order of 102 and 1077 hPa). This pressure difference enables
the differential detection of the gaseous and volatile species.’®"
The mass spectrometer (PrismaPlus QMG 220 M1) is located in
the second chamber and consists of a tungsten filament that
ionizes the gaseous collected species that are detected by a sec-
ondary electron multiplier detector. We acquired potentiostatic
chronoamperometric steps of 120 s each from —1.4 to —17 V
versus SHE in duplicates. Between each step (120 s) and dur-
ing the whole DEMS session, a potential of —0.7 V versus SHE
was kept in an electrochemical cell to maintain Cu in its metal-
lic state, considering Cu can be oxidized at OCP. We monitored
the lignic of m/z 5, 30, 32, 33, and 44. The m/z 5 is monitored
to verify if the baseline of all m/z is not being affected by dif-
ferences in the pressure of the chamber, which was not the
case. The lionic for each monitored m/z is normalized, consider-
ing the stabilized baseline of each series of chronoamperometric
experiments. The WE consisted of a copper mesh (Alfa Aesar,
copper gauze, 50 mesh woven from 023 mm diameter wire)
positioned above a titanium ring that serves as electrical con-
tact. This assembly is secured in a Teflon support beneath four
poly(tetrafluoroethylene) (PTFE) membranes (Gore-Tex, 0.02 um
pore size, 50 um thickness), which act as the interface between
the electrochemical cell and the vacuum chambers of the DEMS
setup. On this assembly, a stainless-steel flange (with a frit of
40 um pore size) is screwed onto the PTFE membranes (Figure
S2a,b), which is connected to the DEMS chambers. The exposed
geometric area was 0.38 cm?. We used a custom-made electro-
chemical cell with a Pt plate as CE and a leakless Ag/AgCl as RE,
under magnetic stirring at 700 rpm and Ar atmosphere. The elec-
trolyte consisted of 0.2 mol L' NaH,PO, or Na,HPO, for pHs 4.4
or 9.3, respectively, with the addition of 0.1 mol L' NaNOs. The
pHs were measured after the experiments and did not change
significantly.

2.3. In Situ Fourier Transform Infrared Spectroscopy

The spectroelectrochemical cell used for in situ FTIR experi-
ments consists of a 3-electrode cell (WE = Cu mesh; CE = Pt
wire; RE = Ag/AgCl) that was assembled on top of a ZnSe
window and positioned on the upper part of a 6-reflection
attenuated total reflectance (ATR) accessory (Specac Gateway
multi-reflection HATR) mounted in a Nexus 670 ThermoNicolet
spectrometer (Figure S3). The FTIR spectra were acquired in ATR
mode from a thin layer formed by the careful pressure of the
WE against the ZnSe window by the sample holder. We used
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a PGSTAT 204 potentiostat (Autolab) to conduct chronoamper-
ometric experiments from —0.4 to —1.1 V versus SHE (at every
100 mV). We acquired the spectra from an average of 16 scans
and 8 cm™ resolution. The background spectra were obtained
at -0.4 V versus SHE. Positive peaks correspond to the forma-
tion of products and/or the adsorption of species, while valleys
are associated with the consumption of species and/or their
displacement from the surface.

3. Results and Discussion

3.1. The Influence of pH on the Rate-Limiting Step of Nitrate
Electrocatalytic Reduction on Copper

We evaluated the pH influence on Cu intrinsic activity for NOsRR
and nitrite (NO,™) reduction (NO,RR) by employing chronoam-
perometric experiments. In Figure 1, we show the comparison of
the steady-state cathodic current density of a Cu mesh from —0.1
to —1.0 V versus SHE for hydrogen evolution reaction (HER) with
the electrolyte containing only Na,H; PO, NOsRR, and NO,RR
at different pHs (4.4, 7.1, and 9.3). We show in Figure S4 represen-
tative chronoamperometric measurements at all pHs. For NO;RR
and NO,RR, we evaluate the steady-state overall current in the
presence of 0.05 mol L=' NaNO,, which means that some activ-
ity is still related to the competing HER. Considering we cannot
assume that HER will occur at the same rates in the presence
of NO;~ or NO,~, we did not merely subtract the HER current
density in the absence of these anions from the overall cur-
rent obtained in their presence. Even so, we could extract some
elucidative trends that will be explored as follows.

We compare the cathodic current densities of Cu at pHs 4.4
(blue lines), 7.1 (green lines) and 9.3 (red lines) in the absence
(Figure 1a,d) and presence of NO,~ (Figure 1b,e) and NO;~
(Figure 1c,f). Considering the reactions are all proton-consuming,
all of them should reflect decreasing activity with increasing
pH when comparing the current densities in the SHE scale
(Figure 1a-c). This trend is valid for both HER (Figure 1a) and
NO,RR (Figure 1b), where we see that by increasing the pH, we
lower their associated current densities. When we exclude the
influence of proton concentration by comparing the activities of
HER, NO,RR in the RHE scale (Figure 1d,e), we observe that the
current densities are similar for all pHs, indicating that the kinet-
ics of these reactions are dictated by PCET processes.®® For a
better understanding of changing scales, we show in Table S2
the correlation between the applied potential at SHE and RHE at
different pHs, highlighting that a fixed potential at SHE scale cor-
responds to increasingly positive values at RHE scale with rising
the pH.

A pH-dependence of Cu activities for NO;RR on SHE scale
(Figure 1c) is not evident as they present similar profiles for pHs
4.4 and 7.1, which means that the reaction rate is not governed
by a proton-electron transfer, since it is not pH-sensitive.’3! By
disregarding the influence of the protons’ concentration (RHE
scale), the NOsRR (Figure 1f) is more favorable at pH 7.1. This
observation can be explained by the fact that the mechanism of
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Figure 1. Potential dependence on SHE a)-c) and RHE d)-f) scales of the steady-state current of 1-min chronoamperometric experiments conducted in
different electrolytes using a copper mesh as the working electrode. pH influence on the activity of Cu for the electrolyte containing 0.2 mol L™’
NayHs;_,PO,4 with the absence a) and d) and presence of 0.05 mol L~' NaNOs b) and e) or 0.05 mol L' NaNO, c) and f). The experiments were conducted
in a 2-compartment H-cell separated by a Nafion 424 membrane, using a previously electropolished Cu mesh as the working electrode, saturated Ag/AgCl
reference electrode, and a Pt plate as counter electrode under Ar atmosphere. The catholyte was stirred at 700 rpm to avoid mass transport limitation of
the recorded currents. The error bars denote the standard deviation of three separate experiments.

Considering the proposed mechanisms in Scheme 1, along

NO2*(ase) —o~ NOZ (aus) with our results, we attribute the acidic RLS for pH 4.4 and the
p
AL Acid neutral/alkaline RLS for pHs 7.1 and 9.3. We consider that the neu-
o tral/alkaline path would be the predominant one for pH 7.1 since
2 e_ _ PR H
NO4~(aq—>NOs s Nosz_(ads)_é;. NO, ™ (ads) the activities of Cu for NO;RR are different compared to pH 4.4 at

the RHE scale (Figure 1f), which indicates that the reaction rates
are not dominated by the concentration of protons and does
not involve a PCET step as RLS. By shifting the reaction mech-
anism from one that consumes protons (acid path) to another
one that consumes H,O molecules (neutral/alkaline) producing
hydroxyl (OH™), comparing only the pHs 7.1 and 9.3, the reaction
is more favorable at pH 7.1. Enhanced activity at pH 7.1 compared
the rate-limiting step (RLS) for NOsRR (NO;~ adsorption and its  to 9:3 likely arises from more favorable reaction thermodynamics
reduction to NO,~) depends on the pH, which involves a direct ~ and interfacial conditions. At pH 7.1, the buffering capacity allows
proton transfer in mildly acidic electrolyte, followed by the elec-  for moderate proton availability without the inhibitory accumu-
tron transfer to form adsorbed NO,~. Scheme 1 shows different lation of hydroxide, enabling a more balanced environment for

paths through which NO;RR to NO, ™ .4 can undergo depending ~ PCET-driven reduction steps. Although the initial reduction of
on the pH. NOs" yields NO,™, the ultimate objective of NO;RR is the conver-

Neutral / Alkaline

Scheme 1. Reaction mechanisms through which the nitrate reduction to
nitrite can occur depending on the pH: acidic one highlighted in blue and
neutral/alkaline one highlighted in red.
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Figure 2. DEMS results for the production of nitric oxide. a) Potential steps
applied over time. Variation of ionic current related to m/z = 30 b), 32 ¢), 33
d), and 44 e) for nitrate electrochemical reduction on Cu at pHs 4.4 (blue
line) and 9.3 (red line). Experiments were conducted in a 1-compartment
electrochemical cell containing 0.2 mol L™ of NaH,PO, (pH 4.4) or
Na,HPO, (pH 9.3) + 0.1 mol L' NaNO;, a Cu mesh as working electrode,
Pt as counter electrode and a leak-free Ag/AgCl as reference electrode.

sion into environmentally benign nitrogen species, such as N,,
or valuable ones, such as NHs. In the following subsection, we
discuss the effect of pH in the next steps of NOsRR on Cu.

3.2. The pH-Dependent Formation and Hydrogenation of
Nitric Oxide

On line DEMS (Figure 2) measurements were conducted to
track the formation of volatile species formed from NO;RR on
Cu electrode at pHs 4.4 (blue line in Figure 2b-e) and 9.3
(red line in Figure 2b-e) by monitoring the variation of the
ionic current (linic) related to their mass charge ratio (m/z).
We present in Figure 2a the steps of potential (120 s each)

ChemCatChem 2025, 0, 01022 (5 of 9)
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f)\ pH: 4.4 9.3 m/z 30 NO 45y = NO,
<
g2 -
o Scheme 2. Reaction mechanisms for nitrite conversion to NO at acidic
S (blue) and alkaline (red) pHs.
- 0
C) employed to qualitatively detect the potential-dependent pro-
duction of: NO (m/z = 30, Figure 2b), N;H, (m/z = 32, Figure 2c),
20_ NH,OH (m/z = 33 and 32-NHOH™ fragment-Figure 2¢,d) and
= N,O (m/z = 44 and 30-NO™ fragment - Figure 2b,e). We alter-
€ neted potentials between values at which an increase in l;gnic was
— observed (from -1.4 to 1.7 V versus SHE) and -0.7 V, which lies in
the double-layer region, where no faradaic current or increase in
d) the lionic is detected. This approach allowed the lip,ic to return to
~ the baseline level between steps. We applied sufficiently nega-
%:_ 10 4 . tive potential to produce a detectable number of volatile species,
\; but it may not reflect the actual potential from which we start to
S > | produce them. Our goal is to show the potential dependence of
I s e s L the production of each species from NOsRR on Cu at different
; ] ] . pHs (4.4 and 9.3).
e) 104 " ) " miz 441 The formation of NO was tracked by examining the variation
2 of lionic of m/z = 30 (Figure 3b), which is a central interme-
S 5 ] diate of NO3RR after the reduction of NO, (,45. We observe a
2 potential-dependent increase of the lig,c of m/z = 30 at both
_—o pH 4.4 and pH 9.3. The ionization of N,O can generate fragment
0 NO* with m/z 30 with up to one third of the intensity of the

main fragment with m/z 44. Thus, since the variation in lignic of
m/z 30 (Figure 2b) represents one-fifth of the variation of m/z
44 (Figure 2e) at pH 9.3, we cannot state that the variation of
m/z 30 under alkaline conditions is attributed to NO formation.
Therefore, we can conclude that the reduction of NO,~ to NO
is more favorable at pH 4.4, which corroborates with our previ-
ous result for the reduction of nitrite (Figure 1b), and with what
was found by Perez-Gallent et al. at single crystal Cu at pH 1
compared to pH 13.2! It is important to note that the varia-
tion of m/z = 30 may also be assigned to the production of
N,O, as NO* is a known fragment of nitrous oxide.** However,
since we just detected N,O at pH 9.3 (Figure 2e), the stronger
variation of m/z = 30 signal observed at pH 4.4 is more likely
attributed to increased NO production. The NO, (45 reduction
to NO can undergo through different pathways, depending on
the electrolyte pH, as presented in Scheme 2.

The NO, ™ (g5 species can be reduced to NO,qs, consuming
one electron.”! The formation of NO,45) can undergo through an
electron transfer that forms NO,? .45 followed by the reaction
with two protons releasing H,O in acidic media (highlighted in
blue in Scheme 2). In alkaline media, NOqs is formed through
the consumption of one H,O molecule and one electron trans-
fer (alkaline mechanism, in red).>™ The higher concentration
of protons under acidic conditions would favor the equilibrium
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Scheme 3. Reduction of adsorbed NO to the formation of different products: N-N coupling in gray, nitrous oxide in light blue, hydroxylamine in green and

ammonia/ammonium in red.

toward NO formation, in accordance with what we observed
with DEMS (Figure 2b). Another important factor to consider
is the difference in concentration of cations between the elec-
trolytes (Table S1). At pH 9.3, the Nat concentration is 0.4 mol
L', whereas at pH 4.4, it is 0.2 mol L~". A higher concentra-
tion of cations enhances the stabilization of adsorbates with a
dipole moment, 3! which may explain the increased detection
of NO, species at lower pH. Thus, at pH 4.4, the lower concen-
tration of cations provides less stabilization for this adsorbate,
favoring its desorption and detection with DEMS.

After the formation of NO(,qs), numerous other products can
be produced, as shown in Scheme 3. By utilizing DEMS, we can
monitor the formation of potential gaseous and volatile species,
providing insights into the reaction pathways and product dis-
tribution. Scheme 3 shows the different paths through which
NOs;RR can undergo from the divergent central intermediate
NO4s)- The protonation of NO dictates the selectivity of NO3RR,
which can be either through N atom or O atom.B¢! By favoring
the formation of the intermediate NOH 45, the N—N coupling
mechanisms (highlighted in gray in Scheme 3) are more likely to
occur,?37381 promoting the formation of N,. We can also obtain
NH; from NOH_q4s through its subsequent protonation at the
N atom to form HNOH.q, followed by the release of water to
form NH,qs species (highlighted in red on the top of Scheme 3).
This mechanism for NH; is less likely to occur than N, forma-
tion since it demands three additional PCET steps to obtain NH;
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compared to N,."! From the formation of NHO,qs), especially for
what is reported for Cu-based catalysts,[23%%0] the production of
hydroxylamine (NH,OH) (highlighted in light green in Scheme 3)
and NHs; (highlighted in red at the bottom of Scheme 3) is
more favorable. Katsounaros and Kyriacou'*"! reported two pos-
sible mechanisms for the formation of nitrous oxide (N,O) either
through the coupling of two HNO(,4 species or from the reac-
tion between H,NOH .45 with HNO,,q) (highlighted in light blue
in Scheme 3). Once formed, N,O can be either desorbed - as we
detected with DEMS - or further reduced.l”!

We monitored the formation of N,H; (m/z = 32, Figure 2¢),
NH,OH (m/z = 32 and 33, Figure 2¢,d), N,O (m/z = 44, Figure 2e)
with the applied potential (Figure 2a). The m/z = 32 can
be attributed to hydrazine (N,H,)"* and to a fragment of
hydroxylamine (NH,OH), whose main molecular fragment has
m/z = 33.%4 NH,OH can be protonated to NH;OH™ at acidic
pH with a pK, equal to 5.93 (highlighted in green in Scheme 3),
which means that for pH = 4.4 we would not expect to
have considerable amounts of NH,OH in solution. We found a
potential-dependent variation of lionc of m/z = 32 (Figure 2c) for
both pHs, which could be attributed to both N,H; and NH,OH.
However, considering that m/z = 33 (Figure 2d) does not vary
at the same scale, and NH,OH is not expected to be present in
solution at pH 4.4 (pK, = 5.93),"1 we attribute this variation to
the formation of N,H, through the protonation of *N, adsorbed
species, as shown in Scheme 3, highlighted in gray.*®’ Although
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Figure 3. In situ Fourier transform infrared spectra for nitrate reduction on Cu at different pHs. Experiments were conducted under potentiostatic regime in
a T-compartment electrochemical cell containing 0.2 mol L™ of NaH,PO, (pH 4.4) a) and b) or Na,HPO,4 (pH 9.3) ¢) and d) + 0.1 mol L' NaNOs b) and d),
a Cu mesh as working electrode, Pt as counter electrode and a leak-less Ag/AgCl as reference electrode. The potentials are represented by shades of blue
(pH 4.4) or red (pH 9.3) and were corrected against SHE. Peaks and valleys attributed to the species H,PO,~, HPO,2~, PO43~ and NH;OH* are highlighted
with green, orange, purple, and pink dotted lines, respectively. The spectra were acquired after 3 min of chronoamperometry at each applied potential.

we do not attribute the variation of m/z = 32 to NH,0OH, we can-
not state that it is not being formed during NOsRR, as it is a
liquid soluble species with low volatility,/! and would be pro-
tonated at pH 4.4 considering its pK, of 5.93.1°! Besides that, we
will discuss in the next subsection the formation of NH;0H™, the
protonated form of hydroxylamine at pH 4.4, probed by in situ
FTIR.

N,O can be formed through two different pathways (high-
lighted in light blue in Scheme 3): by the coupling of two species
HNO(,45) during NO3RR leading to the formation of H,N,O, which
dissociates releasing N,O and H,O and through the reaction
of H,NOH.q) with HNO,.q), as reported by Katsounaros and
Kyriacou.l*! We tracked the formation of N,O by probing the lignic
related to m/z = 44 (Figure 2e). We found a potential-dependent
formation of N,O only for pH 9.3, which was not observed for pH
4.4. We attribute this side mechanism occurring at a more alka-
line pH to the fact that HNO(,45) would be rapidly protonated to
form H,NOgqs at pH 4.4, inhibiting the formation of N,O under
this condition. We do not expect the formation of N,O through
the second mechanism (HNO,-mediated one) considering that
the pK, of HNO, is equal to 3.4,°! and therefore it is not expected
be present in solution at both studied pHs.

3.3. The Effect of Nitrate Reduction on Local pH Alkalinization

Although the bulk pH can be kept constant by using buffered
solutions, the interfacial pH can vary under reduction reaction
conditions by the local consumption of protons.*#! It can lead to
a pH gradient between the WE and the bulk of the electrolyte,*”!
which is the critical region where the electrochemical reac-
tion occurs. Corson et all'®®! reported the use of attenuated
total reflectance-surface-enhanced infrared spectroscopy (ATR-
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SEIRAS) to probe the local pH of the interface between Cu and
the electrolyte, which consisted of a phosphate buffer system,
for NOsRR. They used the intensities of the peaks from the ATR-
SEIRAS spectra attributed to H;PO,4, H,PO,~, HPO,%~ and PO,*"
to determine the local pH during NO3RR.

Our experimental configuration for in situ FTIR (Figure S3)
allows the accumulation of produced species at the electrocat-
alyst surface, effectively retaining them in the local environment
that is probed at each spectral acquisition. This approach differs
from what we observed using DEMS, where volatile or desorbed
species are rapidly transported away from the electrode.5?!
Despite probing different phenomena, we believe that these
results are complementary. While DEMS provides insights into
transient and desorbed intermediates, in situ FTIR captures inter-
facial dynamics more closely, particularly regarding local pH
variations and adsorbed species. By analysing the spectral fea-
tures of phosphate species in situ, we gain valuable information
about the local reaction environment and how it evolves dur-
ing NOsRR. In this subsection, we investigated qualitatively the
dynamics of the peaks attributed to the anions H,PO,~, HPO,*~
and PO,*> at pHs 4.4 (Figure 3a,b) and 9.3 (Figure 3c,d) using in
situ FTIR in the absence (Figure 3a,c) and presence of 0.1 mol L™’
NaNO; (Figure 3b,d).

The local pH variations at pH 4.4 (Figure 3a,b) are reflected
by the decrease in the concentration of H,PO,~ and the increas-
ing concentration of HPO4%". These phenomena are observed
because lowering the concentration of H;O™ shifts the following
equilibrium (Equation 5) toward the direct reaction:

H2PO; oo + H20() = HPOZ™ . + H30" g 5)

We observe this phenomenon for both HER (Figure 3a) and
NO;RR (Figure 3b) since both reactions are proton-consuming,
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leading to local pH alkalinization. We monitored the emergence
of a valley at 1155 cm™' (green dotted line, Figure 3a,b) assigned
to the asymmetric vibration v, (PO) of H,PO,~ and the evolu-
tion of peaks at 989 and 1093 cm™' assigned to symmetric v,
(PO) and asymmetric v, (PO) vibrations of HPO,*, respectively
(orange dotted lines, Figures 3a,b).l"®! The local pH alkaliniza-
tion was observed at a low overpotential (-0.6 V versus SHE)
when NO;RR takes place (Figure 3b). The multiple PCET steps
involved in the NOsRR reaction led to a reduced availability of
protons within the thin layer probed by FTIR. Additionally, we
observed the emergence of a peak at 1060 cm~' only for NOsRR
at pH 4.4 (pink dotted line, Figure 3b), which we attribute to
the —NH, stretch of NH;OH ™ (,),!"™! considering the equilibrium
of hydroxylamine showed in green in Scheme 3.

At pH 9.3 (Figure 3c,d), the local pH alkalinization is reflected
by the consumption of HPO,? and production of PO,*, consid-
ering the shift of the equilibrium represented by Equation (6):

Hpoii(aq) —+ OHi(aq) — POi’(aq) —+ H20(|) (6)

A pH alkalinization in both HER (Figure 3c) and NO;RR
(Figure 3d) was observed using in situ FTIR, through which we
ascribe the valley at 1076 cm™' to the asymmetric v, (PO) vibra-
tions of HPO,* (orange dotted lines, Figure 3c,d) and the peak
at 1008 cm™' to the v, (PO) vibrations of PO,> (purple dotted
lines, Figure 3c,d).l"®! We also observe that the decrease in the
concentration of HPO,> and the increase in the concentration
of PO,*> occur simultaneously and with similar magnitude for
both HER and NOsRR, reflecting the equilibrium of Equation (6).
Additionally, the intensity of the peaks and valleys for NOsRR
(Figure 3d) are higher than those for only HER (Figure 3c) as well
as the overpotential from which we started detecting this phe-
nomenon (-0.8 V versus SHE for NOs;RR and -1.1 V versus SHE for
HER).

4, Conclusion

We reported an experimental approach to investigate the reac-
tion mechanisms of NOsRR on metallic Cu depending on the
electrolyte pH from 4.4 to 9.3. By comparing the electrochemical
results obtained from HER, NO,RR, and NOsRR, we could estab-
lish the pH influence on the first steps of the NOsRR to NO,™.
Our results indicate that NO;~ be converted into NO,™ can via
two distinct, pH-dependent electrochemical pathways on Cu. We
also employed on line DEMS to unveil how the electrolyte pH can
modulate the product distribution from NOsRR on Cu, by track-
ing some key gaseous and volatile species. We found that NO(,qs)
is preferably formed at pH 4.4. At pH 9.3 side products such as
N,O and N,H, can also be formed, due to the lower concentra-
tion of protons that promotes the hydrogenation of oxygenated
intermediates. Using in situ FTIR spectroscopy, we demonstrated
that the NO;RR favors the local pH alkalinization by consuming
protons that shift the equilibria of phosphate anions. The results
presented in this work can stimulate the use of coupled tech-
nigues to investigate electrolyte conditions for electrochemical
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reactions by shedding light on the role of mild pH conditions on
NO;RR on Cu electrodes. We highlight that electrolyte engineer-
ing is crucial to enable the use of electrochemical alternatives to
both wastewater treatment and NH; synthesis.
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