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Changes in farming techniques have facilitated the movement
of nitrogen-containing species, making converting nitrate into
ammonia (fertilizer) highly desirable. Recently, we introduced a
photosystem comprising NiO/Au plasmon/TiO2 that can selec-
tively convert nitrate to ammonia at neutral pH and room
temperature using visible light in a photo-electrochemical
approach. The study evaluated the role of adding alcohol to the
overall process activity and selectivity. Adding small quantities
of alcohol to the electrolyte leads to changes in the catalytic
behaviour, which cannot be attributed exclusively to improve-

ment in counter-electrode reaction kinetics. Analysis of product
Faradaic efficiency and photo-current measurements revealed
that alcohols act as proton donors in nitrate/nitrite reduction,
possibly through a concerted proton-couple electron transfer
mechanism. These initial findings offer new handles for nitrate
reduction to ammonia efficacy at neutral pH. Ultimately, this
opens up avenues for agricultural practices that recycle
nutrients, improve process circularity, and reduce fertilizer costs,
thus contributing to economic sustainability.

Introduction

According to information provided by the European Environ-
ment Agency,[1] there has been a discernible enhancement in
nitrate conditions in European surface waters in recent decades.
On average, the concentration of nitrates in water basins has
experienced a decrease. In recent years, there has been a
stabilization in concentration levels, especially in rivers. Never-
theless, it is crucial to emphasize that there has not been a
uniform reduction in nitrate concentration in water worldwide.
A notable contrast can be observed in India, where Adimalla &
Qian reported that 43.3% of collected groundwater samples
from the semi-urban South Indian region exceeded safe nitrate
levels for drinking water,[2] posing significant health risks,
particularly for children. This trend persists nationwide, as
indicated by Sarkar et al..[3]

What India is presently undergoing reflects the experience
of Western Europe in the latter half of the 20th century. The
culprit behind this issue is the ubiquitous nitrogen fertilizer
used in agriculture. The intensification of agricultural produc-
tion methods is primarily achieved through the increased

application of nitrogen fertilizers. This shift led to a surge in
nitrate contamination within inland waters, reaching its peak
during the 1990s. As early as the 1970s, a strategy was
proposed within professional circles to enhance the regulation
of nitrogen fertilization, resulting in a decline in nitrate levels
throughout the 21st century.[4] The problem of eutrophication,
where excess fertilization and runoff from agricultural land
create ’dead zones’ of algal proliferation, is exacerbated by the
excess washout of fertilizers into canals, rivers, and the sea.
Additionally, excess nitrate in drinking water poses a significant
hazard to humans, particularly newborns, and infants.

The reduction in nitrate levels can be attributed to advance-
ments in wastewater treatment techniques and implementing
measures to restrict agricultural inputs. However, evidence
concerning the evolution of nitrate concentrations in surface
and deep waters suggests that substantial progress is still
required to manage these environmental leaks effectively. The
predominant water treatment method involves converting
nitrates into atmospheric nitrogen, achievable through micro-
bial and chemical processes via a step-by-step procedure
known as denitrification.[5] Denitrification is a complex process
influenced by various factors, including temperature and pH.[6]

Additionally, denitrification must accommodate seasonal nitrate
variations in regions where agriculture is seasonal due to
weather conditions. Finally, it is worth noting that this process
is purely an expenditure, as no value is extracted from the
nitrogen produced.

Recently, the scientific community has initiated exploration
into the prospect of transforming nitrate into ammonia and
reintroducing it into agricultural soils. This would address
plants’ nutritional needs, increase crop yields, and improve
agriculture sustainability rating. With this in mind, converting
nitrates and nitrites to generate ammonia with sustainable
energy sources is desirable. Contreras et al. demonstrated the
photoelectrocatalytic conversion of nitrates to NH4OH on a
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plasmon-assisted electrosynthesis system.[7] The reaction was
performed at pH 12.7 to reduce hydrogen evolution.

The high pH makes the process incompatible with agricul-
tural use. However, their findings sparked interest and subse-
quent activities in the field. Soon after, our research group
showcased the viability of photoelectrochemical conversion,
transforming nitrate into ammonia under neutral pH, relatively
low voltages, and without hydrogen production (an unwanted
by-product of the reaction).[8] This breakthrough established a
potential platform for utilizing nitrate to locally provide nitro-
gen fertilizers, effectively mitigating the environmental impact
of nitrogen fertilizer production.

Although these early studies demonstrate the potential to
make closed-loop agricultural systems (aka nitrogen-nutrient
circularity) at farms a reality, the reaction rates are insufficient
for translation into an application. Two critical aspects hinder
the process: the working and counter electrodes’ low reactivity.
When it comes to working electrodes, one can consider
improving reactivity by promoting proton transfer processes,
known to affect the electroreduction of nitrates/nitrites.[9]

The counter-electrode reaction is a neglected facet of the
photoelectrochemical conversion of nitrate reduction. Typically,
the generated holes are consumed through water oxidation, an
endothermic reaction that is a bottleneck in the process. This
thermodynamic limitation can be overcome by oxidizing
alternative substrates, such as industrial waste, biomass, and
plastics.[10] Furthermore, atmospheric oxygen is a low-value
product, while the products obtained from alternative sources
can lead to valuable outcomes,[11] such as converting bio-based
veratrole alcohol to veratraldehyde.[12]

This report examines the influence of adding a minor
amount of alcohol to the reaction mixture of the photo-
electrocatalytic reduction of nitrates to ammonia under neutral
pH and room temperature, utilizing visible light. The photo-
system (NiO/Au plasmonic nanoparticles (NPs)/TiO2) harnesses
plasmon hot electrons to convert nitrates into ammonia. The
alcohols were found to have a minor role in the hot holes
reaction at the counter electrode but charged the working
electrode reactivity significantly due to the promotion of
proton-transfer processes. These findings lay the groundwork
for developing closed-loop agricultural systems where nitrogen-
containing species are transformed into ammonia fertilizer.

Results and Discussion

The photosystem employed in this investigation (NiO/Au NPs/
TiO2) has been previously documented for nitrate photoelec-
troreduction to yield nitrite and ammonia.[8] The study revealed
that catalysis takes place on the surface of TiO2, and the
plasmon-localized resonance excitation generates hot electrons,
thereby augmenting the selectivity towards ammonia at the
expense of hydrogen production. TiO2 is known to promote
nitrogen fixation and reduce it to ammonia[13] and urea.[14]

Ultrafast spectroscopy validated the dynamic movement of
charge carriers from Au nanoparticles to accepting layers, with
NiO serving as an electron donor (i. e., hole acceptor).

The photosystem was characterized elsewhere;[8,15] there-
fore, the supporting information (SI) covers additional charac-
terization aspects (Figures S1–S4) and the description of the
materials and experimental processes used herein. The cor-
rected binding energies extracted from X-ray photoelectron
spectroscopy (XPS) analysis shown in Figure S2 revealed that Au
is present in a metallic state (Au 4f7/2=84.1 eV),[16] Ni is present
in a 2+ state (Ni 2p3/2=854.2 eV) as expected for NiO,[17] and Ti
is present in a 4+ state (Ti 2p3/2=458.8 eV) as expected for
TiO2.

[18] Note that NiO is not exposed to the catalytic reaction,
and TiO2 is known for its photostability. Consequently, it is not
surprising that there is no evidence of catalyst degradation
during the catalytic tests, according to XPS (Figure S3) and
Raman (Figure S4) analyses.

Figure 1a compares the photosystem‘s cyclic voltammetry
(CV) in the dark under two electrolyte conditions: 0.2 M KCl and
0.2 M KNO3. In the presence of KNO3, the onset potential was
determined to be � 0.89 V vs Ag/AgCl, contrasting with � 1.1 V
vs Ag/AgCl observed in KCl. Notably, the electrode exhibits
greater reactivity toward nitrate reduction than proton reduc-
tion. This observation is further supported by the analysis of the

Figure 1. a) Cyclic voltammetry of NiO� Au� TiO2 film. The experiments were
performed with 0.2 M of KCl or KNO3 as electrolyte and at a scan rate of
100 mV/s, and b) Accumulated hydrogen evolution at � 1.2 V vs Ag/AgCl
measured via QMS analysis of the gaseous exhaust.
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reactor‘s gaseous exhaust using quadrupole mass spectrometry
(QMS) in Figure 1b. In the presence of KNO3 at � 1.2 V vs Ag/
AgCl, minimal hydrogen production is evident. For hydrogen
production to occur, the reaction must be conducted at a
higher potential or avoid nitrates in the solution, as observed
when KCl is utilized as the electrolyte.

Langhammer et al. determined that the adsorption energy
of nitrate on an isolated Ti site on the TiO2 surface is 204.5 kJ/
mol (2.12 eV), which decreases to 138.0 kJ/mol (1.43 eV) at
0.5 ML (monolayer).[19] Notably, this value is significantly higher
than the adsorption energy of water on TiO2, which ranges
from 44.4–46.3 kJ/mol (0.46–0.48 eV) at 0.5 ML.[20] In an aqueous
nitrate solution, it is anticipated that nitrates rather than water
molecules will predominantly cover the TiO2 surface. This,
coupled with the lower reduction potential required to reduce
nitrates compared to proton reduction on TiO2,

[20–22] forms the
underlying basis for the photoelectrode observed reactivity.
Note that the only product detected at the counter electrode
was molecular oxygen.

Figure 2 summarises the changes in catalytic response
when the photoelectrode is illuminated at � 1.2 V vs Ag/AgCl.
Illumination increased the measured photocurrent slightly,
suggesting the hot carriers’ involvement in the photocatalytic
process. More importantly, the hot electrons enhance the
production of ammonia. Light does not significantly affect the
solution‘s nitrite amount (Figure 2b), increasing by only 7%.
Still, it increases the production of ammonia (Figure 2a) by 30%
to the detriment of hydrogen (Figure 2c). The combined
Faradaic efficiency of nitrogen products (nitrite and ammonia)
was about 5% higher when the system was illuminated. Note
that photometric detection of nitrites and ammonium is a well-
established technique but is susceptible to ion concentration in
solution.[23,24] We performed the calibration curves in the
electrolyte to mask this potential interference. We are confident
that this step, in alliance with Faradaic efficiency analysis,
provides a robust methodology to compare the catalytic
performance in the presence of various colors.

The electrocatalytic reduction of nitrates follows a stepwise
reaction mechanism with nitrite (NO2

� ) as a reaction intermedi-
ate (see scheme 1). Nitrate reduction to nitrite is the rate-
limiting step.[8] Our previous results suggested that the nitrate
and nitrite share the same active site, with nitrates adsorbed
more strongly on TiO2 active sites than the nitrites. Therefore,
ammonia production only occurs after a local nitrite concen-
tration builds up. Since the nitrate concentration in the solution
was still substantially higher at the early stages of the reaction,
the faradaic efficiency of ammonia remained low at the start.

Note that hydrogen evolution side-reaction suppression in
the plasmon-driven nitrate reduction is a critical finding of this
work (Figure 2c). Hydrogen evolution is one of the most
challenging bottlenecks in ammonia production in aqueous
medium because it competes for the hot electrons, leading to
faradaic efficiencies of less than 1%.[25–27] Therefore, it is
unsurprising that most reports performed reactions in non-
protic solvents[28,29] or highly alkaline medium.[30,31] Both strat-
egies are incompatible with agricultural use and require further
product separation. We hypothesize that the hot electrons offer

additional driving force to accelerate the nitrate reduction
kinetics directly or via the heat generated from their thermal-
ization in the TiO2 conduction band.

Figure 2. Effect of illumination on the electrocatalytic performance. The
experiments were performed with a NiO� Au� TiO2 electrode in the dark and
under light (532 nm CW laser of an intensity of 43.8 mW/cm2) using � 1.2 V
vs Ag/AgCl applied potential. Note that the films are semi-transparent, and
thus only a fraction of the light is absorbed. The experiments were
performed with 0.2 M KNO3 as the electrolyte. a) Faradaic efficiency and
accumulated towards NH4

+ after 60 min; b) Faradaic efficiency and
accumulated towards NO2

� after 60 min; and c) Accumulated hydrogen
evolution measured via QMS analysis of the gaseous exhaust.
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The decoherence of the Au NP’s localized surface plasmon
resonance results in hot carrier formation through the Landau
damping process.[32] Those carriers survive only about 1 ps
before thermalization, generating heat.[32] To take advantage of
hot carriers, they must be transferred to suitable acceptors
before thermalization. Figure 3 shows the chronoamperometry
data under light modulation, revealing the importance of NiO
in expanding hot electrons’ lifetime by quenching the plas-
mons’ hot holes. We observed a nearly threefold increase in
photocurrent response when light is turned ON.

Plasmonic hot carriers and heat are entangled in the
photoelectrocatalytic process. Fortunately, the photocurrent
response to light modulation provides a strategy to disentangle
their contribution. A pure heat contribution yields a slow rise
and decay in the photocurrent response, while hot carriers have
a characteristic fast rise and decline.[33–35] Figure 3 confirms that
both processes are involved since one observed quick rise and
decay upon turning the light on and off, respectively. However,
about 30% of the photocurrent comes from a heat contribu-
tion, which is particularly noticeable when the light is turned
OFF. The observation suggests that both processes contribute
positively to the overall reaction, with hot electrons contribu-
ting roughly twice as much as heat.

Having established the positive impact of light in the
process, we evaluate the impact of applied potential (Figure 4).
The increase in applied potential from � 1.1 V to � 1.2 V vs Ag/

AgCl increases all the reaction rates without significantly
affecting the product selectivity. This confirms that applied
voltage affects only the catalytic activity. Note that the

Scheme 1. Proposed mechanisms are involved in the nitrate electrocatalytic
reduction.

Figure 3. Chronoamperometry data under light modulation. The experi-
ments were performed on NiO� Au� TiO2 and Au� TiO2 electrodes illuminated
with a 532 nm CW laser of 43.8 mW/cm2 intensity using � 1.2 V vs Ag/AgCl
applied potential and 0.2 M KNO3 as the electrolyte. The light ON/OFF cycles
take 60s, meaning the light is kept ON or OFF for 30 s at a time.

Figure 4. Effect of applied potential on the photoelectrocatalytic perform-
ance. The experiments were performed with a NiO� Au� TiO2 electrode under
light (532 nm CW laser of an intensity of 43.8 mW/cm2). The experiments
were performed with 0.2 M KNO3 as the electrolyte. a) Faradaic efficiency
and accumulated towards NH4

+ after 60 min; b) Faradaic efficiency and
accumulated towards NO2

� after 60 min; and c) Accumulated hydrogen
evolution measured via QMS analysis of the gaseous exhaust.
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combined Faradaic efficiency for ammonia did not change
significantly with an increase in potential, but the increase in H2

production understood the nitrite drop.
Commonly, water oxidation is used as the reaction at the

counter-electrode. The motivation is that it does not require
additional chemicals since water is the solvent. However, the
drawbacks of using water oxidation as the sacrificial reaction
are several: i) the reaction is endothermic, limiting the overall
reactivity of the cell; ii) the best catalysts for water oxidation
require oxides of noble metals like iridium or ruthenium;[36] and
iii) oxygen is a low-value product, limiting process economics

and circularity since in most cases the oxygen will be vented
out. Therefore, it is critical to consider alternative counter-
reactions that can reduce/avoid the thermodynamic limitation
imposed by water oxidation and potentially yield a product
with economic value.

Alcohols are exciting alternatives that can be obtained from
sustainable sources such as biomass extracts[37] and sugar
fermentation.[38] The oxidation of certain alcohols yields high-
value products, such as the oxidation of veratrole alcohol to
veratraldehyde,[39] which is used as a flavoring and odorant.

Table 1 summarises the alcohol oxidation potential and the
nitrate reduction reaction onset potential, extracted from Fig-
ure 5 and Figure 6, respectively. Starting with the oxidation
potential, they range from � 0.07 to � 0.17 V vs Ag/AgCl. The
alcohol oxidation potential does not correlate with the changes
in the nitrate reduction onset potential of the reaction. Analysis
of the amount of evolved oxygen did not present a significant
difference between samples with and without alcohol, except
in the experiment with veratrole alcohol, which evolved half of
the amount of oxygen compared to the other samples. The
findings indicate that the counter-electrode response is not a
limiting factor and, therefore, does not substantially affect the
nitrate reduction reaction. Consequently, one must assume that
alcohol addition to the reaction primarily affects the nitrate
reduction reaction by promoting proton transfer. Note that our
photoelectrochemical cell does not contain an ion selective
membrane separating the reduction from the oxidation
reaction,[8] which means the alcohols can easily interact with
working- and counter-electrodes.

Chronomyamperometry measurements were performed to
test the proton promotion hypothesis (Figure 7). Since the
alcohols affect the working electrode reaction‘s onset potential,
comparing reactivity at a potential with similar reactivity instead
of a fixed potential is more informative. Thus, we opted to
measure the product formation at a potential with comparable
activity, ensuring that ammonia is seen as a product, i. e.:

measurement potential Vð Þ ¼ offset potential � 0:315 V (1)

Table 1. Oxidation potential of the alcohols used and nitrate reduction
onset potential values.

Alcohol E0

(V) [a]
Onset potential
(V) [b]

Δ onset
potential (mV) [c]

No Alcohol – � 0.89 –

Veratrole alcohol � 0.11 � 0.97 80

Benzyl alcohol � 0.13 � 0.93 40

Hexanol � 0.07 � 0.90 10

Butanol � 0.12 � 0.90 10

Isopropanol � 0.17 � 0.91 20

[a] Alcohol oxidation potential vs Ag/AgCl was measured in 0.1 M of
NaOH due to the low solubility of some alcohols in KNO3 electrolytes and
with Pt as a working electrode. [b] Nitrate reduction onset potential vs Ag/
AgCl. [c] was calculated using no alcohol as a reference onset potential

Figure 5. Alcohol oxidation potential vs Ag/AgCl measured in 0.1 M of
NaOH, with Pt as the working electrode and at a scan rate of 50 mV/s.
Alcohol concentration 50 mM.

Figure 6. Linear sweep voltammetry of NiO� Au� TiO2 film with different
alcohols. The experiments were performed with 0.2 M of KNO3 as electrolyte
and at a scan rate of 10 mV/s.
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Figure 7 results point to different selectivities toward
ammonia production when alcohols are utilized, with some of

the observed trends being related to the alcohols’ chemical
structure. In the case of benzyl alcohol, the faradaic efficiency
toward ammonia had a threefold increase when compared to
the experiment without adding alcohol. On the other hand, the
experiment with the structurally similar veratrole alcohol
presented the worst selectivity. Nonetheless, when considering
the selectivity of all the detected nitrate reduction products (i. e.
NO2

� +NH4
+) both aromatic alcohols gave the worst selectivity

among the alcohols, with many electrons being used to evolve
H2 instead (Figure 7c). For the linear alcohols, the selectivity
toward ammonia seems to increase with the decrease of the
alcohol carbon linear chain. However, this trend changes when
considering all the n-reduced species, with 1-butanol having
the higher concentration of these species.

The reduction of nitrates to ammonia is a proton-coupled
electron transfer process with an electron and a proton being
transferred to the nitrate.[9] In the electrochemical reduction the
process is sequential, which means the processes can be
regulated independently.[9] However, in a photochemical proc-
ess the sequential processes would imply the formation of a
high energy intermidiate state, which is expected to decrease
the overall reaction rate. Therefore, we postulate that the
thermodynamic scenario is for a concerted proton-electron
transfer (CPET), which has been reported for plasmon driven
processes.[15]

In such a scenario, the alcohols provide lower activation
energy for the consecutive transfer of electron and proton,
according to Marcus’ theory.[40,41] To shed light on this matter,
we utilized Mayer et al. formalism to calculate bond dissociation
free energy (“BDFE”) in CPET reactions.[42,43] The ‘BDFE’ can be
obtained by measuring the pKa and the reduction potential (E0

vs NHE), according to the equation below:

}BDFE} ¼ 23:06E0 þ 1:37pKa þ CG (2)

with the CG being the free energy constant related to the
solvent. For the case of aqueous solutions at 298 K, using the
normal hydrogen reference electrode, CG assumes the value
57.6 kcalmol� 1. The outcome of the calculations is summarized
in table 2 and illustrated in Figure 8.

According to these preliminary calculations, the alcohols
provide a more extensive “BDFE” than water. As the “BDFE”
approaches the actual bond dissociation (formation) energy,
the activation energy (DG 6¼) drops, favouring the crossing from
reactants to products. The rate constant reaches its maximum
when the reaction becomes activationless. Further decrease in

Figure 7. Effect of counter-reaction on the electrocatalytic performance. The
experiments were performed with a NiO� Au� TiO2 electrode under light
(532 nm CW laser of an intensity of 43.8 mW/cm2) with an applied potential
according to equation (1). The experiments were performed with 0.2 M KNO3

as the electrolyte. a) Faradaic efficiency and accumulated towards NH4
+ after

60 min; b) Faradaic efficiency and accumulated towards NO2
� after 60 min;

and c) Accumulated hydrogen evolution measured via QMS analysis of the
gaseous exhaust.

Table 2. Estimated “BDFE” accordign to the pKa and applied potential.

Alcohol pKa Applied potential
(V vs NHE)

”BDFE”
(kcal mol� 1)

No Alcohol 14 � 1.003 53.7

Benzyl alcohol 15.4 � 1.048 54.5

Hexanol 16.84 � 1.018 57.2

Butanol 16.1 � 1.018 56.2

Isopropanol 17.2 � 1.028 57.5
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activation energy (DG 6¼ <0), the process enters the Marcus
inverted region, resulting in a decreased reaction rate. This
seems to be happening as we move from butanol to
isopropanol and hexanol, but detailed investigations must be
carried out to confirm this observation.

Conclusions

The utilization of photoelectrochemical reduction for converting
nitrate waste into ammonia has emerged as a promising
strategy for recycling nitrogen species in contemporary agricul-
ture, but the product yield must be improved. This study
indicates that proton transfer is a significant parameter in the
reaction, which can be effectively used to regulate the nitrate
conversion. This study also demonstrates the potential of using
alcohols as alternative counter-electrode reactions, especially in
the case of veratrole alcohol. Although its use decreases the
selectivity of ammonia, veratraldehyde is a highly valued
chemical, and its production adds value to the process. From
the perspective of the photocatalytic process, chronoamperom-
etry analysis under light modulation indicates that hot electrons
contribute to approximately two-thirds of the light-induced
enhancement. At the same time, the remainder is associated
with heat. Interestingly, the illumination of the process also led
to the mitigation of the hydrogen evolution reaction, which is
one of the most crucial challenges in ammonia production.
These findings pave the way for advancing photoelectrochem-
ical transformations, giving tools to control the process‘s
thermodynamics but also highlighting the importance of
photo-driven mechanisms in the power of the selectivity toward
nitrate reduction.

Supporting Information

The Supporting Information describes the materials and elec-
trode manufacturing and their characterization. The authors

have cited additional references within the Supporting
Information.[26]
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