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Ammonia Synthesis from Electrochemical Reduction of Ni-
trate by Using Boron-doped Diamond Electrodes
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ABSTRACT: In this study, we investigated the ammonia synthesis from electrochemical nitrate reduction by using a boron-doped
diamond (BDD) electrode. Several parameters were optimized, including the boron doping level in BDD, reduction potential, cell
type, and electrolyte, to reach an ammonia production rate of 67+12 pmol cm™ h™! with a faradaic efficiency of 98+6%. The ammonia
production rate could be enhanced up to 184 pmol cm™ h™! by adjusting the boron doping level. From kinetic measurements during
ammonia synthesis, the time dependence of NOs~, NO,", and NH3 concentrations confirmed that the reaction of electrochemical
nitrate reduction can be described by two sequential reactions: NO;™ reduction to NO,™ and following reduction of NO,™ to NHs.
Among the conditions studied, the addition of NaOH, that decreased the charge transfer resistance of electron transfer and increased
the ionic conductivity, was found to enhance the rate constant of both reactions, with a significantly larger effect on NO,™ to NHs. In
addition, comparison with other electrode materials, namely Cu, Ti, and glassy carbon confirmed the superior quality of BDD elec-
trode in terms of production rate, faradaic efficiency, and durability.

INTRODUCTION

Ammonia (NHs) is currently one of the most important chem-
ical compounds playing a pivotal and major role as raw material
for fertilizers (e.g., urea in the Bazarov synthesis,! ammonium
phosphate, and ammonium nitrate). In addition, NH; finds ap-
plication in the chemical industry for the synthesis of nitric acid
(Ostwald process),? hydrazine, cyanides, pharmaceuticals, plas-
tics, textiles, and explosives. Actually, every nitrogen atom in
industrially produced chemicals compounds comes directly or
indirectly from ammonia.> Hypothetical use of NH; as fuel
(storage and carrier of Hy) has also been suggested.* To sustain
its demand, mass production of NHj is based on the Haber-
Bosch process since its inception in 190936

The high-energy demand of the Haber-Bosh process
prompted an increasing interest for lower energy intensive
methods for ammonia synthesis, and electrochemistry emerged
among others, owing ambient temperature and pressure as reac-
tion conditions.

The direct reduction of N, gas to NHj in aqueous electrolyte
has been widely investigated. However, the high stability of the
N triple bond (946 kJ mol™),” and the competing hydrogen
evolution reaction lead to low or modest faradaic efficiencies,
and very poor NH3 production rates which prevent any possible
application.® Nitriding,’ the reaction of lithium, magnesium, al-
kaline-earth metals, or transition metals of Groups IV-VII with
N; to form nitrides, has been suggested as possible strategy to
overcome these problems. In fact, reaction of N, over a Li salt
reduced to Li metal at the electrode produces LiN3; which fol-
lowing hydrolysis affords NH;. The production rates by this
strategy are promising,'* but the already high pressure on lith-
ium resources by the Li-ion battery sector'' will hardly make
this method to reach any practical development.

Electrochemical synthesis of NH; can occur also during ni-
trate reduction that it is known since 1902 from works of Julius
Tafel,'? and more prominently in the 1990s from researches on
nitrate removal in groundwater for environmental remediation.
In such cases, the optimal result is N, gas production that finally
leaves the solution.'>'* Beside polluted groundwater contami-
nated by nitrate,'® mainly from fertilizer due to insufficient ni-
trification/denitrification,'® different source of nitrate are found
in nuclear,'”!® industrial,’ and textile?® wastewaters.

The advantage of this strategy is twofold, while producing
NH;, at the same time the wastewater can be decontaminated
from nitrate.

However, a concomitant challenge lies in the multiplicity of
partially reduced species which can be generated through this
reaction, before reaching the fully reduced NHj (i.e., NOy,
NO,, NO, N,O, N, NH,OH, NH,NH,, NH3). Although nitrite,
nitrogen gas, and ammonia can be regarded as main products
(eqs 1-4).2

NO3 + 3H* + 2e~ - HNO, + H,0 E'=0.934V
(1)22

2NO3 + 12H* + 10e™ - N, + 6H,0 E'=1246V
(2)22

NO3 + 10H* + 8e~ — NH} + 3H,0 E°=0.880 V
(3)23

HNO, + 7H* + 6e~ - NH; + 2H,0 E°=0.864 V
(4)22

Generally, in electrochemical synthesis, the selectivity to-
ward the product of interest can be tuned by careful selection of
solvents, supporting electrolytes, and in particular the electrode
materials or electrocatalysts. Many kinds of materials have been
investigated, such as polycrystalline Cu and copper oxide,**2°
or in combination with other metals such as Co,?”?® Zn,?* Ni,*



or Rh,* and also Ga/In/Sn eutectic,? Fe,**** Rh,*> Ni-Rh,3
Ag,’7 Co,*® Pd/TiO,*° and Co304/Ti0,.*

However, metal electrodes and especially electrocatalysts
with hierarchical and complex structures are prone to loss of
activity by corrosion that induces structural changes or metal
dissolution with consequent impact on efficiency, production
rate, durability/cost, and safety concerns about metal leaching.*!

Here, we propose a sp® carbon-based electrode, namely bo-
ron-doped diamond (BDD)*** that possesses high physical and
chemical stability, and wide potential window that results from
low activity toward protons reduction, a competing reaction
during nitrate reduction.

These characteristics made BDD electrode useful for other
electrochemical reduction reactions, for example CO; to formic
acid or CO.#6-0

Moreover, the doping element boron does not pose safety
risk, in principle, being also a necessary element for human
health,’! contrary to heavy metals of some electrocatalysts.

In the following investigation, we explore the conditions for
efficient ammonia synthesis from nitrate reduction at BDD
electrode by optimizing the boron doping concentration in the
BDD, reduction potential, electrochemical cell configuration,
and electrolyte composition. Kinetic and electrochemical im-
pedance spectroscopy measurements were performed to get in-
sight into the electrochemical reduction mechanism of nitrate to
ammonia.

EXPERIMENTAL SECTION

Chemicals and materials. NaNOs;, NaOH (Wako, Japan).
Acetone and trimethoxyborane (TCI, Japan). Glassy carbon,
copper, titanium and platinum electrodes (Nilaco Co, Japan).
Nafion membrane NRE-212 (Sigma-Aldrich). Deionized water
with resistivity of 18.2 MQ-cm at 25°C (DIRECT-Q3 UV Wa-
ter Purification System, Millipore). All reagents were commer-
cially available and used without further purification. Details
are available in paragraph 1 in the Supporting Information.

Fabrication of boron-doped diamond. BDD was deposited
on silicon (100) wafers by using a microwave plasma-assisted
chemical vapor deposition (MPCVD), from a solution of ace-
tone and trimethyl borate, with a B/C atomic ratio of 0.1, 0.2,
0.5, and 1%. The BDD morphology and quality were confirmed
by SEM and Raman spectroscopy measurements (Figure S1 and
S2). Details are available in paragraph 2 in the Supporting In-
formation.

Electrochemistry. Undivided batch cell, divided batch cell
and divided flow cell were compared (Figure S3). In divided
cells, anode chamber and cathode chamber were separated by a
0.002 inch Nafion membrane. Working electrode (WE) was a
BDD, counter electrode was a Pt plate, and reference electrode
was Ag/AgCl (KCI saturated) which all potentials are referred
throughout the manuscript, unless otherwise stated. Details are
available in paragraph 3 in the Supporting Information.

Products quantification. Absorption spectrophotometry
methods were used for the determination of NO;~, NO, and
NHs. Production rate (umol cm™ h™') and faradaic efficiency
(FE) were used as figure of merit to assess the results of nitrate
reduction to ammonia.

Details are available in paragraphs 4 and 5 in the Supporting
Information (Figure S4-S6).

RESULTS AND DISCUSSION

Boron doping concentration

Diamond is a semiconductor (indirect band gap 5.4 eV)>
which optical, physical, and electrochemical properties are
highly affected by heteroatom doping, generally boron.*? In par-
ticular, around 2-3x10% [Blem™ is found the threshold for
metal conductivity®® which is therefore the interesting region to
explore for electrochemical applications. We prepared four
BDD electrodes at different boron doping concentrations,
namely 0.1, 0.2, 0.5, and 1% of B/C ratio to evaluate the effect
of boron doping on nitrate reduction current, and proton reduc-
tion current (i.e., the competing hydrogen evolution reaction).
The best boron doping concentration would maximize nitrate
reduction and minimize protons reduction. Experimentally, lin-
ear sweep voltammetry has been compared in 0.1 M NaCl and
0.1 M NaNO; at the same pH which should resemble only hy-
drogen reduction, and hydrogen reduction plus nitrate reduction,
respectively (Figure 1).
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Figure 1. Liner sweep voltammograms at 10 mV s™! in aqueous 0.1
M NaCl (pH 5.9, blue line) or 0.1 M NaNOs (pH 5.8, red line) by
using BDD electrodes with boron concentration of 0.1% (a), 0.2%
(b), 0.5% (c), and 1% (d). Undivided batch cell, stirring rate 2912
rpm. WE: 12.56 cm?. V vs Ag/AgCl (KCl sat.).

The larger current for nitrate reduction compared to the hy-
drogen reduction confirms the low catalytic activity of BDD to-
ward protons reduction and its beneficial role for electrochemi-
cal reduction reactions in aqueous electrolytes. The level of bo-
ron doping affects the surface conductivity of the BDD and con-
sequently the rate of electron transfer.>* In fact, the current, both
in NaCl and NaNOj3, increase accordingly. However, the current
for hydrogen evolution increases linearly with the boron doping
concentration, while the process begin to be limited by nitrate
concentration between B/C 0.5 and 1%. On the contrary, 0.1%
BDD in NaNOs had no peak, but it reached an almost stationary
state because at this boron concentration the electron transfer
was slower that the diffusion process of nitrate.

This resulted in 91% of the current for nitrate reduction on
0.2% BDD (at —1.8 V), the highest percentage among the four
BDD electrodes that is consequently selected for the following
experiments (Table S1).

Optimal reduction potential

Electrochemical nitrate reduction was performed at different
potentials to confirm the best faradaic efficiency and production
rate of NH; (Figure 2).



100 — - 0.4

I NH; NO:™

]
- 4
80 03 2
2 60 —| i '5
- 0.2 °
w —
w 40— g
20 - 01 &
I e

J—_ A m |,

-2.2 -20 1.8 1.6 -1.4 1.2
EIV

Figure 2. Potential dependence of FE for NH3 (blue) and NO2~
(gray). Potentiostatic reduction of 0.1 M NaNOs by using 0.2%
BDD electrode for 1 h. Divided flow cell, flow rate 200 mL min~".
WE: 9.616 cm?. V vs Ag/AgCl (KCl sat.).

The maximum faradaic efficiency of NH3; (FExu3) reached
18.3% at —1.8 V, with a NHj3 production rate (Pnu3) of 0.258
pumol cnm? h™! that follows the same trend of FEnys (Figure S7).
Increasing the reduction potential from —1.2 V to —1.8 V ena-
bled a more efficient ammonia production as the FExn3; and Pus
became larger. This is paired with a lower FE for nitrite imply-
ing that this intermediate is reduced to NH; by a following re-
action.

Excessively negative potential beyond —1.8 V resulted in a
decrease in both FEnu3 and Pnus as result of higher hydrogen
evolution, and reduction to N,.>* At =22 V, the FEno.. in-
creased significantly, also the current density (Figure S8). Be-
cause the formation of NHj requires protons, and these are
mainly reduced to hydrogen, the reduction of nitrate will likely
to stop at the nitrite intermediate. Based on these results, elec-
trolysis was performed using a potential of —1.8 V for the fol-
lowing experiments.

Electrochemical cell configuration

Before moving to mechanism investigation and process opti-
mization, three types of electrochemical cell were compared, to
achieve a stable electrochemical system by controlling the mass
transfer regime. These comprised (i) an undivided batch cell,
(ii) a divided batch cell, and (iii) a divided flow cell. Both batch
cells were equipped with a PTFE rod connected to an electrical
motor to control the stirring conditions (Figure S3).

The divided batch cell reached the highest FExns and Pnps of

46.1% and 8.33 umol cm2 h™!, respectively (Figure S9 and S10).

The low FE of undivided batch cell (7.99%) can be the result of
NH3 oxidation at the counter electrode. The FEnn3 in divided
flow cell was 18.3%, about half that of divided batch cell. The
nitrate reduction reaction is a mass transfer limited reaction, in
fact, even with high rotation speed is possible to observe a tran-
sient current signal in the linear sweep voltammetry that does
not attain a stationary state (Figure S11). For these reasons,
electrochemical nitrate reduction was performed under intense
stirring that enables a high FExus by supplying nitrate and de-
creasing the competing proton reduction, furthermore increas-
ing the Pnu3 (Figure S12 and S13).

Electrolyte engineering

In principle, the condition of controlled pH by addition of
salts to buffer the solution cannot be easily implementable in
view of application, but it is fundamental to understand the
mechanism and optimal reaction conditions. To investigate the
pH of electrolyte that is suitable for NH; synthesis, the electro-
chemical nitrate reduction was conducted in phosphate buffer
(Figure 3).
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Figure 3. pH dependence of FE for NH; (blue) and NO2~ (gray),
and Pnus (red). Potentiostatic reduction at—1.8 V vs Ag/AgCl (KCl
sat.) of 0.1 M NaNOj added with 0.2 M phosphate by using 0.2%
BDD electrode for 1 h. Divided batch cell, stirring rate 2912 rpm.
WE: 12.56 cm?.

FEnn3 and Py had two opposite responses to pH as it in-
creased from 3 to 11: while FEnu; increased from 69.4 to 79.5%
(AFE=+14.6%), the Pxn3 decreased from 38.9 pumol cm™ h™' to
29.60 pmol cm™ h™! (APnxus=—23.9%) As the concentration of
protons become high, hydrogen evolution is more easy to occur
which diverts the current from nitrate reduction lowering the FE.
On the other hand, nitrate reduction to ammonia requires pro-
tons and their low availability at high pH can be the rate deter-
mining factor for the smaller reduction current (Figure S14),
and therefore low Pnms.

The value of AFExn; and APnus are not very different, there-
fore the pH does not suggest clearly which value should be se-
lected. However, we noticed that addition of the phosphate elec-
trolyte increased the steady state current from 4 mA cm™ (Fig-
ure S13) to 12 mA ecm2 (Figure S14) at the same pH ~6. There-
fore, the suitable approach can be alkaline pH for a high FE and
addition of supporting electrolyte to reach higher currents
which has been investigated for different concentrations of
NaOH up to 1 M (Figure 4).
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Figure 4. FE for NH3 (blue) and NO2™ (gray), and Pnus (red). Po-
tentiostatic reduction at —1.8 V vs Ag/AgCl (KCI sat.) of 0.1 M
NaNO; added with NaOH by using 0.2% BDD electrode for 1 h.
Divided batch cell, stirring rate 2912 rpm. WE: 12.56 cm?.

The addition of NaOH as supporting electrolyte was benefi-
cial for both FExns and Pnus confirming this strategy as effec-
tive, although counterintuitive because an electrochemical re-
duction reaction, which involves proton-electron transfer,
should be facilitated in acidic pH. This shares some similarity
with the oxygen reduction reaction that is more favorable in al-
kaline electrolyte.>%7



This suggests that although proton concentration can limit the
reaction rate, faster electron transfer, which includes also the
adsorption of NOs™ on the electrode is responsible for the in-
creasing Pnus, thus the reduction current (Figure S15).

The FExn; reached 98+6% and the Pyus 67+12 pmol cm™ h-
! (Figure S16).

The sharp increase of Pnus between 0.1 M and 0.5 M NaOH
is located exactly in concurrence with the sharp increase of the
electrolyte conductivity, from 24 to 71 mS ¢cm™', reaching 112
mS cm™! for | M NaOH (Figure S17).

Addition of other Na salts (chloride, perchlorate, and sulfate)
at 1 M concentration did not attain similar results confirming
the role of high ionic conductivity and pH for efficient NH; syn-
thesis (Figure S18 and S19). Additionally, the structure of the
electrical double layer can be responsible for different result
when the nitrate should reach the surface of the electrode before
the electron transfer which can be hindered by other adsorbed
anions. In fact, the ionic conductivity cannot account com-
pletely for the difference observed among NaCl, NaClO4 and
Na,SOs. This is evident in the FEny; with Na,SOy that is higher
than NaCl and NaClO4 despite the lower ionic conductivity.

The effect of the anions is not unanimous and is highly de-
pendent on the electrode material which competitive adsorption
may produce an inhibiting, or a strong catalytic effect.’®*! In
addition, anions that favorite hydrogen evolution will impact
negatively on NO;™ reduction that seems the case of NaCl and
NaClO4.

To get insight on the effect of hydroxide for reducing NOs~
to NH3, we measured linear sweep voltammetry with increasing
NaOH concentrations that confirmed a faster reduction reaction,
with a positive potential shift and current increase (Figure S20).
A more quantitative analysis was conducted by electrochemical
impedance spectroscopy that can measure the resistance associ-
ated with the electron transfer during NOs™ reduction (Figure 5,
S21 and S22).
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Figure 5. Charge transfer resistance (Rct) and solution resistance
(Rs) of 0.1 M NaNO; added with NaOH at —1.8 V vs Ag/AgCl1 (KCl
sat.).

The charge transfer resistance (R.) decreased with the addi-
tion of NaOH that indicates a faster electron transfer for the first
reduction of NO;™ in line with the increasing Pnus. Moreover,
the solution resistance (Rs) decreased which resulted in around
100 mV of ohmic drop between 0.1 and 1 M NaOH, although
not enough to suggest a variation of the NO;™ reduction rate
based on different potentials.

Interestingly, we noticed that under continuous EIS measure-
ments, the R decreases until reaching a stable state implying a
modification of the BDD surface (Figure S21).

BDD surface can be terminated by hydrogen under cathodic
current®” which assumes a partial positive charge and could in-
crease the rate of electron transfer facilitating the nitrate adsorp-
tion.

This confirm that the NO;™ reduction is highly affected by the
nitrate adsorption on BDD surface and the NaOH has a positive
effect on in promoting this process.

Kinetic of electrochemical nitrate reduction

In order to understand the reaction pathway from nitrate to
ammonia, the reduction reaction was conducted for 6 hours.

When electrochemical nitrate reduction was performed in 0.1
M NaNQO:s, the concentration of nitrite increased faster than am-
monia.

On the other hand, when the reduction reaction was con-
ducted with the addition of 1 M NaOH, the opposite outcome
was observed, as the ammonia concentration increased faster
that the nitrite which also reached a steady state.

Starting with 100 mM of nitrate, the sum of nitrate, nitrite,
and ammonia concentration fell below 95 mM after 3 hours
(without NaOH) and 2 hours (with NaOH) suggesting the for-
mation of different reduced species, most likely hydrogen, or
leaking of ammonia when it reached high concentrations be-
cause the system is not gas tight (vide infra). For this reason,
the kinetic analysis was limited at the beginning of the nitrate
reduction for total concentration above 95 mM (Figure 6, S23),
in the range of product quantification error.
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Figure 6. Time dependence of NO3~ (black triangles), NO2™ (gray
squares) and NH3 (blue dots), and corresponding fittings lines.
Dashed fitting lines are for total (NO3~, NO2~ and NH3) concentra-
tion below 95 mM. Potentiostatic reduction at —1.8 V vs Ag/AgCl
(KCl sat.) by using 0.2% BDD for 6 h: (a) 0.1 M NaNOs, and (b)
0.1 M NaNOs added with 1 M NaOH. Divided batch cell, stirring
rate 2912 rppm. WE: 12.56 cm?.



The results obtained from the time-dependent concentrations
are consistent with a coupled reaction that is a sequence of two
elementary steps (eq 5):

NO; —X NO; —25 NH, (5)

Nitrate is firstly reduced to nitrite (k;) that is subsequently
reduced to ammonia (k). It is worth noting, that the reaction
mechanism from nitrite to ammonia consists of several reaction
steps as much as kinetic constants'>!?7326467 included within
k2, indeed. Clearly dependent by the NaOH concentration, the
rate of these two reactions can be modeled by a pseudo-first or-
der equation (eqs 6-8):

dNOz] _
5 = ~HalNO3] (6)
d[NO3 ] _ -
dt :k1[N03]_k2[N02] ™
d[NH,]

dt = k,[NOz] (8)

which integrated give the time-dependent concentrations (eqs
9-11):

[NO3] = [NO3loe; " (9)
[NO] = N0z [z (e — e} 10)
—k,

k,
k k
[NH,] = [NO31, (1 - ekt 4 lk e—k2t> (11)

2 1 2 1

The rate constants of this two steps reduction were k1 =2.5 x
10° s and k> = 2 x 1075 s7!. The k; larger than k, suggests that
electrochemical nitrate reduction reaction in NaNO; solution
proceeds faster for production of nitrite than ammonia which
explains the low faradaic efficiency for ammonia compared to
nitrite without NaOH. However, when NaOH was added the
two value of the constant rates swaps being kjom = 5 x 107
s' and kxnaom = 1 x 1073 s7! that are 2 times and 50 times higher
than those without NaOH, respectively. This confirmed the
faster reduction of nitrite to ammonia and the high selectivity
for ammonia compared to nitrite by the addition of NaOH.

Clearly, the NH; concentration is lower than the theoretical
value for time higher than 2 hours. Because the present system
was tested under strong basic conditions (pH 13.48), slow N,
bubbling and intense stirring, it is possible that NH3 produced
in the aqueous electrolyte could leak into the gas phase. This
has been modeled by adding a third reaction of liquid NH3 to
gas NH; with k3= 7 x 107 s7! (paragraph 17 in Supporting In-
formation, and Figure S24). However, we cannot rule out com-
pletely the increasing formation of other undetected species,
presumably hydrogen, which has been observed in batch elec-
trolysis.*

Finally, the electrode kinetic of nitrate reduction was investi-
gated by linear polarization to determine a possible mechanism,
with the BDD electrode showing a Tafel slope of 72 mV dec™!
(Figure S25). Being near the theoretical value of 60 mV dec™,
this implies a chemical rate-determining step.’® Although it is
difficult to rationalize a multistep electrochemical reaction
mechanisms based on Tafel slope only,” similar low values for
nitrate reduction reaction have been reported.?3!

BDD comparison and stability

To put the performance of BDD in perspective, other elec-
trode materials were tested for NO3™ reduction to NH; with our
electrochemical setup (Table 1).

Table 1. Summary of ammonia production with different elec-
trode materials. V vs Ag/AgCl (KCl sat.).

PNH3 / jJ,l’IlOl Cm72 FENH3
Electrode ! /% E/V
Cu 243 57 -1.8
Ti 29 50 —-1.26
Glassy car- 86 92 -1.6
bon 156 57 -1.8

Copper is probably the most used metal for nitrate reduction,
and in our conditions (i.e., 0.1 M NaNOs; added with 1 M
NaOH), it reached a Py of 243.3 pmol cm ™2 h™! with a FEnu3
0f'56.6% (Figure S26 and S27). Although the high current den-
sity enabled a substantial NH; production, this was associated
with a deterioration of the NHj3 selectivity.

Titanium was tested according to a previous investigation in
0.3 M KNOs; added with 0.1 M HNOs (pH 1.06) because this
condition showed the best NH; production rate.”! The Pnns was
28.52 pmol cm™ h™! with a FExus of 49.8% (Figure S26 and
S27). For Ti, the comparison of the electrode before and after
the nitrate reduction revealed a modification of the metal sur-
face with the appearance of a brownish color (Figure S28),
likely titanium hydride.”"

Glassy carbon was tested to understand if carbon can be a
suitable material, and also the difference between sp* and sp?
hybridization in nitrate reduction. Surprisingly, glassy carbon
could attain a FExps of 92.0% with a Pyus of 24 pmol cm™ h™!
(Figure S29 and S30) which prompted our interest to assess its
stability.

Continuous nitrate reduction of 6 hours for 5 times, and with-
out surface cleaning at the conclusion of each 6 hours, revealed
a degradation for the ammonia selectivity, with a FExu3 from
around 60% to 40%, with an almost stable Pxy3 around 35 pmol
cm 2 h™!, although with a clear decreasing tendency (Figure S31
and S32). SEM imaging of the glassy carbon electrode revealed
extended corrosion of the surface with increasing number of
pores (Figure S33) that is responsible for the increasing current
density (Figure S32). Furthermore, hindered diffusion of nitrate
inside the pores can explain the decreasing FEnu3, as the selec-
tivity shifts toward hydrogen evolution.

In conclusion, the glassy carbon electrode is effective for
electrochemical nitrate reduction, but its durability is insuffi-
cient.

The same stability test of glassy carbon applied to the BDD
electrode did not reveal performance degradation, with a Pxus
around 35 umol cm? h™! (from 32 to 39 umol cm? h™") and a
FExm3 around 50% (from 45.1% to 61.6%) with a slight ten-
dency to increase (Figure S34 and S35). It is worth noting that
the lower FExu3 and Pnus are only the result from long time ex-
periment (6 h) compared to optimized experimental conditions
(1 h).

By SEM imaging it was possible to exclude surface degrada-
tion by corrosion which is usually confirmed by gaps between
the BDD crystals and rounded crystal edges (Figure S36).”

Moreover, Raman spectroscopy did not reveal significant
chemical modifications (Figure S37). Generally, the degrada-
tion of BDD can be recognized from a shift of the sp® carbon
peak around 1330 cm™! to lower wavenumbers that has not been
observed, as the sharp peak of sp> carbon set at 1329 cm™!. A
decrease in the intensity of the diamond disordered structure at
1200 cm™' compared to the sp® carbon peak could occur,” alt-



hough only minor differences between the spectra were ob-
served. While the sp? carbon structure was preserved, some im-
purities of amorphous sp? carbon at 1530 cm™ were removed
from the BDD surface, as revealed from the flattening of the
large peak above 1500 cm ™.

Ammonia production rate enhancement

Attempts to increase the Pxus were pursued by increasing the
applied potential. From —1.8 V to —2.0 V the current increased,
but the lower FEnu3 at 82% resulted in the same Pnus which
levelled at 67 pmol cm ™2 h™! (Figure 7, S38 and S39).
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Figure 7. FEnus (blue) and Pnus (red) from potentiostatic reduction
of 0.1 M NaNOs added with 1 M NaOH using either 0.2% BDD (-
1.8 V and 2.0 V), and 1% BDD (-1.8 V) for 1 h. Divided batch
cell, stirring rate 2912 rpm. WE: 12.56 cm?. V vs Ag/AgCl (KCl1
sat.).

The higher overpotential enhanced presumably the hydrogen
evolution reaction instead of nitrate to ammonia.

Therefore, 1% BDD has been selected for further investiga-
tion of nitrate reduction owning its higher current compared to
0.2% BDD (Figure 1), because the higher boron concentration
of BDD decreases the surface resistivity which facilitates the
electron transfer with the species in solution.™»** Indeed, the
Pyus increased about 2.7 times, up to 184 pmol cm™? h™', alt-
hough the FExu3 decreased to 78%. Again in this case, the hy-
drogen evolution reaction decreased the selectivity toward am-
monia synthesis, but the production of harmful nitrite did not
increase (Figure S38).

This suggests that the increase in current density of electrol-
ysis due to the increase in electrode surface conductivity is more
effective for ammonia production than the increase in overpo-
tential (Figure S38).

Finally, a comparison of BDD with other materials revealed
satisfactory results that combined with the stability of a bulk
electrode like BDD contrary to metal (nano)electrocatalyst
make the BDD a suitable material for electrochemical nitrate
reduction to ammonia (Table S2).

CONCLUSION

We presented an investigation for the ammonia synthesis by
electrochemical nitrate reduction by using a BDD electrode.
Optimization of the boron doping concentration, reduction po-
tential, and electrolyte showed that 0.2% BDD could reach a
NH; production rate of 67+12 pmol cm2 h™! with a NH; fara-
daic efficiency of 98+6% at —1.8 V vs. Ag/AgCl in 0.1 M
NaNOs; added with 1 M NaOH under forced convection condi-
tion.

By a boron doping concentration of 1%, the NH3 production
rate could be enhanced by 2.7 times, up to 184 pmol cm2 h™!,
although the FEnu3 decreased to 78%.

The addition of NaOH was effective to increase the electro-
lyte conductivity, and decrease the charge transfer resistance of
the nitrate reduction, likely by facilitating the nitrate adsorption
before the electron transfer.

This faster reduction reaction was confirmed by kinetic anal-
ysis from the time-dependent concentration of NOs~, NO,", and
NH;. The NaOH enhanced the NO;™ to NO,™ reaction by 2
times, and NO, ™ to NHj reaction by 50 times.

A comparison with other electrodes (Cu, Ti, glassy carbon)
confirmed that the BDD electrode is superior in terms of com-
bined overall performances: production rate, faradaic effi-
ciency, and durability.

As a final remark, the method proposed here for the synthesis
of NH; should not be intended to substitute the Haber-Bosch
process that possesses remarkable advantages, indeed. Rather it
is a complementary process that can supply useful NH3, and at
the same time remove harmful nitrate/nitrite.
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