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Abstract: The synthesis of ammonia starting from nitrogen and using electrochemical processes is
considered an interesting strategy to produce ammonia in a sustainable way. However, it requires
not only the development of efficient catalysts for nitrogen reduction but also the optimization of the
operating conditions of the employed electrochemical devices. In this work, we optimize the kinetics
and the thermodynamics of the electrocatalytic nitrogen reduction reaction in water by developing
a pressurized H-cell that may operate at temperatures up to 80 ◦C. Ni foam with low Au loading
(0.08 mg cm−2) has been adopted as a catalyst at the cathode. Ammonia has been produced during
chronoamperometry experiments in a saturated N2 atmosphere and measured by the indophenol blue
method. The effect of voltage, temperature, and pressure has been studied. The nitrogen reduction
experiments have been repeated under saturated Ar. To remove contributions due to environmental
contamination, we determined the net value as the difference between the produced ammonia in N2

and in Ar. The ammonia yield increases by increasing the temperature and the pressure. The best
results have been obtained by using the combined effects of temperature and pressure. Operating at
5 bar of saturated N2 and 75 ◦C, a production rate of 6.73 µg h−1·cm−2 has been obtained, a value
corresponding to a 5-fold enhancement, compared to that obtained under ambient conditions and
room temperature.

Keywords: catalysts; e-NRR; ammonia synthesis

1. Introduction

Ammonia is an essential chemical feedstock currently produced mainly through the
Haber–Bosch process, converting nitrogen and hydrogen to ammonia at high temperature
(300–500 ◦C) and pressure (200–300 atm) [1,2]. Such a process has contributed to about
1–2% of CO2 yearly emissions. The electrocatalytic N2 reduction reaction (e-NRR) could
represent an interesting sustainable alternative to synthesize ammonia from nitrogen and
water under mild conditions [3–5]. However, the e-NRR process is not easily obtained
because of the inherent inertness of nitrogen molecules, the low solubility of N2 in water,
and the competing hydrogen evolution reaction (HER), which requires only two electrons,
in contrast with the multiple electron transfer (six electrons) necessary for electrochemical
ammonia synthesis [6–8].

Many catalysts have been studied to improve nitrogen reduction performance, but the
overall efficiency and production yield remain quite low to meet the practical requirements.
Among the others, noble metal nanostructured catalysts are considered very promising
since they are characterized by a large number of active sites and good conductivity [9–12].
In particular, for nitrogen electroreduction, it has been proposed that the d orbitals of the
noble metals may interact with the lone pair electrons of N2, resulting in a weakening of
the N2 triple bond, and it has been proven that the nitrogen reduction on gold surfaces
occurs through an associative mechanism during which the hydrogenation of N atoms
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and the breaking of the triple N2 bonds occur simultaneously [1,13]. Such a mechanism
may lower the energy barrier for the formation and stabilization of N2H2* intermediates
on the catalyst surface [14]. Although the adoption of suitable electrocatalysts may have
positive effects on the NRR process, the effectiveness of electrochemical ammonia synthesis
depends on the cooperative development of both catalysts and electrochemical cell devices.
Indeed, since low nitrogen adsorption on the catalyst and poor solubility in water are
regarded as potential limiting steps, a promising approach includes the adoption of a
pressurized electrocatalytic environment and increased temperature to favor the kinetics
and the thermodynamic driving forces. Recently, positive cooperation of metal single-atom
(SA) catalysts (Rh, Ru, and Co on graphdiyne) has been demonstrated with a pressurized
membrane-separated electrolysis system. Under pressurized conditions of 55.7 bar of N2,
the Rh SA catalyst displayed a NH3 yield rate of 74.15 µg h−1·cm−2, a value 7.3-fold higher
than that obtained at ambient conditions [15]. However, the combined role of temperature
and pressure in mild conditions (pressure < 10 bar) on e-NRR has not been studied in the
literature. In order to investigate the synergistic effect of pressure and temperature, in
this paper we developed a pressurized H-cell with two compartments operating in the
range 1–8 bar and at temperatures between 25 ◦C and 80 ◦C. The most commonly adopted
electrochemical cells for e-NRR are H-cells, which include two compartments separated
by a membrane, with N2 supplied by bubbling into the cathode side. The advantage of
the use of a two-compartment liquid–liquid cell is the reduction of product crossover and
the possibility to quantify ammonia production from liquid samples of the electrolyte [16],
although it is limited by the low solubility of nitrogen gas in water [17]. The approach
proposed in this paper, employing a pressurized H-cell, allows to increase the solubility of
N2 in water and is effective in enhancing both the chemical kinetics and thermodynamic
process and providing indications about the dependence of e-NRR on temperature and
pressure in mild conditions. By adopting electroless deposited gold on Ni foam as an
electrocatalyst for NRR, an ammonia yield rate of 6.73 µg h−1·cm−2 was achieved at 5 bar,
operating at 75 ◦C.

2. Materials and Methods
2.1. Electrodes

Gold has been deposited by spontaneous galvanic displacement [18] on a 2.5 cm × 2.5 cm
nickel foam electrode purchased from Merck Life Science s.r.l. (Milano, Italy) (thickness
1.6 mm with a porosity of 95% and 20 pores per linear cm). Before the deposition, the Ni
foam was pretreated in acetone at 60 ◦C with sonication and then in a 0.01 M HCl solution
at 60 ◦C for 30 min, to remove the native oxide. After cleaning, the Ni Foam substrate was
placed for 120 s into the deposition solution containing 1 mM KAuCl4 and 0.01 M HCl at
room temperature and under ambient light. The deposition has been performed by stirring
the solution at 600 rpm and by adding isopropyl alcohol (C3H8O, IPA, Merck Life Science
s.r.l. Milano, Italy) at a concentration of 5%. After deposition, the electrode was abundantly
rinsed in deionized water and dried in air. The resulting Au loading is 0.08 mg cm−2, as
determined by the thickness of the Au layer (100 nm) and adopting a procedure described
in a previous work [19].

For the anode electrode, Pt has been electrodeposited in a solution containing 1 mM
of K2PtCl6 and 10 mM of HCl with a current of 2 mA cm−2 on carbon felt (Freundeberg,
Weinheim, Germany).

2.2. Pressurized Electrochemical H-Cell

A pressurized electrochemical cell with two separate compartments for anode and
cathode has been designed and manufactured. The system is shown in Figure 1. The cell is
made of stainless steel and can be loaded with 25 mL of electrolyte in each compartment,
with the cathode and anode sides separated by a Zirfon PERL membrane purchased by
Agfa [20,21]. Either Ar or N2 gas can be introduced on both sides of the cell, and the
pressure value is selected through a valve on top of the system. The pressurized H-cell
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operates in static conditions, and after the ammonia synthesis, the gas can be collected on
the two lateral branches. The collected gas is bubbled through an acidic trap (1 mM H2SO4)
in order to trap gaseous ammonia. The liquid electrolyte is drained by the two valves at
the bottom of the cell. After each ammonia synthesis experiment, ammonia is measured in
both the acidic trap and in the electrolyte.
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Linear sweep voltammetry curves were recorded in a two-electrode configuration
using N2 or Ar with a scan rate of 30 mV s−1 and at different pressures and temperatures.
Chronoamperometry measurements were conducted at controlled potentials at different
temperatures, pressures, and times.

2.3. Electrochemical Ammonia Synthesis

The protocol adopted to avoid external contaminations during the ammonia synthesis
experiments has been reported in [22] and consists of (i) washing the electrodes in water at
35 ◦C while stirring for 30 min before chronoamperometry measurements; (ii) adopting
high purity N2 and Ar gases (Nippon Gases 99.9999% with <0.5 ppm of oxygen); (iii) mea-
suring the ammonia in the cell filled with the electrolyte before the experiment (@open
circuit); (iv) starting the experiment only if the concentration of NH3 does not exceed
10−6 M; (v) determining the amount of produced ammonia after the chronoamperometry
by subtracting the initial amount (∆NH3); (vi) executing Ar-saturated control experiments
in the same conditions (bias, temperature, and pressure); (vii) determining the net ammonia
as the difference between the ammonia produced under an N2-saturated atmosphere and
that produced under an Ar saturated atmosphere. The last step (vii) eliminates possible
contributions in the water other than N2, such as nitrates and nitrites, that could be reduced
to ammonia. The electrolyte adopted for the experiment is 0.1 M Na2SO4.

2.4. Ammonia Detection

The concentration of the produced ammonia after each test was detected by the in-
dophenol blue method, as described by Di Zhu et al. [23]. The standard addition method has
been adopted. Sodium hydroxide (NaOH Thermo Fisher Scientific, Waltham, MA, USA),
trisodium citrate dihydrate (Na3C6H5O7·2H2O Alfa Aesar ≥ 99.0%), salicylic acid (C7H6O3
Alfa Aesar 99%), sodium pentacyanonitrosylferrate (III) dihydrate (Na2[(Fe(CN)5NO]
2H2O Alfa Aesar 98+%), ammonium chloride (NH4Cl granular, Alfa Aesar 99.5%), sodium
hypochlorite solutions (NaClO, Alfa Aesar 11–15%) were used. An UV-Vis spectropho-
tometer (Cary 5000 UV-Vis-NIR, Agilent Technologies, Santa Clara, CA, USA) was used
to measure the solution’s absorbance at a wavelength of 655 nm. A calibration curve was
plotted to quantify the amount of NH3 produced using standard ammonia chloride solu-
tions ranging from 0.15 to 0.015 µg mL−1 in Na2SO4 electrolyte solution. Figure S1 shows a
typical absorption spectrum of standard ammonia solutions and a calibration curve.

3. Results and Discussion

Figure 2a shows the linear sweep voltammetry (LSV) curves measured at atmospheric
pressure at different temperatures.
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Figure 2. (a) Linear sweep voltammetry curves obtained at atmospheric pressure heating the cell at
different temperatures. (b) Linear sweep voltammetry curves at 55 ◦C under different pressures.

The large current increase observed at voltages larger than 2.5 V at 25 ◦C corresponds
to the water splitting reaction. As is known, the voltage required for water splitting
decreases when the temperature increases. The effect of pressure is shown in Figure 2b.
Curves have been acquired at a constant temperature of 55 ◦C, varying the N2 pressure.
The voltage required for water splitting increases as the pressure increases. The same result
is also obtained at different temperatures (see Figure S2).

After testing the cell operation, we proceeded with the electrochemical ammonia syn-
thesis by chronoamperometry (CA). Figure 3a,b show the CA curves acquired in saturated
N2 at 5 bar and 55 ◦C at different voltages and the ammonia moles measured before and
after the chronoamperometry, respectively. The produced ammonia ∆NH3 = NH3 (after
CA) − NH3 (before CA) is shown as a function of voltage in Figure 3c. The same experi-
ment has also been conducted under Ar pressure in the same conditions. The produced
ammonia using Ar is also reported in Figure 3c, showing that a small amount of ammonia
is produced even under an Ar atmosphere. This is mainly due to residual air in the cell
and/or possible contamination in the gas, electrolyte, or within the cell. To remove this
contribution, we determined the net ammonia from the nitrogen reduction reaction as the
difference between the produced ammonia in N2 and in Ar. The net ammonia rate as a
function of voltage is reported in Figure 3d.
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Figure 3. (a) Chronoamperometry at different voltages under N2 5 bar at 55 ◦C. (b) Ammonia moles
measured before and after the chronoamperometry voltage in N2. (c) Produced ammonia during
chronoamperometry using 5 bar of N2 or Ar at 55 ◦C. (d) Net ammonia yield, calculated from the
difference between ammonia produced using N2 and Ar.
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Considering the dependence as a function of pressure and temperature, as shown in
Figure 2, we varied temperature and pressure, properly choosing the voltage in order to
have the maximum ammonia production. Figure 4 shows the dependence of ammonia
yield on temperature. Chronoamperometry experiments have been performed at 5 bar at
different temperatures. The ammonia produced in a nitrogen or argon atmosphere is shown
in Figure 4a. It is clear that in the case where the CA is performed in N2, the ammonia
production strongly depends on temperature, while there is no large variation under an
Ar atmosphere. From ∆NH3, the net ammonia yield has been evaluated, as reported in
Figure 4b. The yield exhibits an activated temperature dependence with an activation
energy of about 1 eV.
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In order to better study the effect of pressure, the same experiment has been repeated
at 1.5 bar. Results are shown in Figure 5. In this case (1.5 bar), by increasing the temperature
from 35 ◦C to 75 ◦C, the ammonia production rate is increased only by a factor of 2, while
the adoption of both high temperature (75 ◦C) and pressure (5 bar) produces an increase in
the ammonia production rate by a factor of 5.
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After testing the system as a function of pressure and temperature, we have evaluated
the physical stability by SEM analyses performed after usage at pressures of up to 5 bar
and temperatures of up to 60 ◦C (Figure S3). The electrochemical stability of NRR has been
evaluated by repeating the chronoamperometry four times at the same voltage of 2.1 V,
1.5 bar, and 60 ◦C, while increasing the time. The results are reported in Figure S4 and show
a linear increase in ammonia production as a function of time. The corresponding NH3
production yield shows negligible reduction as a function of time.

The underlying mechanisms governing the observed improvement with the combined
increase in temperature and pressure can be explained by considering the two overall
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reactions occurring in the pressurized cell. One is water splitting, which produces hydrogen
and oxygen from water according to the reaction:

2H2O(l) ⇌ 2H2(g) + O2(g)

At 1 bar and 278 K, the splitting of water is a non-spontaneous process since the change
in Gibbs free energy ∆Gws is positive and equal to +237 kJ mol−1. This value corresponds
to a water electrolysis voltage

Ews = ∆Gws/(nF) = 1.229 eV

where n is the number of electrons transferred per formula conversion (n = 2) and F is the
Faraday constant (F = 96,500 C mol−1). The value of Ews is calculated at 25 ◦C and 1 bar
and corresponds to the voltage at which a perfectly efficient cell would operate without
any loss. The temperature increase represents an advantageous factor for water splitting
since it decreases the energy required for electrolysis. Values of ∆Gws versus temperature
have been calculated using values available in the NIST Chemistry WebBook [24,25] and
are reported in the Supplementary Materials (Figure S5).

Since the water splitting reaction produces 3 moles of gaseous products, according
to the Le Chatelier principle, the water splitting reaction is not favored by the pressure
increase. This explains the increase in voltage observed as the pressure increases (Figure 2b).

The other overall reaction occurring in the cell, in which we are interested, is ammonia
formation through nitrogen reduction in water. This is described by the following reaction:

N2(g) + 3H2O(l) ⇌ 2NH3(aq) + 3/2O2(g)

Unlike ammonia formation from nitrogen and hydrogen gas (N2(g) + 3H2(g) ⇌ 2NH3(g))
adopted in the Haber–Bosch process, which is characterized by a negative values of Gibbs
free energy, in the case of ammonia synthesis in water, the reaction requires energy and
is advantaged by the temperature increase. As shown in Figure S5, ∆Gamm decreases
more rapidly as a function of temperature compared to ∆Gws, therefore indicating that the
temperature increase is more advantageous for ammonia synthesis in water. Moreover, the
overall reaction of ammonia production in an aqueous solution involves 1 mole of gas as
a reagent and produces 1.5 moles of gas (O2). It is therefore expected to be less sensitive
to pressure. So, the combined effect of temperature and pressure turns out to be effective
in (i) delivering more N2 at the electrode surface area, (ii) improving the ammonia rate
production, and, at the same time, (ii) impeding the HER.

The effectiveness of the proposed approach is confirmed by comparing the results with
those reported in the literature for pressurized cells. In the case of Rh SA on graphydine
adopted as catalyst for NRR [15], the ammonia production rate at 10 bar is increased
only by a factor of 1.7, while a pressure of 30 bar is required to increase the rate by a
factor of 3.75. The combined increase in both temperature (75 ◦C) and pressure (5 bar),
adopted in this work, produces an increase in the ammonia production rate by more than
a factor of 5, while keeping the overall temperature and pressure conditions in a mild
operating range. The value of 6.73 µg h−1 cm−2 obtained in the pressurized cell at 75 ◦C
and 5 bar, corresponding to 84 µg h−1 mgcat

−1 (Au loading 0.08 mg cm−2), compares
also very well with the results reported in literature for room temperature and pressure
adopting gold on Ni foam, reporting values of 29.4 µg h−1 mgcat

−1 for nanoporous Au [26]
or 30.83 µg h−1 mgcat

−1 for single atom Au catalysts onto nanoporous MoSe2 [27].

4. Conclusions

In summary, we have studied the effect of temperature and pressure on the nitrogen
reduction reaction in an aqueous environment, demonstrating that kinetics and thermo-
dynamic processes can be regulated by adopting a pressurized H-cell operating in a
water-based electrolyte at a moderate pressure (1–6 bar) and temperature. The increase in
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both temperature and pressure is effective in producing a significant boost in NRR activity
by delivering more N2 molecules at the porous electrode, increasing the NRR rate, and
also alleviating the competition with hydrogen evolution. Under 5 bar of N2, at 75 ◦C, the
obtained NH3 yield rate was 6.73 µg h−1 cm−2, more than 5-fold higher than obtained at
ambient conditions. This improvement is better than what is achievable by only increasing
the pressure.

The proposed study and findings provide a general approach and method that can
be used as a valuable scheme to investigate the NRR process under mild temperature and
pressure conditions and that can also be applied to different catalysts, therefore representing
a step forward in the synthesis of ammonia through electrochemical processes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en17122963/s1, Figure S1: Calibration for ammonia measurements;
Figure S2: Electrochemical measurements at different temperatures and pressures; Figure S3: SEM
micrographs of the catalyst; Figure S4: Catalyst stability under NRR; Figure S5: Gibbs free energy for
water splitting and ammonia synthesis in water.
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