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The electrochemical nitrogen reduction reaction under ambient/mild conditions offers a low-carbon
alternative to the Haber—Bosch process for synthesizing NHsz, especially when coupled to solar electricity
and employed on site without shippping. However, low selectivity and the competing electrocatalytic
hydrogen formation presently limit practical applications. In this report, we enhance the performance of
the MoS; electrocatalyst (a 2D material with electroactive sites for N, fixation) by interface engineering
using a polymer of intrinsic microporosity (PIM-1) in nanoparticulate form. We report an improved selecti-
vity and activity for both O, reduction to H»O, and N, reduction to NHs (confirmed by *°N, isotope
experiments). With the addition of PIM-1 nanoparticles, the NHj yield rate is 61.2 ug h™ mg™ (employing
0.6 mg cm~2 MoS,), almost twice as high as that for MoS, without PIM-1. The faradaic efficiency reaches
45.4% at —0.85 V vs. Ag/AgCl in 0.1 M phosphate buffer at pH 7. Experiments with direct air feed (approx.
21% O, and 78% Nj) demonstrate successful ammonia production even in the presence of ambient
oxygen.

1. This study addresses the production of ammonia by electroreduction of nitrogen from air. Green processes must avoid fossil energy and raw materials. We
go one step further by avoiding separation of oxygen and nitrogen to almost mimic biological processes in nitroplasts. At the same time, we introduce funda-

mentally new chemistry based on microporous polymer enhanced triphasic reactions.
2. Qualitatively, we achieve ammonia production from air with solar energy as a big step towards green fertilizer production. For quantitative aspects, we
would have to scale up and get more realistic yields (more engineering). We hope to do this in the future.

3. This work requires more depth in terms of exploring other catalysts and reasons for nitrogen over oxygen reduction. Ultimately, then we have to make a
device to demonstrate the technology on a farm.

Introduction

Growing concerns over energy and environmental issues
provide incentives to explore new sustainable low-carbon

Ammonia (NHj3), as a precursor of fertilisers and nitrogenous
chemicals, plays a critical role in agricultural and industrial
development."” NH; has 17.6 wt% hydrogen and is considered
an emerging easily transported carrier of hydrogen compatible
with renewable energy sources such as solar and wind power.?
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technologies (competing with the Haber-Bosch process®) to
produce NH;. This could lead to a more decentralized pro-
duction to replace the conventional industrial process that
requires a high consumption of fossil fuels with emissions of
CO, (currently almost 3% of global emissions).”™ A new
process would be desirable avoiding separation of gases and
using direct air feed.

There are prominent biological processes for ambient nitro-
gen fixation, for example based on nitroplasts®” or on enzyme
catalysis.>® Photochemical catalyst systems are under
development'®'" to harvest energy from sunlight coupling
nitrogen fixation to quencher oxidation.' Photocatalytic nitro-
gen fixation processes have been suggested even in open air."?

The electrochemical nitrogen reduction reaction could be a
promising alternative approach due to the possibility of produ-
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cing NH; without a quencher and under mild conditions, such
as ambient temperature and ambient atmospheric pressure'*
(essentially replacing both hydrogen production and thermal
activation in the Haber-Bosch process with overpotential acti-
vation in a single electrocatalytic process). The strong and non-
polar N=N bond (bond energy 941 k] mol™!) makes N, adsorp-
tion and activation difficult. The competitive hydrogen evolution
reaction lowers nitrogen reduction selectivity and poses a major
challenge in the design of suitable nitrogen reduction electroca-
talysts.'® It is shown here that not only the catalyst, but also the
catalyst environment can contribute to process efficiency.

Transition metal dichalcogenide materials have been inten-
sively investigated as nitrogen reduction electrocatalysts due to
their electronic properties such as availability of occupied and
empty d-orbitals."®'” The empty d-orbitals of transition metal
dichalcogenides accept electrons from the lone-pair electrons
of N, molecules. The electrons in the occupied d-orbitals can
be back-donated to the adsorbed N, molecule thus activating
the N=N bond."®'® MoS, has unique characteristics, such as
large specific surface area and abundant surface/edge atoms
due to its two-dimensional defective structure.***' Mo and S
are present in natural nitrogenase enzymes, responsible for
ambient N, fixation in biological systems.'>** These features
make MoS, a promising catalyst for nitrogen reduction.”*>* In
a recent study, Almeida et al.?* synthesized amorphous MoS,
electrocatalyst, which exhibited high nitrogen reduction
activity with a faradaic efficiency of 35.4% at —0.2 V vs. RHE (at
PH 7, corresponding to —0.81 V vs. Ag/AgCl). With addition of
iron oxide, MoS, was shown to produce ammonia with 54.9%
faradaic efficiency at —0.2 V vs. RHE.** Here, rather than opti-
mizing the catalyst chemistry, the effects of a gas-storing
microporous polymer deposit on local gas activity and on cata-
lyst performance are investigated. An increase in local nitrogen
gas activity is proposed to enhance catalysis.

Polymers of intrinsic microporosity (PIMs) are based on
molecularly rigid materials composed of contorted ladder-like
structures”®*” and have been introduced to electrochemistry
recently in liquid phase systems such as in oxygen reduction
and hydrogen evolution and for formic acid oxidation.*®?°
Beneficial features of PIMs include ease of processing from
solution, a molecularly rigid structure creating a high surface
area, and porosity with pores typically 1 nm in size.*® The N,
reduction can benefit from the triphasic electrocatalytic inter-
face formed by the deposition of PIM-1 nanoparticles.”® O,
and H, gas storage effects in aqueous media have been
reported.”®*° N, gas is expected to be stored in a similar
manner inside the porous PIM-1 structure (Fig. 1; similar to
oxygen gas storage under very similar conditions®®) close to
the electrode surface, locally increasing N, activity/availability
and preventing the formation of bubbles at the catalyst
surface, which would block active catalyst sites.*!

We enhance the nitrogen reduction performance for the
MoS, electrocatalyst by assembling PIM-1 nanoparticle aggre-
gates of typically 100 nm diameter as a film on the electrode
surface. The PIM-1 nanoparticles deposit improves the activity
and selectivity of MoS, not by changing the catalyst, but by
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Fig. 1 (a) Molecular structure of PIM-1 and (b) illustration of gas storage
(hypothetical) within the hydrophobic microporous structure.

changing the environment at the interface. Aqueous phos-
phate buffer (pH 7; sodium based) is employed to minimise
pH gradient effects. This results in an NH; yield rate of 61.2 pg
h™ mg™", almost twice higher than that determined for bare
MosS, and with a faradaic efficiency as high as 45.4% at —0.85
V vs. Ag/AgCl in 0.1 M phosphate buffer solution. Yield rate
and faradaic efficiency are high and comparable to recent lit-
erature reports.'® The results suggest that N, can be accumu-
lated/stored in PIM-1 nanoparticles to give an enhanced
activity at the electrode surface in a triphasic reaction environ-
ment to facilitate nitrogen reduction.

Results and discussion
Formation and characterization of MoS, electrocatalyst film

Fig. 2 shows the voltammetric profile for 50 cycles of MoS,
electrodeposition onto carbon paper (Toray, area 0.25 cm?®
front and 0.25 cm” back; total geometric area 0.5 cm?; thick-
ness 0.28 mm). In the first cycle the currents are small,
however with the increasing of depositing cycles it was poss-
ible to observe a better definition of the anodic (A) and catho-
dic (C) processes, which are observed at —0.30 V and —0.79 V
vs. Ag/AgCl, respectively. The total charge of the peaks
increases as a function of the number of deposition cycles,
indicating a continuous deposition of MoS, onto the carbon
paper.*?

According to the mechanism of MoS, formation reported
by Tan et al.,*® the cathodic peak C may be associated with the
reduction of the [MoS,]~? ions to MoS, (eqn (1)).

[M0S,]*>” + 2H,0 + 2e~ — MoS, +2HS™ +20H~ (1)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Cyclic voltammograms for 50 cycles of MoS, electrodeposition
in a solution containing 5.0 mmol L™ (NH4),M0S4 in 0.1 mol L™ NaClO,
on carbon paper (0.5 cm?) with a scan rate of 50 mV s™*.

During the anodic sweep, MoS, oxidation can occur in the
presence of HS™ adsorbed on the surface, generating MoS;
(peak A and reaction (2)). When the scan direction is reversed,
an additional reaction occurs. [MoS,]>” may react with active
sites provided by MoS; for the formation of MoS, (reaction
(3)). The processes described by reaction (2) and (3) continue
repeatedly as the number of cycles increases.

MoS, + 2HS™ — MoS; + H,S + 2e~ (2)

MoS; + [Mo0S,;]>” + 3H,0 + 4e~ — 2MoS, + 3HS™ + 30H™~ (3)

Fig. 3 shows typical SEM images at different magnifications
of the carbon paper without (Fig. 3a and c), with electrodepos-
ited MoS, (Fig. 3b and d), and with MoS, modified with PIM-1
nanoparticles (Fig. 3e and f). The carbon paper is a highly
porous three-dimensional network of carbon fibers each
having a diameter of about 10 pm. The surface of the bare
carbon fiber is impregnated with Teflon film. Fig. 3b shows
the image of the carbon paper with electrodeposited MoS,,
where a uniform MoS, film covers all the carbon paper. Fig. 3d
reveals the spherical form of the MoS, nuclei in a film.
According to the literature,>**>° this type of morphology is
typical for amorphous MoS, films. The weight of MoS, pro-
duced under these conditions (50 deposition cycles) was typi-
cally 0.3 mg. Further deposition did not improve performance.
For PIM-1(159 .)/MO0S,/CP, Fig. 3f reveals aggregated PIM-1
nanoparticles with typically 50-100 nm diameter deposited
over the MoS, film.

Fig. 4a shows the XRD pattern for MoS,/CP and
PIM-1(120 ,.g)/MOS,/CP catalysts. The diffraction peaks at 26.5,
42.4, 44.6, 54.6 and 77.4° corresponds to (002), (100), (101),
(004) and (110) planes of the hexagonal structure of graphite
(PDF no. 00-041-1487) from the carbon paper substrate. In con-
trast, no peaks for MoS, were observed. The absence of charac-
teristic diffraction peaks indicates MoS, is amorphous. These

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SEM images at different magnifications for bare carbon paper (a)
100x, (b) 50kx, MoS,/CP (c) 100x, (d) 50kx and PIM-1(120 ,q/M0S,/CP
(e) 100x and (f) 50kx.

findings are consistent with reports in the literature for electro-
deposited MoS, films.>*3®

To further confirm the amorphous nature of the as-pre-
pared catalysts, Raman scattering spectra are recorded and
shown in Fig. 4b. All spectra presented the D (1380 cm™") and
G bands (1572 cm™') that are related to, respectively, the
vibration of carbon atoms in disordered regions and the
stretching of the C-C bond and the in-plane hexagonal
vibrations of C-C in a graphitic structure.’”

In addition, the spectra obtained for MoS,/CP and
PIM-1(150 )/MOS,/CP catalysts resemble those of amorphous
MoS, films.*'**3¢ Despite their amorphous nature, the films
presented the E,,") (375-388 cm™) and A,y (400-415 cm™)
modes ascribed to the in-plane Mo-S and the out-plane Mo-S
vibrational modes of MoS,, respectively.*®**® Raman peaks
from 530 to 545 cm™ " are assigned to (S-S)ierminar and (S-
S)briaging Vibrations in disulfide ligands, respectively.>®*!

The Raman active modes between 800-1100 cm™
assigned to terminal oxygen atoms in the MoS, film, indicat-
ing the presence of MoO; on both MoS, catalysts.*>** This is
due to the oxidation of the material in the region of laser
irradiation since the experiment was conducted in atmos-
pheric conditions.** The oxidation of MoS, during the syn-
thesis could occur, since OH™ is produced during cathodic
deposition (eqn (1)).** In mono-layered MoS, the distance
between E,,(") and A, is approximately 18 cm™" and this dis-
tance increases with thickness.*"** The frequency difference

1 are
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Fig. 4 (a) XRD patterns for MoS,/CP and PIM-1(5¢ ,g/M0S,/CP cata-

lysts. (b) Raman spectra (532 nm) recorded on carbon paper, MoS,/CP
and PIM-1(120 ,,6/M0S,/CP materials.

of 27 em™ between the two fundamental modes confirms the
bulk character of the synthesized films.

Effects of nanoparticulate PIM-1 on dioxygen reduction
catalysis

The electrochemical reduction of oxygen on MoS, is investi-
gated as a test system for gas phase reduction. Fig. 5a shows
cyclic voltammograms (scan rate 50 mV s ') for MoS,/CP and
PIM-1(120 ,)/MOS, (inset) in 0.1 mol L™' phosphate buffer pH
7 in different gas environments. The absence of a peak associ-
ated with oxygen reduction suggests that oxygen reduction and
hydrogen evolution reactions may occur simultaneously cata-
lyzed by the active sites of MoS,. In ambient air or oxygen-
purged solution, there is an increase in current, indicative of
oxygen reduction. To rule out the influence of carbon support
on oxygen reduction, cyclic voltammograms were obtained on
bare carbon in different gas environments (Fig. S3af). As
shown in the voltammograms with the electrolyte saturated
with O, (Fig. S3bft), the currents for the carbon support are
negligible compared to those observed with MoS,/CP and
PIM-1/MoS,/CP catalysts.

5854 | Green Chem., 2025, 27, 5851-5860
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Fig. 5 (a) Cyclic voltammograms (scan rate 50 mV s™%) for MoS,/CP
and PIM-1(50 ,q/Mo0S; (inset) in 0.1 mol L™ phosphate buffer pH 7 for
different gas environments. (b) Cyclic voltammograms (scan rate 50 mV
s7) in ambient air for MoS,/CP with different amounts of PIM-1 nano-
particles deposits (20—-160 pg).

Next, different amounts of PIM-1 nanoparticles (20-160 pg)
were deposited on MoS,/CP (Fig. 5b). For the MoS,/CP (0 ug
PIM-1) in ambient air a cathodic current of —129 pA cm™ is
achieved. The cathodic current is significantly improved in the
presence of varying amounts of PIM-1 nanoparticles on the
MoS,/CP. With 120 pg of PIM-1 nanoparticles, the current is
three times higher. Such an increase in current can be associ-
ated either with fast diffusion or, more likely, an enhanced
concentration/activity of oxygen locally at the electrode surface
in the presence of the PIM-1 nanoparticles.”®3%*>

To further demonstrate the ability of PIM-1 nanoparticles to
store/release oxygen gas, chronoamperometric tests (Fig. 6a)
were performed in O,-saturated 0.1 mol L™" phosphate buffer
solution (PBS, pH 7) and the production of H,O, was moni-
tored quantitatively by mass spectrometry (using p-nitrophenyl
boronic acid, see experimental in ESIT).

According to Fig. 6b, the production of H,0, remains con-
stant and the yield increases during the reaction time.
However, the presence of PIM-1 nanoparticle deposit signifi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Chronoamperometry data (with stirring, volume 60 mL) in
O,-saturated 0.1 mol L™ PBS (pH 7) solution at —0.6 V vs. Ag/AgCl and
(b) time profiles of H,O, production for MoS,/CP and PIM-120 g/
MoS,/CP catalysts.

cantly increases the H,0, production, reaching a value of
3.16 uM after 2 h of reaction, almost 4 times higher than that
for MoS,/CP catalyst alone (0.85 uM). These results corroborate
that oxygen is stored/accumulated in the nanoparticulated
PIM-1 deposits and released in a kinetically controlled reac-
tion, leading to an apparently higher concentration/activity
and additional H,0, production. The same principle can be
applied to the nitrogen reduction reaction, as demonstrated
below.

Effects of nanoparticulate PIM-1 on nitrogen reduction
catalysis

Linear sweep voltammetry is employed to evaluate the nitrogen
reduction reactivity for MoS,/CP and for PIM-1/MoS,/CP cata-
lysts. As shown in Fig. 7a, the voltammetric curves reveal an
onset potential for nitrogen reduction around —0.6 V vs. Ag/
AgCl. With the increase in the overpotential, an increase in
reduction current can be observed in the N,-saturated solution
(as compared to Ar-saturated electrolyte), indicating that both
catalysts are active for nitrogen reduction. To limit the compe-
tition from hydrogen evolution, the potential window for the
nitrogen reduction experiments is selected in the range from
—0.6 Vto —1.0 V vs. Ag/AgCl.

Fig. 7b shows voltammograms obtained in N,-saturated
electrolytes with different amounts of PIM-1 nanoparticle

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Linear sweep voltammograms (scan rate of 5 mV s™%) for
MoS,/CP and for PIM-1150 ug/M0S,/CP in 0.1 mol L1 PBS (pH 7) elec-
trolyte saturated with N, and Ar. (b) Linear sweep voltammograms for
MoS,/CP with different amounts of PIM-1 nanoparticles deposits
(20-160 pg) in 0.1 mol L™t PBS (pH 7) electrolyte saturated with N».

deposits (20-160 pg) on MoS,/CP. The presence of PIM-1 nano-
particles substantially increases the cathodic current, reaching
a value 3-fold higher for PIM-1(;5¢ ,,4/M0S,/CP catalyst than for
MoS,/CP. This significant current increase may indicate more
nitrogen reacting on the electrode surface. However, there is a
slight drop in current values when 160 ug of PIM-1 is de-
posited on MoS, possibly due to an increase in the resistivity
impeding the overall process. All further experiments are per-
formed with 120 pg PIM-1.

The impact of depositing PIM-1 nanoparticles on nitrogen
reduction on the MoS,/CP catalyst was assessed further by per-
forming chronoamperometric tests, followed by LC-MS
measurements to quantify ammonia production. Fig. S2 and
S41 show the standard calibration curves for estimating NHj
and N,H, concentrations, respectively. PIM-1(150 ,4)/M0S,/CP
catalyst was employed in electrolysis at different potentials for
2 h (Fig. 8a). The NH; yield rates and faradaic efficiency were
obtained (Fig. 8b). As shown in Fig. 8c, there is an increase in
the NH; yield rate and faradaic efficiency when the applied
potential is more negative. The highest NH; yield of 61.2 pg
h™ mg™ and faradaic efficiency of 45.4% are achieved at
—0.85 V vs. Ag/AgCl, exceeding most reported Mo-based elec-
trocatalyst performances (Table S1f). However, when the
potential is more negative than —0.85 V vs. Ag/AgCl, the nitro-

Green Chem., 2025, 27, 5851-5860 | 5855
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Fig. 8 (a) Chronoamperometry electrolysis (2 h) at various potentials for PIM-1(120 ,,5/M0S,/CP, (b) corresponding counts versus acquisition time
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under argon, (ii) without current flow under argon, (iii) without current flow under nitrogen, and (iv) using bare carbon paper electrodes. In all cases,
the ammonia detection remains negligible. (g) Comparison of NHj yield rate and faradaic efficiency values for PIM-1(150 ,.q)/M0S5/CP in N»-saturated
and air-saturated solution. (h) Chronoamperometry electrolysis (2 h) at —0.85 V vs. Ag/AgCl in N-saturated (black curve) and air-saturated (blue
curve) solution for PIM-1(150 ./M0S,/CP.
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gen reduction activity of PIM-1(15p ,/MO0S,/CP decreases,
especially for the faradaic efficiency, where a considerable
decay is observed. This decay is attributed here to the
enhanced/competing  hydrogen  evolution at higher
overpotentials.*®™*® The byproduct N,H, remains undetectable
(Fig. S4ct), demonstrating a high nitrogen reduction selectivity
of PIM-1(120 p'g)/MOSZ/CP.

To achieve further insight into the effect of PIM-1 nano-
particle deposition on the nitrogen reduction activity of MoS,,
the nitrogen reduction performance of MoS,/CP is considered
(Fig. S5t). MoS,/CP showed a lower nitrogen reduction per-
formance than PIM-1(150 ,.4)/MO0S,/CP, reaching an NHj; yield
rate of 35.6 pg h™" mg™", almost a factor two lower than that
for PIM-1(15¢ ,,5/M0S,/CP, with a faradaic efficiency of 38%. As
presented in Fig. 8d, the catalyst modified with PIM-1 nano-
particles outperformed the MoS,/CP NH; production at all
considered potentials. Such improvement indicates a higher
concentration/activity of N, locally at the electrode surface in
the presence of gas trapped in the PIM-1 nanoparticles.”®*°

To verify the origin of the nitrogen source, isotopic labelling
measurements were carried out with gaseous "°N, (>98 atom
% "N, Cambridge Isotope Laboratories, Inc.; Fig. 8e). Similar
investigations in the past have been based on NMR
evidence,”*>> but here the LC-MS detection tool is employed
to verify isotopic labelling. After conducting electrolysis with a
PIM-1(120 ,g)/MOS,/CP electrode using either '°N, or "N, as
feed gas, LC-MS is used to distinguish between ammonia iso-
topologues (*’NH; and *NHj;) due to their distinct mass-to-
charge (m/z) values for "*N-indophenol (m/z: 198) and for '°N-
indophenol (m/z: 199). The production of ammonia (*’NH;
and *NH;) using either °N, or '*N, as feed gas are similar, as
described in Fig. S6.1 When using Ar as the feed gas, only
traces of indophenol are detected (Fig. 8f). This confirms that
NH; is most likely produced here from gaseous nitrogen in the
electrochemical nitrogen reduction process.*’

Next, the selectivity by the PIM-1(15¢ ,.4)/M0S,/CP catalyst for
N, or O, reduction reaction was evaluated by feeding the elec-
trolyte with ambient air (30 mL min~") with the aid of a peri-
staltic pump. The air contains around 78% V/V nitrogen.
Therefore, it presents an attractive source of molecular nitro-
gen that can be used for ammonia electrosynthesis, although
oxygen reduction is expected to interfere. When the electrolyte
was fed with ambient air, there was a drop in the values of
NH; production rate and in faradaic efficiency of the reaction,
as shown in Fig. 8g. This decrease indicates competition
between N, and O, reduction for binding into the active sites
of the catalyst. The NH; yield rates were lower compared to
those in N,-saturated electrolyte. The higher reduction current
density (Fig. 8h) in the air-saturated solution is attributed to
the contribution of the oxygen reduction. However, the NH;
yield rates and faradaic efficiency (13 pg h™" mg™" and 19.0%,
respectively) with the air-saturated electrolyte are still compar-
able to the performance of many catalysts reported in the lit-
erature for pure nitrogen atmosphere (see Table S17).
Therefore, the hypothesis that air can be used as a substitute
for pure nitrogen is confirmed. Fig. S71 shows that effects
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from ammonia introduced by air feed remain insignificant.
However, further optimization as well as consideration of NO,
impurities in air as potential contributors to ammonia pro-
duction will be required in the future work.

To evaluate the nitrogen reduction catalyst durability of
PIM-1(150 ,.¢)/MOS,/CP, long-term operation (20 h) electrolysis
and six chronoamperometric repeat experiments are per-
formed. After six chronoamperometric experiments (Fig. 9a),
only minor fluctuations were observed for the corresponding
NH; yield rates and faradaic efficiencies (Fig. 9b) and for the
counts versus acquisition time measurements (Fig. S81). This
confirmed the good cycling stability of the material. The
current remained stable for over 20 h of continuous electroly-
sis (Fig. 9c), indicating that PIM-1(;,0 ,.)/MO0S,/CP is durable
after an initial decrease in the first few minutes of the
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Fig. 9 (a) Chronoamperometry data for PIM-14150 ,.g/M0S,/CP for six

cycles and (b) corresponding NH3 yield rates and faradaic efficiencies
(FE). (c) Chronoamperometry data for PIM-1(159 ,,5/MoS,/CP for 20 h of
nitrogen reduction electrolysis at —0.85 V vs. Ag/AgCL
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Fig. 10 Illustration of (a) N, reduction at the catalyst|electrolyte inter-
face, (b) with PIM-1 nanoparticles acting as N, reservoir. To be effective,
the additional N, supply must be within d, the diffusion or reaction layer.

measurement. This durability can be attributed to mild con-
ditions and the mechanical strength of the material, as evi-
denced by the well-preserved morphology observed after the
stability test (Fig. S9a-S9ct).

Mechanistic effects of nanoparticulate PIM-1 on triphasic O,
or N, electroreduction

The effect of PIM-1 nanoparticles on triphasic N, reduction is
shown schematically in Fig. 10. For nitrogen reduction, both
NH; yield rates and faradaic efficiencies increase in the pres-
ence of PIM-1 nanoparticles (Fig. 10b), indicating a locally
higher apparent N, concentration under triphasic conditions
(i.e. trapped nanobubbles). The supply of N, (or O, for oxygen
reduction) has to be within the diffusion or reaction layer at
the electrode surface (for diffusion or kinetically controlled
processes, respectively). Plausible here seems a physical trap-
ping of nitrogen (or oxygen) gas within the hydrophobic
PIM-1 micropores. Nanoscale gas inclusions can contain gas
at higher pressure due to surface tension effects. The
observed increase in nitrogen reduction rate is linked to a
locally increased apparent concentration and activity of
reactants.

Conclusion

Interfacial engineering can be employed to locally enhance
apparent concentration and activity of gaseous species close to
electrode surfaces. Without changing the catalytic site, the
catalytic environment can be designed to improve perform-
ance. Here, the performance of amorphous MoS, catalyst for
the electrochemical reduction of N, under ambient conditions
is shown to improve by depositing a film of PIM-1 nano-
particles over the MoS, catalyst. We found that depositing
120 pg of PIM-1 nanoparticles effectively increased both the
activity and selectivity of MoS,, resulting in an NH; yield rate
of 61.2 pg h™" mg™", almost twice higher than bare MoS,/CP
(35.6 pg h™" mg™"). The faradaic efficiency was as high as

5858 | Green Chem., 2025, 27, 5851-5860

View Article Online

Green Chemistry

45.4% at —0.85 V vs. Ag/AgCl in 0.1 M PBS at pH 7, which is
competitive when compared to nitrogen reduction studies
using gas diffusion electrodes and Ru catalysts.>® The mecha-
nism behind these improvements is proposed to be related to
the ability of PIM-1 to store gaseous N, close to the catalyst
surface in a triphasic reaction environment. The enhanced
local activity of nitrogen (similar to using increased pressure)
affects the kinetically controlled electroreduction. Essentially,
with the effect of PIM-1 nanoparticles (or similar gas binding
materials) on the apparent gas solubility, it is now possible to
work with an engineered electrode surface and avoiding the
need for a gas diffusion electrode.

Although very high efficiency in nitrogen fixation has been
reported in non-aqueous media,>* the use of direct air feed in
aqueous buffer media is desirable. Oxygen reduction would be
expected to dominate, but kinetic control in the process
reported here allows ammonia to be obtained, although at
lowered efficiency. In the context of ammonia production by
electroreduction, the problem of impurities for example in the
gas feed has been raised.’”® Electrocatalytic reduction
requires mass transport to the interface and is thereby less
sensitive to trace impurities when compared to biological
nitrogen fixation, but effects due to the presence for example
of NO, in the gas feed especially when using air feed cannot
be ruled out. Although electrocatalysis on amorphous MoS,
seems relatively uncontroversial, the work with direct air feed
will require further confirmation, for example by performing
experiments with '>NO, tracer, or under pressure and without
air flow.

This work offers an efficient catalyst interface for catalytic
synthesis of NH;3, and it provides a simple PIM-1 nanoparticle
deposition strategy that can be extended to the design of other
high-performance catalyst interfaces for N, reduction (or for
other types of gas-consuming reactions under triphasic con-
ditions). In the future, the molecular structure of the PIM and
the loading and electrode morphology can be further improved
to enhance catalyst performance by surface engineering for a
wider arrange of processes.
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