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� Fe-based NPs are deposited by

drop casting and chemical reduc-

tion on C-cloth substrates.

� Particles morphology has been

optimized.

� The catalytic activity for Nitrogen

electroreduction reaction was

investigated.

� A crucial role is played by the ox-

ygen vacancies and by the Feþ2/

Feþ3 ratio.

� The ammonia yield with the opti-

mized catalyst was 5 times higher

than without optimization.
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a b s t r a c t

Electrochemical ammonia synthesis from N2 under mild condition is considered a prom-

ising strategy to store energy produced by renewable sources, but it is affected by the lack

of efficient catalysts for nitrogen reduction. In this work Fe-based nanoparticles with

different morphology are deposited on carbon cloth via drop-casting and chemical

reduction. The catalyst activity has been evaluated by cyclic voltammetry and chro-

noamperometry, using a 0.01 M phosphate buffered electrolyte (PBS). The produced

ammonia has been determined through the indophenol method. As effective strategy to

improve the catalytic activity, the morphology and particle size have been optimized and

an electrochemical activation procedure has been implemented. Activation increases the

available active sites and is related to higher amount of oxygen vacancies and Feþ2/Feþ3

ratio. Catalysts with optimized morphology produce ammonia at �0.35 V vs RHE with yield
nr.it (R.G. Milazzo).

r Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY-NC-ND
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Nitrogen electroreduction reaction
Green ammonia synthesis
of 26.44 mg mgcat
�1h�1 and Faradaic efficiency of 20.4%, more than five times higher than

without activation.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Ammonia (NH3) is not only an important chemical, largely

essential in agriculture as fertilizer, as well as for plastics and

pharmaceuticals, but it is also a promising energy vector,

because of its high hydrogen content, high volumetric energy

density and easy of liquefaction for storage [1e3]. Industrial

production of ammoniamainly relies on thewell consolidated

Haber-Bosch process [4], that requires high temperatures

(350e550 �C) and high pressures (150e350 atm) to make effi-

cient the reaction between nitrogen and hydrogen gases

(N2 þ 3H2 / 2NH3, DfH
0 ¼ �91.8 kJ mol�1) and it is responsible

for massive CO2 generation, roughly corresponding to about

2% of worldwide emissions [5,6].

Nitrogen reduction reaction (NRR) to ammonia obtained

through electrocatalytic processes (e-NRR) is considered an

interesting alternative since it offers the possibility of directly

using water as hydrogen source and it can be conducted at

ambient temperature and pressure [7e9]. Despite the great

interest and the efforts that have been made to improve the

ammonia formation yield rate, the electrochemical synthesis

of ammonia is still at a nascent stage and it faces many

drawbacks [9]. The e-NRR mechanism is quite complex and

still unclear, even if many efforts have been devoted to the

elucidations of its highlights. One major challenge for nitro-

gen reduction is the low selectivity due to the competing

hydrogen evolution reduction (HER). This usually determines

low Faradaic Efficiency (FE) for nitrogen reduction, since a

large number of electrons is used for hydrogen evolution,

whilst only a small fraction is used for reducing nitrogen. To

overcome the selectivity challenge, an optimal catalyst should

be able to enhance the e-NRR activity and suppress the ac-

tivity of the competing HER. Theoretical studies based on

Density Functional Theory (DFT) calculations provide pre-

dictions on catalysts materials and morphology, such as the

effects of defects, facet and surface functionalization [10e14].

Recent works have demonstrated the potentiality of tran-

sition metals (TM) for e-NRR, thanks to the presence of

d orbital electrons and unoccupied orbitals suitable for acti-

vating the strong N^N triple bond [15]. In particular, noble

metals such as Au, Rh and Ru have been adopted for the e-NRR

reaction, with yield rate up to about 3.6 mg mgcat
�1 h�1 for Ru

and Faradaic Efficiency of 13.36% for Au, with a top NH3 yield

rate of 9.43 mg mgcat
�1 h�1 [16e22]. However, the use of earth

abundant catalysts would be preferable for a sustainable and

circular economy [23,24]. Among these, iron is attractive since

it is abundant and plays a key role in biological nitrogenase for

natural N2 fixation, so there is growing interest in Fe based

catalyst and its oxides, where the intrinsic HER activity could

be suppressed. For instance Fe/Fe3O4, Fe3O4/Ti have shown

Faradaic efficiencies of 8.29% and 2.6% and rate of
0.19 mg h�1 cm�2 or 3.42 mg h�1 cm�2, respectively [25e28].

Single atom catalysts (SACs) made of isolated single Fe atomic

sites anchored to N-doped carbon frameworks have shown a

yield rate of 62.9 mg mgcat
�1 h�1 [29]. With the aim to under-

stand the relevant physical parameters and to improve the

ammonia yield at low temperature, several approaches have

been proposed. Introducing more oxygen vacancies to the

hematite surface has been reported to improve the NRR per-

formance, reaching production rate of 1.45 mg h�1 cm�2 and a

NH3 FE of 8.28% after the first 1 h chronoamperometry test,

demonstrating the important role of the surface states in

transition-metal oxides [30]. Controlling the wettability of the

catalyst surface has been suggested as an effective method to

improve the ammonia yield of reduced graphene oxide,

obtaining increased efficiency with increasing hydrophobicity

[31e38]. It is known that reducing the size of electrocatalysts

to very small particles can be regarded as an efficient

approach to achieve more catalytic active sites. Transition

metal oxide nanodots have been fabricated for the NRR,

exhibiting good electrocatalytic activities [29].

In this work, in order to improve the ammonia yield and

efficiency of iron-based catalysts we adopt a double strategy

consisting in (i) optimizing the catalyst morphology through

the deposition conditions, and then (ii) promoting suitable

surface states through electrochemical activation. Fe oxide

nano-particles (NP) were deposited directly on carbon cloth

substrate with a solution-based approach thatmakes only use

of FeCl3 and NaBH4 and allows to tune the NP size by changing

the Fe concentration in the deposition solution. The catalytic

performance of the resulting NPs for the e-NRR has been

evaluated by adopting an experimental protocol that enables a

careful evaluation of all the environmental contaminations

during ammonia synthesis experiments [9,39]. A strong cor-

relation between the morphology and catalytic activity for

NRR is found. Moreover, an efficient electrochemical activa-

tion procedure has been developed, allowing an improvement

up to 5 times in the ammonia generation rate, which has been

ascribed to the increased availability of oxygen vacancies.
Experimental section

Catalyst preparation

For the catalyst deposition we prepared several aqueous so-

lutions with 1 mM, 2 mM and 10 mM of FeCl3 (anhydrous,

powder,�99.99% from Sigma Aldrich). A drop of 0.6ml of each

solution was placed on carbon cloth (AV Carb 1071 HCB)

substrates (3 � 1.5) cm2 on a hot plate at 80 �C. After water

evaporation, substrates covered with the FeCl3 powder were

treated in NaBH4 (powder, �98.0% from Sigma Aldrich)

100mM for 60 s, at 21 �Cwhile stirring the solution at 200 rpm.
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After this step, samples were abundantly rinsed in deionized

water and dried with air. Some samples were also annealed at

250 �C in air for 2 h. The amount of iron has been estimated by

considering the FeCl3 concentration and the drop volume.

According to this, themaximum amount of deposited catalyst

is almost 3.36 � 10�2 mg cm�2 for 1 mM FeCl3. For higher

concentrations the corresponding values were calculated

accordingly.

Characterization

For the morphological, structural and chemical analyses we

adopted a Scanning Electron Microscope (SEM) ZEISS

SUPRATM 35. The same deposition procedure was replicated

on a carbon grid for Transmission Electron Microscope (TEM)

analyses with JEOL 2010F, equipped with a spectrometer GIF

2001 for electron energy loss (EELS) spectrum imaging and

bright field (BF)/high angle annular detector (HAADF) for wide

angle diffraction.

The electrochemical measurements, both cyclic voltam-

metry (CV) and chronoamperometry (CA), were carried out in

a standard two compartments electrochemical cell using a Pt

wire as counter electrode (CE) and a saturated calomel elec-

trode (SCE, saturated KCl) as reference.

The conversion to the RHE reference scale is obtained using

the following equation

E(vs RHE) ¼ E(vs SCE)þ0.243 þ 0.059*pH Eq. 1

The cathodic and the anodic compartments were filled

with 22 ml and 8 ml respectively of 0.01 M phosphate buffer

solution as electrolyte (PBS tablets by Fisher Scientific). Mea-

surements have been performed by using a Keithley 2600-

Source Current Unit.

X-ray photoelectron spectra (XPS) were acquiredwith a PHI

5600 multi-technique ESCA-Auger spectrometer equipped

with a standard Mg Ka X-ray source. Samples were analyzed

with a photoelectron take-off angle of 45� (relative to the

sample surface) and with an acceptance angle of ±7�. The XPS

binding energy scale was referenced by centering the C 1s

peak at 285.0 eV.

Electrochemical ammonia synthesis

The experimental apparatus and procedure are described in

Fig. 1aeb.

In this work we adopted a rigorous protocol to remove the

external contaminations widely discussed in the literature

[39,40]. The protocol includes the following steps.

(i) Before chronoamperometry experiments, both cell and

electrodes were washed at 35 �C in water while stirring

the solution at 150 rpm for 30 min.

(ii) N2 and Ar gases with high purity (Nippon Gases

99.9999%) have been adopted and further purified by

going through three saturators, placed before the cell,

two of which were filled with 10 mM H2SO4 while the

third contained only water. An additional acidic trap

was placed after the gas outlet.

(iii) The electrolyte was analyzed before experiments (time

T0), then we filled the cathode and the anode
compartments respectively with 22 ml and 8 ml and we

took 1 ml of the electrolyte out of the cell after 10 min

(time T1) and 40 min (time T2) while keeping the circuit

open and with nitrogen flow, to detect the ammonia

already present in the cell, if any. If the NH3 concen-

tration was more than 10�6 M and/or it changed with

time, the cell was emptied and rinsed again. This

approach allowed a careful investigation of the possible

contaminations originating inside the system, e. g.

adventitious ammonia already present inside the elec-

trode or in the cell.

(iv) Since the membrane can also be a source of contami-

nation [41], Zirfon® PERL [42] has been employed

instead of the commonly adopted proton exchange

membrane, e.g. NafionTM.

(v) The ammonia amount evaluated from the UV-VIS

absorbance in the solution at the open potential was

subtracted from that measured after experiments with

external voltage applied. The samemeasurements were

done on both anodic and cathodic compartments but no

NH3 increase was detected at the anode.

(vi) Ar-saturated control experiments were performed at

the same bias or with inactive catalysts as recom-

mended in the literature [43]. The ammonia produced

under Ar-saturated atmosphere was subtracted to the

amount of ammonia produced in N2 at the same con-

ditions (voltage and time). Such a procedure allows the

elimination of possible contributions, such as nitrates

or nitrites, present in the water.

Ammonia measurements

Trisodium citrate dihydrate (Na3C6H5O7 $ 2H2O Alfa Aesar

�99.0%), salicylic acid (C7H6O3 Alfa Aesar 99%), sodium pen-

tacyanonitrosylferrate (III) dihydrate nitroferricyanide (Na2[(-

Fe(CN)5NO] $ 2H2O Alfa Aesar 98þ%), ammonium chloride

(NH4Cl granular, Alfa Aesar 99.5%), sodium hypochlorite so-

lution (NaClO, Alfa Aesar 11�15%) were used to measure the

ammonia in the electrolyte by using the indophenol method.

The absorbance of the solution was detected at l ¼ 660 nm

through an ultravioletevisible (UVevis) Bentham PVE300

spectrophotometer [44].

To calculate the amount of produced NH3, the calibration

curve was fitted using standard ammonia chloride solutions

in the range between 0.25 and 0.022 mg mL�1. Calibration so-

lution were prepared with the same electrolyte (PBS 0.01 M)

adopted during the experiments (See Fig. SI1). As a further

control, the amount of ammonia has been also measured by

adopting an ion selective electrode (ISE) by Orion. The com-

parison between values obtained with the two techniques is

shown in the supplementary material.
Results and discussion

Fig. 2a-b and Fig. 2c-d shows the SEM micrographs of the

carbon cloth electrodes obtained with 1 and 2 mM FeCl3
respectively. Very small particles can be seen at high magni-

fication in Fig. 2b. The mean size is about 38 nm (see Fig. SI 2).

When the FeCl3 concentration increases, the particles size
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Fig. 1 e Schematic illustration of the e-NRR (a) electrocatalytic experimental system and (b) experimental protocol for

ammonia determination.
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increases too and coalescence produces an interconnected

network, as it can be seen in Fig. 2d. Higher surface coverage

and a smooth catalyst layer was obtained by deposition with

the more concentrated solutions, 10 mM FeCl3. Similar results

were obtained also by annealing the 1 mM FeCl3 sample in air

at 250 �C for 2 h (see Fig. SI 3).

The electrochemical active surface area (EASA) has been

evaluated by cyclic voltammetrymethod and under Ar flux. In

a non-Faradaic region, we acquired a series of CV scans at

different rates and the double layer capacitance (Cdl), directly

related to the EASA,was computed from the slope of the linear

regression between the current density differences (cathodic

and anodic) in the middle of the potential window of CV

curves versus the scan rates [45]. Results are shown in Fig. 3.

The electrochemical analysis showed that a superior catalyt-

ically active surface area is associated to the electrode with

the smallest particles size, deposited with 1 mM FeCl3.

Increasing the FeCl3 concentration in the solution, as well as

annealing of the sample, has not advantage in terms of active

electrochemical sites: the values are all below 7.6 mF cm�2,
obtained for the 1 mM FeCl3 solution. These results have been

also confirmed by EIS (Fig. SI4 and SI_Table 1), with the highest

double layer capacitance obtained for 1 mM FeCl3.

The deposition procedure of 1 mM-Sample was replicated

on a TEM C-grid and the crystalline structure of the nano-

particles was analyzed. Indeed, the amount of deposited Fe

nanoparticles using 1 mM FeCl3 is too low to be detected by X-

ray diffraction, whilst the details of the composition can be

obtained by high resolution TEM and EELS. XRD measure-

ments of the sample prepared with 10 mM are shown in the

supplementary material (Fig. SI5). Fig. 4a shows the EELS

spectra acquired on two regions of the 1 mM FeCl3 sample. In

the area under investigation, we find that the shape of the L3
edge of Iron changes locally. In region 1 the shape of the EELS

spectrum can be typically ascribed (Fig. 4b) to Fe2O3 with two

peaks, one at 709.3eV (see the arrows), attributed to a change

in the oxidation state, and one at 710.8eV,more intense [46]. In

region 2 instead, the spectrum exhibits a single peak at 710 eV,

related to Fe3O4. We ascertained both Fe2O3 and Fe3O4, were

deposited on our sample. Fig. 4c shows HRTEM acquired on a

https://doi.org/10.1016/j.ijhydene.2023.03.241
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Fig. 3 e Double layer capacitance calculated from cyclic

voltammetry for the carbon cloth samples loaded with Fe-

based catalyst.

Fig. 2 e SEM micrographs at low and high magnifications of the AV Carb samples after deposition in NaBH4 and (aeb) 1 mM,

(ced) 2 mM FeCl3 respectively.

Table 1 e Summary of NRR results reported in literature for iro

Catalyst Experimental NH3 yield rate (mg cm�2 h�1)

Fe2O3/Fe3O4 0.01 M PBS 0.18

Fe2O3/Fe3O4 0.01 M PBS 0.9

Fe/Fe3O4 0.1 M PBS 0.19

p-Fe2O3 0.1 M Na2SO4

Fe2O3 0.1 M Na2SO4

Fe-NPC 0.1 M NaOH

OV a Fe2O3 0.1 M KOH 0.46

Fe2O3 NPs 0.1 M Na2SO4

Fe3O4@rGo 0.1 M Na2SO4

M Fe3O4 NP 0.1 M Na2SO4

Fe3O4/Ti 0.1 M Na2SO4 3.42

Fe CNT 0.1 M KOH
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particle of region 2. The inset reports the fast Fourier trans-

form (FFT) of the high-resolution image, with diffraction spots

corresponding to the (222) and (400) crystalline planes of Fe2O3

with d-spacings of 2.41A and 2.08A, respectively. Fig. 4d re-

ports the HRTEM acquired on a Fe3O4 particle; the corre-

sponding FFT is shown in the inset, with spots ascribed to the

(111) and the (220) planes, with a d-spacing of 2.52A and 2.9A,

respectively [47,48]. After annealing, themorphology changes,

with particles agglomeration and the formation of a smoother

and more uniform coating. The composition is also modified,

and the detected phase is mainly Fe2O3 (Fig. SI6).

The presence of both Fe2O3 and Fe3O4 in the 1 mM-Sample

deposited on carbon cloth is confirmed by XPS analyses.

Fig. 5a shows Fe 2p peaks of as deposited 1 mM sample. The

catalyst is a mixture of Fe3O4 and Fe2O3, since peak 1 is

related to Feþ2 of Fe3O4, peak 2 is typical in the Feþ3 of Fe2O3,

peak 3 also is a satellite peak associated with Feþ3 of Fe2O3

[49e51]. The reduction of a part of Feþ3 to Feþ2 produces
n based catalysts.

NH3 Yield rate (mg mgcat
�1 h�1) FE(%) Ref

5.5 3.8 This work

Before activation

26.44 20.4 This work

After activation

8.29 [25]

13.56 7.69 [56]

15.9 0.94 [57]

4.46 5.3 [58]

6.04 [59]

20 3.5 [60]

28.01 11.47 [61]

12.09 16.9 [62]

2.6 [27]

34.83 9.28 [63]
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Fig. 4 e TEM analyses on nanoparticles obtained in the 1 mM FeCl3 solution, (a) EELS spectrum for the L3 edge of Iron

acquired in two distinct regions of the TEM specimen and (b) literature data from Ref. [46]; (ced) high resolution TEM on

nanoparticles in regions 1 and 2 with the corresponding diffraction pattern [47,48].
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oxygen vacancies, as it can be evidenced by the Oxygen XPS

O1s signal (Fig. 5b), made by the convolution of two peaks,

one at 529.9 eV, peak 1, typical of metal oxygen bond (OM),

and peak 2, at 531.13 eV, corresponding to the oxygen va-

cancies [52]. Oxygen vacancies (OVs) are ubiquitous in metal

oxides and have a pronounced effect on the physical and

chemical properties of the material. Numerous strategies

have been developed to create OVs in metal oxides, such as

high temperature calcination, high energy particle

bombardment, ion doping or chemical reduction (e. g. from
Fig. 5 e XPS spectra for Fe 2p in the 1 mM FeC
H2 or NaBH4). The deposition method adopted in this study,

including the chemical reduction by NaBH4, is therefore ex-

pected to promote the OVs formation, whose presence has

been reported to accelerate the charge/electron transfer rate,

and therefore improving the electrocatalytic performance

[14,52].

The catalyst activity and stability were analyzed by cyclic

voltammetry (CV), with a scan rate of 15 mV s�1 under N2 flux.

We firstly adopted a potential range between þ0.07 V and

�0.45 V vs RHE. The corresponding curve, labeled as CV1, is
l3 as-deposited samples on carbon cloth.

https://doi.org/10.1016/j.ijhydene.2023.03.241
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shown in Fig. 6a. The voltage was applied according to the

arrows, from the positive to the most negative in a direct scan

and vice-versa in the reverse one. Each scan was repeated 4

times. After CV1 we performed the chronoamperometry (CA1)

at �0.33 V vs RHE, shown in Fig. 6b and evaluated the pro-

duced ammonia after 40 min. During the CA1 the absolute

value of the cathodic current initially decreases as a function

of time and then increases. The corresponding ammonia yield

is 5.5 mg mgcat
�1 h�1 with a Faradaic efficiency of 3.8%, as re-

ported in Fig. 6c. After CA1, a new scan (labeled as CV2 in

Fig. 6a) was performed adopting a wider range, from þ0.07 vs

RHE to �0.63 V vs RHE. The CA measurement performed after

CV2 (CA2 in Fig. 6b) shows a more stable behavior and a net

increase in the ammonia yield rate. Indeed, the measured

ammonia rate after CA2 is 24.28 mg mgcat
�1 h�1, with a
Fig. 6 e (a) Cyclic voltammetry obtained with 1 mM FeCl3
scanning the potential from þ0.07 to ¡0.45 V vs RHE (red)

and from þ0.07 to ¡0.63 V vs RHE (blue), (b)

chronoamperometry at ¡0.33 V measured after CV1 (CA1

red curve) and CV2 (CA2 blue curve), and (c) NH3 yield rate

and Faradaic efficiencies obtained by performing CA1 or

CA2. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of

this article.)
Faradaic efficiency of 15.4% (see Fig. 6c), very large compared

to the result obtained on the same electrode after CA1, i.e.

after cycling in a narrower and less negative voltage range.

Such an activation procedure has been also applied to the

other samples produced with higher Fe concentration in the

deposition solution, obtaining similar results, although with

less improvement in the yield. As an example, for the sample

treated with 2 mM FeCl3 (see Fig. SI 7) after the activation

procedure the rate increases from 3.3 to 6.6 mg mgcat
�1 h�1 and

the Faradaic Efficiency is doubled, changing from 6% to 12%. In

contrast, no relevant improvement in the yield upon activa-

tion has been obtained for 10 mM sample and for annealed

1 mM (Figs. SI 8 and SI 9). In both these two latter cases an

almost uniform filmwas obtained at the carbon cloth surface,

instead of nanoparticles.

In order to better investigate the activation mechanisms,

and to understand if it takes place during the CV2 (with

extended range) or the chronoamperometry, the catalyst ac-

tivity has been measured by EASA in as deposited fresh

catalyst (without performing any CV), after a chro-

noamperometry at �0.33 V vs RHE (CA0) performed without

being preceded by any CV, and after CV2. The results are re-

ported in Fig. 7. The double layer capacitance of the as

deposited catalyst, equal to 7.6 mF cm�2, increases up to

11.7 mF cm�2 after CV2. The CA0, instead, does not produce

any significant change. The comparison between CA0, CA1

and CA2 is shown in Fig. SI 10. Indeed, CA of the fresh sample

(without performing any CV) is very similar to that of the

sample after CV1, therefore confirming that the activation

only occurs after CA2. These results clearly indicate that an

increased active area can be obtained by the extended cyclic

voltammetry (CV2), which can then be considered as a suit-

able activation procedure.

According to the iron Pourbaix diagram [53] (see SI 11), in

the negative voltage range, at the cathode side at pH of about

7, two reactions are expected to occur [54]. Indeed, at 0 V the

most stable compound is Fe2O3 (Fe
þ3) but it changes in Fe3O4

(with Feþ3 and Feþ2) at about-0.15 V vs RHE and then in Fe at

�0.5 vs RHE.

In order to obtain more insight on the structural changes

induced by the activation process we acquired the XPS spec-

trum of the 1 mM sample after activation and drying.
Fig. 7 e A comparison of electrical double layer capacitance

before and after the CA1 and CV2.

https://doi.org/10.1016/j.ijhydene.2023.03.241
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Fig. 9 e Schematic of the effect of activation process.

Fig. 8 e XPS spectra for Fe 2p in the 1 mM sample after cyclic voltammetry with data obtained by simulation.
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Fig. 8a shows the Fe 2p spectra acquired after cyclic vol-

tammetry in range 2 (CV2). As already seen for the as depos-

ited sample (Fig. 5a) three peaks are obtained. The fitting data

are reported in. After activation the contribution of peak 1

(Feþ2) increases from 39% to 48%, that of peak 2 (Feþ3) does not

change and the satellite area decreases from 32% to 23%,

suggesting an increase of the amount of reduced iron and a

corresponding increase of the oxygen vacancies after cyclic

voltammetry.

The O1s XPS peaks before and after (Fig. 8b) activation

changed too. The small peak at 535.25eV binding energy (peak

3) is related to surface hydroxyl groups. We observed an in-

crease in the oxygen vacancy peak (peak 1 at 531eV BE), the

relative area increased from 41.5% to 49.7%, at the expense of

that corresponding to the metal oxygen bond (peak 2 at 530eV

BE), with a decrease in the relative area from 58.5% to 46.1%.

Such a change improves the electrocatalytic activity of the

layer thanks to a new asymmetric three dimensional elec-

tronic structure obtained after oxygen removal [52]. We

therefore can conclude that (1) the activation process takes

place by cyclic voltammetry in the extended range (þ0.07 vs

RHE to �0.63 V vs RHE) and (2) the activation produces an in-

crease of the oxygen vacancies and Feþ2/Feþ3, with a corre-

sponding increase of active sites available for the catalytic

reaction. The effect of electrochemical activation is sche-

matically summarized in Fig. 9.

The e-NRR mechanism is quite complex and still unclear,

even if many efforts have been devoted to the elucidations of

its highlights. Basically, it consists of three steps: i) N2

adsorption at the active site; ii) hydrogenation and (iii)

desorption of the NH3 molecule. Once the N2 approaches the

surface, two paths are possible according to the predictions

already present in the literature and based upon the breaking

of the N^N triple bond. In the dissociative mechanism the

bond is broken during adsorption on the catalyst site, so, after

hydrogenation, the surface is populated by NHx species. In the

associative pathway, instead, the N2 molecule is broken after

adsorption during the hydrogenation process and the catalyst

sites are covered in principle with N2Hx species [14]. The e-

NRR mechanism associated to the TM materials is the asso-

ciative Heyrovsky model, with catalytic sites populated by

N2Hx species [55]. The presence of oxygen vacancy, providing
unsaturated sites for the N2 adsorption and activation, may

promote the hydrogenation process and the ammonia

formation.

To evaluate the superior activity for e-NRR of the electrode

loaded with 1 mM FeCl3 we conducted chronoamperometry at

different voltages in the range between �0.31 and �0.47 V vs

RHE. Ar control experiments have been performed at each

chronoamperometry. The amount of ammonia has been

calculated as (NH3)produced ¼ NH3(N2)eNH3(Ar). Data about ex-

periments for all the prepared electrocatalysts are reported in

Figs. SI 12-14 while the results for the best catalyst, activated Fe

1mMare reported in Fig. 10a-b. The NH3 yield rate ismaximum

at�0.35V vs RHEwith 26.44 mgmgcat
�1 h�1 and a corresponding

Faradaic Efficiency of 20.4%. The same catalyst has been

employed to perform the NRR for several times at different

voltages. Repetition at the same voltage clearly indicates that

the ammonia yield does not change after seven consecutive

electrolysis cycles (Fig. SI15), indicating that the catalytic per-

formance is well-maintained, and the stability is good.

Thanks to the adopted strategy to optimize the

morphology and improve the catalytic sites by an electro-

chemical activation process, we have been able to achieve

good results compared to literature and to find a viable way to

improve the electrocatalytic activity of iron-based catalysts

https://doi.org/10.1016/j.ijhydene.2023.03.241
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Fig. 10 e e-NRR measurements for electrode obtained with 1 mM FeCl3 electrode: (a) chronoamperometry results and (b)

average NH3 yield rate and Faradaic efficiencies at a given potentials.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 5 3 2 8e2 5 3 3 825336
for ammonia electrosynthesis. A comparison is reported in

Table 1.
Conclusions

The NRR catalytic properties of Fe-oxide based nanoparticles

obtained by solution-based deposition on carbon cloth elec-

trodes have been studied for different morphologies. The

ammonia production yield and faradaic efficiency can be

improved by adopting a strategy based on optimization of

the morphology and electrochemical activity. By electro-

chemical and structural analyses, we have demonstrated

that the nanoparticle size and the oxygen vacancy are crucial

factors in determining the activity of iron oxide based cata-

lysts for NRR, giving insight for designing more efficient

materials.
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