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A B S T R A C T   

Electrochemical ammonia production from molecular nitrogen and nitrate reduction reactions at ambient con
ditions has gained a lot of attention in recent years, making this topic more and more appealing. The race to
wards good and quick results in terms of Faradaic efficiency and productivity is not always focused on the 
possible source of ammonia contamination. In particular, Nafion membrane is the most commonly used in this 
field as cell separator, discarding the possible known disadvantages coming from ammonium ions absorption and 
release. The wettable microporous Celgard membrane has been proposed as a substitute for Nafion membranes, 
despite the separation mechanism, in this case, is only dimension-driven, so it does not assure ammonium ions 
retention. This paper reveals that the mechanism of ammonium ions absorption and release by Nafion 117 is 
strongly related to the cations present in the electrolyte and to a lesser extent by its pH value. On the other hand, 
Celgard membrane does not show any relevant ammonium ions absorption. Moreover, the different trend of 
ammonium ions motion from catholyte to anolyte solution inside a flow-cell reactor shows that none of the 
membranes is able to avoid ammonium ions crossover and that there is a correlation between the applied po
tential and the motion trend. Electrochemical nitrogen and nitrate reduction tests confirm how Nafion membrane 
can have a big impact on the final result of ammonium ions production, especially when dealing with low 
production quantities, leading to mistakes in the real quantity of ammonium ions coming from the reduction 
reaction.   

1. Introduction 

Ammonia (NH3) is a backbone source of nitrogen fertilisers playing a 
crucial role in global agriculture and food production, and with an 
annual production of ca. 150 Mt is the second largest manufactured 
chemical. In fact, NH3 is estimated to be responsible for the existence of 
nearly half of the world population [1] and its synthesis at the industrial 
scale is surely the biggest scientific discovery of the 20th century [2]. In 
recent years, due to its peculiar properties (i.e., high energy density 
equal to 4.32 kWh L − 1 at liquid state, significant hydrogen content up 
to 17.6 wt%, and easy liquefaction for handling, storage, and trans
portation), NH3 has emerged as a potential fuel on the route towards 
decarbonisation [3–5]. Several authors even talk about the imple
mentation of a NH3-based economy in the future [6–9]. 

Up to now, NH3 is industrially almost exclusively produced (90%) via 
the Haber-Bosch process, which relies on fossil fuels as the main source 
of hydrogen (H2) precursor [10]. This process requires high 

temperatures (300–500 ◦C) to off-set the sluggish kinetics of the reaction 
and high pressures (200–300 atm) to avoid NH3 decomposition at such 
elevated temperatures, making each industrial plant highly energy 
demanding (485 kJ mol‒1) [11]. As a consequence, ca. 2% of the world 
energy production is consumed and 400 Mt of carbon dioxide (CO2) are 
annually released to the environment. Therefore, approaching an 
NH3-based economy makes the development of environmentally 
friendly and energy-efficient alternative production processes 
mandatory. 

In such a scenario, one approach that holds great potential is the 
electrochemical NH3 synthesis under mild conditions based on the ni
trogen (N2) or nitrate (NO3

‒) reduction reactions (E-NRR or E-NO3RR) 
[12,13]. Those processes can offer many advantages apart from the 
obvious elimination of fossil fuels and CO2 emissions: (1) converting 
sustainable energy in remote areas to transportable chemicals; (2) 
smaller plant infrastructure favouring the on-site NH3 generation and, 
thus, its decentralisation; (3) E-NO3RR provides a pathway for 
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efficiently converting one of the most widespread groundwater 
pollutant (i.e., NO3

‒) into a high-valued-added product (i.e., NH3). [12, 
14,15] Although substantial research work focuses on the study of both 
E-NRR/E-NO3RR, they remain in preliminary stages, facing challenges 
mostly related to the low selectivity of the system, which leads to low 
efficiencies [16,17]. On the other hand, part of the know-how developed 
in recent years in the field of CO2 electroreduction can be precious for 
the electrochemical conversion of nitrogenous species [18–20]. 

Among the different electrolytic cells employed to perform E-NRR/E- 
NO3RR, the use of divided cells (e.g. H-type cell or flow-cells) is 
considered the most suitable approach, since it minimises the possible 
re-oxidation at the anode of the reduced species from the cathode. [21] 
In those systems, catholyte and anolyte are usually divided by an ion 
exchange membrane, being Nafion the most commonly used [22]. Such 
membranes are made of a poly(tetrafluoroethylene) (PTFE) backbone 
and sulfonic groups at the side chains, which are actively involved in the 
proton transport [23]. However, the interaction of Nafion membranes 
with ammonium ions (NH4

+) is known and some studies question its use, 
especially for E-NRR, where the amount of NH4

+ produced is still low and 
a minimum source of pollution can easily lead to false positives [22, 
24–27]. Despite the transport properties of cation-exchange membranes 
are quite important, with particular relevance to the contamination 
problems, in-depth understanding of the influence that the membrane 
and its interactions with the electrolyte have in the E-NRR/E-NO3RR 
have not yet received enough attention. 

On the other side, Celgard membranes have always been employed 
for energy storage device separators [28–31]. Contrary to Nafion 
membranes, such separators have a microporous structure, commonly 
made in poly(propylene) and poly(ethylene). The transport mechanism 
does not involve an interaction between the species in the electrolyte 
and the structure of the membrane itself, making it free from any 
possible contaminations [32,33]. For such property, this separator 
became attractive for the world of E-NRR and E-NO3RR, and it was 
proposed as a substitute for Nafion membranes in the rigorous protocol 
for electrochemical NH3 synthesis published in 2019 by Andersen et al 
[25]. Since then, the number of works employing Celgard membranes as 
separators has increased in both E-NRR and E-NO3RR applications 
[34–38]. However, information regarding its influence on the system 
and how NH4

+ can migrate between anolyte and catholyte is still missing. 
Some studies addressing the membrane-NH4

+ interaction in E-NRR/ 
E-NO3RR systems can be found in the literature [22,25,27,39–42]. For 
example, in the context of this work, Leonardi et al. [42] compared the 
NH4

+ uptake by Nafion and Zifron membranes in NH4
+ enriched water 

and Na2SO4 0.1 M electrolyte (pH 6.5) and transport inside an H-type 
cell; Gyenge et al. [40] employed Nafion membranes of different 
thicknesses in combination with three electrolytes at pH values equal to 
1 (with H2SO4 0.05 M), ca. 6 (with Na2SO4 0.1 M), and 13 (with NaOH 
0.1 M) in a membrane electrode assembly-type electrolytic cell, thus 
testing the NH4

+ crossover and volatilization as NH3. Wilder et al. [39] 
studied the influence of three different kinds of membranes (i.e., anion 
exchange membrane, cation exchange membrane, and porous mem
brane) on the NH4

+ motion inside two different cell architectures (i.e., 
H-type and zero-gap gas diffusion electrode (GDE)-type). However, 
there is still disagreement among the reported results, values for the NH3 
crossover from the catholyte to the anolyte varied from 2% [27] to 
25–49% [22,39,40] depending on the cell architecture, membrane 
thickness, electrolyte pH, etc. Moreover, in most of the studies, Na2SO4, 
strong acids (e.g. H2SO4, HCl) or bases (e.g. NaOH) are used as electro
lytes and detailed information about how the cation species present in 
the electrolyte or applied potential can affect the membrane-NH4

+

interaction is still missing. 
This paper aims to give a full understanding of how NH3 interacts 

with both Nafion and Celgard membranes, as well as its motion inside a 
flow-cell reactor during E-NRR and E-NO3RR. For the first time, the 
influence of the electrolyte composition (in terms of type of cation and 
pH) on the membrane-NH4

+ interaction is assessed. In particular, the 

dependence of NH4
+ absorption on the membranes is investigated under 

different conditions to find whether there is a correlation between the 
other cationic species present in the solution and the pH, or not. 
Moreover, the NH4

+ passage across each membrane inside a flow-cell 
microreactor (three-chamber configuration) without and with 
applying a potential has also been considered. Such experiments allow 
us to have a better understanding of the possible source of NH4

+

contamination in different operating conditions and the effect they have 
on the overall NH4

+ production performance assessment. 

2. Experimental 

2.1. Materials 

Nafion membranes (Nafion 117, N-117) with a nominal thickness of 
183 μm were purchased from Quintech. Celgard 3401 separator with 
nominal thickness of 25 μm was purchased from Celgard. 

Anhydrous lithium, sodium, and potassium sulphates (Li2SO4, 
K2SO4, and Na2SO4, ≥99.0%) were purchased from Sigma-Aldrich and 
used to prepare electrolytes with a concentration of 0.1 M Sulfuric acid 
(H2SO4, 95.0%− 98.0%), used to modify the pH of the solutions, as trap 
for NH3, and to activate N-117, potassium hydroxide (≥85.0%), used to 
modify the pH of the solutions, and hydrogen peroxide (H2O2, 30 wt%), 
used to clean N-117 membrane, were purchased from Sigma-Aldrich. 
Ammonium chloride (NH4Cl, 99.99%), used as NH4

+ source, was also 
bought from Sigma-Aldrich. Sodium citrate dihydrate (HOC(COONa) 
(CH2COONa)2⋅2H2O, ≥99.0%), sodium salicylate (C7H5NaO3, 99.5%), 
sodium nitroferricyanide(III) dihydrate (Na2[Fe(CN)5NO]⋅2H2O, 
99.0%), sodium hypochlorite (NaClO, 5% active chlorine), and sodium 
hydroxide (NaOH, ≥97.0%), used to measure the NH4

+ concentration in 
the electrolyte via the salicylate method (described in Section 2.2), were 
purchased from Sigma-Aldrich. Potassium nitrate (KNO3, ≥99.0%) was 
purchased from Sigma-Aldrich and used as nitrate source in E-NO3RR 
experiments. Commercial molybdenum disulfide (MoS2, <2 μm, 99.0%) 
powder, used as catalyst in E-NRR and E-NO3RR, was also purchased 
from Sigma-Aldrich. All the solutions were prepared with ultrapure 
water (Milli-Q). 

2.2. Ammonia quantification 

The concentration of NH4
+ was determined spectrophotometrically 

by using the salicylate method optimized by Giner-Sanz et al [43]. In a 
typical way, 2 mL of samples were added with 240 µL of salicylate 
catalyst solution (2.75 M C7H5NaO3 and 0.95 mM Na2[Fe(CN)5NO]⋅ 
2H2O), followed by the addition of 400 µL of alkaline NaClO solution 
(previously prepared by diluting 1:10 the NaClO 5% in a aqueous so
lution containing HOC(COONa)(CH2COONa)2⋅2H2O 340 mM and NaOH 
465 mM). After being kept under dark for 45 min, the absorbence at 650 
nm of the mixed samples was measured using a HITACHI U-500 UV 
spectrophotometer. The concentration was determined according to the 
calibration lines obtained before (see Figure S1). 

2.3. Ammonia absorption/releasing tests 

The absorption tests were performed by immersing the membranes 
(5 × 5 cm size) in a beaker containing 70 mL of Milli-Q water or the 
studied electrolytes (i.e., K2SO4, Na2SO4, and Li2SO4) and NH4

+ 2 mg L‒1 

at three different pH values (i.e., 3.5, 7.0, and 11.0) for 24 h. The salt 
concentration for all the electrolytes was 0.1 M and the pH was adjusted 
to the desired value by dropwise addition of diluted H2SO4 or KOH. 
Regarding the desorption tests, the previously absorbed membranes 
were immersed for another 24 h in 70 mL of fresh solutions (Milli-Q 
water, K2SO4, Na2SO4, and Li2SO4). In both cases, samples were peri
odically taken and analysed to monitor the NH4

+ concentration 
evolution. 

Before tests, N-117 membranes were activated following a 
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commonly used method consisting of 3 boiling steps at ca. 80 ◦C in 3 wt 
% H2O2 for 1 h, then in Milli-Q water, and finally in H2SO4 0.5 M, rinsing 
between and after the boiling step with Milli-Q water. 

2.4. Electrochemical setup and measurements 

A commercial micro-flow-cell reactor (ElectroCell A/S) equipped 
with a GDE and assembled in a three-chambers configuration (i.e., gas 
and liquid on the cathodic side, liquid in the anodic one, see Figure S2) 
was used for NH4

+ motion experiments and E-NRR/E-NO3RR tests. When 
needed, the electrochemical tests were performed with a VSP-300 
potentiostat (Biologic). The electrode area was 10.2 cm2 and the dis
tance between the electrode and the membrane was 6.2 mm. The 
membranes were placed as the separator of the two liquid chambers. The 
respective electrolytes (i.e., K2SO4, Na2SO4, or Li2SO4) were continu
ously recirculated from reservoir bottles through a peristaltic pump at a 
flow rate of 20 mL min‒1. The catholyte and anolyte total volume was 50 
mL and reservoir bottles were sealed to avoid possible NH3 losses, 
especially when working under alkaline conditions. For NH4

+ motion 
experiments, 2 mg L‒1 of NH4

+ were added to the catholyte reservoir 
bottle. All the experiments lasted for 3 h and samples were periodically 
taken from both catholyte and anolyte to monitor the NH4

+ concentra
tion; after the tests, membranes were immersed in fresh electrolyte to 
desorb the possible absorbed NH4

+, and the liquid was analysed after 24 
h. When no potential was applied to the cell, a bare carbon paper (Toray, 
0.19 mm thickness - 20 wt% PTFE treated) was placed as working 
electrode (WE). Instead, the tests conducted applying a potential dif
ference were carried out employing a GDE consisting of commercial 
MoS2 catalyst deposited on the carbon paper through air-brushing. 
Commercial MoS2 was chosen as active material; indeed, even if it is 
not the best catalyst for E-NRR/E-NO3RR due to its intrinsic catalytic 
activity for water reduction, it is still expected to be active towards E- 
NRR/E-NO3RR, considering that molybdenum and sulphur play key 
roles in N2 fixation [44]. The counter electrode (CE) at the anode was a 
mixed metal oxide electrode with iridium, while a leak-free Ag/AgCl 
electrode, placed close to the cathode (at 5 mm), was used as reference 
electrode. Ar or N2 gas (purity 99.9999%), further purified by passing 
through a commercial filter (Agilent) following an already published 
procedure [45], were supplied at 5 mL min‒1 in the gas chamber at the 
back side of the cathode, to allow a simpler release of the gaseous 
products (H2 and NH3). 

All electrochemical NH4
+ synthesis (E-NRR and E-NO3RR) studies 

were performed according to the following protocol: (i) open circuit 
voltammetry (OCV) until reaching stability; (ii) cyclic voltammetry (CV) 
at a scan rate of 10 mV s‒1 and linear sweep voltammetry (LSV) at 5 mV 
s‒1 within 0 and ‒2 V vs Ag/AgCl; (iii) chronoamperometry (CA) or 
chronopotentiometry (CP) at the selected potential or current density; 
(iv) OCV until reaching stability again. For E-NRR, steps (i) and (ii) were 
carried out first with Ar and then again under N2. The full protocol was 
repeated using only Ar atmosphere as a control test. Samples were taken 
at the beginning, after the LSV (ii), and after the last OCV (iv) from both 
cathodic and anodic sides, and membranes were immersed in fresh 
electrolyte to desorb the possible absorbed NH4

+. In the case of E-NRR, 
the sample called “background” refers to a sample taken after (i) and (ii) 
steps in Ar (protocol scheme in Figure S3). Moreover, in those experi
ments, a trap consisting of 20 mL of H2SO4 0.02 M was placed in the gas 
exit to recover possible volatilised NH3. The total height of the 20 mL 
acid trap was 5 cm and it was open to air, thus no back-pressure was 
applied to the cell. E-NO3RR was performed in K2SO4 0.1 M + KNO3 0.01 
M as catholyte and K2SO4 0.1 M as anolyte, while E-NRR was performed 
in K2SO4 0.1 M both as catholyte and anolyte. All electrolytes were 
saturated with Ar before entering the cell. 

Faradaic efficiency (FE) and productivity (P) were used as figures of 
merit to assess the system performance. FE is defined as follows: 

FE =
nNH3 ⋅F⋅ne−

Q  

where nNH3 is the quantity of NH3 produced (mol), F is the Faraday’s 
constant, ne− is the number of electrons needed to produce a mole of NH3 
(i.e., 3 mol of e‒ per mol NH3 for E-NRR, 8 mol of e‒ per mol NH3 for E- 
NO3RR), and Q is the total charge applied (C). The NH4

+ considered for 
FE calculations is that produced during the CA or CP, disregarding that 
produced during the CV and LSV. Instead, P is defined as: 

P =
nNH3

t  

where t is the reaction time, expressed in h. 

2.5. Conductivity measurements 

Conductivity of N-117 membranes as a function of the electrolyte 
used was measured through electrochemical impedance spectroscopy 
(EIS) technique. The membranes were cut into 1 cm diameter disks using 
a manual puncher. Then, they were cleaned in H2SO4 1 M solution in an 
ultrasonic bath for 1 h and rinsed with Milli-Q water. Before electro
chemical testing, membranes were ion-exchanged in the desired solu
tion in an orbital mixer for 7 days changing the solution to a fresh one 
every 3 days. In particular, it was chosen to compare the conductivity of 
the membranes exchanged in Milli-Q, Li2SO4, K2SO4, and Na2SO4 at 0.1 
M concentration with and without NH4

+ in solution. The measurements 
were carried out in a symmetrical T-cell (depicted in Figure S4), 
equipped with a glassy carbon disk as both cathode and anode, sup
ported by a stainless-steel piston. The membrane was dried with a paper 
to remove the excess electrolyte and thickness was measured with a 
thickness gauge. An oscillating voltage of 10 mV at OCV was applied 
between the WE and the CE in a frequency range between 100 kHz and 
10 mHz. The value of the impedance at high frequency is considered as 
the resistance of the membrane and conductivity is calculated using the 
following equation: 

κ =
l

Rm⋅A  

where κ is the conductivity (mS cm− 1), l is membrane thickness (cm), A 
is the membrane area (given 1 cm diameter, it was 0.78 cm2), and Rm (Ω) 
is the membrane resistance, extrapolated from the Nyquist’s plot using 
Zview software. When carrying out these experiments, the operating 
conditions were maintained the same to have consistency and be able to 
compare the conductivity in different electrolytes. This work is not 
focused on proton conductivity calculations and does not pretend to 
have a precise quantification of that value. The aim is to investigate if 
the presence of NH4

+ can affect proton conductivity when compared to 
the values here obtained when no NH4

+ is added. 

3. Results and discussion 

3.1. Ammonium ion absorption/release by Nafion/celgard membranes 

The capability of Nafion and Celgard membranes to absorb NH4
+ ions 

was first tested in Milli-Q water without any supporting electrolyte 
(apart from the H2SO4 or KOH added to adjust the pH, the total con
centrations were never higher than 0.16 mM or 1 mM, respectively) by 
immersing them in a solution containing 2 mg L‒1 of NH4

+. Since pH 11 
exceeds the NH4

+ pKa (9.25) and NH4
+ deprotonates into NH3, which can 

easily pass into the gas phase, a 24 h control test on NH4
+ enriched (2 mg 

L − 1) Milli-Q water at pH 11.0 was done to evaluate the NH3 lost into the 
gas phase, and a decrease in the NH4

+ concentration of only 5% was 
found (see Figure S5). As it can be observed in Fig. 1(a), NH4

+ concen
tration decreases up to 86.5% of the initial value for the N-117 mem
brane, while almost no variations were observed for the Celgard one 
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(Fig. 1(b)). Such behaviour is expected considering that N-117 is a 
cation exchange membrane and Celgard is an inert and size-selective 
one. These results are thus in line with those already reported in the 
literature [40,42]. Regarding pH, negligible differences in the NH4

+ ab
sorption percentage are observed along the test for the three studied 
values, being the trend after 24 h as follows: absorption at pH 3.5 ≈ 7.0 
> 11.0 (Fig. 1(a)). After the absorption, the releasing tests were per
formed by immersing the previously absorbed membranes in fresh 
Milli-Q water. As it can be appreciated in Fig. 1(a), no releasing was 
obtained, since in Milli-Q water no ion exchange can take place. Next, 
membranes previously absorbed in NH4

+ enriched (2 mg L‒1) Milli-Q 
water were immersed in fresh electrolytes (i.e., K2SO4, Na2SO4, and 
Li2SO4 0.1 M) at pH 3.5, 7.0, and 11.0. As shown in Table 1, the amount 
of NH4

+ released increases with the atomic radius of the cation in the 
electrolyte (Li+ < Na+ < K+) and the pH value; a release of 89.6% is 
observed for K2SO4 at pH 11, while only a 50.9% of NH4

+ release is 
obtained for Li2SO4 at pH 3.5. The desorption trend is presented in 

Figure S6. As for the Celgard membrane, no releasing tests were per
formed since no NH4

+ absorption was observed. 
To get a deeper understanding of the role that the different cations (i. 

e., Li+, Na+, and K+) have in the NH4
+ exchange equilibrium, absorption/ 

release tests were later performed employing all the three electrolytes 
previously used, again at acidic, neutral, and basic pH (i.e., 3.5, 7.0, and 
11.0). Regarding the NH4

+absorption, as illustrated in Fig. 2, it decreases 
with the increase of the ionic radius, namely Li+> Na+ > K+, and the 
trend is the same independently of the solution pH. Furthermore, NH4

+

absorption seems to be correlated also to the cation hydration number, 
which increases in the order Li+ > Na+ > K+. It is possible to assume 
that, when the cation is more solvated by water molecules, it is less 
reactive with N-117 membrane, facilitating NH4

+ absorption. On the 
contrary, when the cation is less solvated by water molecules, it more 
easily reacts with the membrane, hindering NH4

+ absorption. Moreover, 
an oscillation of the NH4

+ concentration in the first hour of absorption, 
followed by a stabilization of the value, is observed, meaning that at the 
beginning the cation in the electrolyte (i.e., Li+, Na+ or K+) and NH4

+ are 
in continuous competition for the N-117 membrane sulfonic groups until 
an equilibrium is reached at ca. 180 min. However, for the NH4

+release 
(as previously observed), the opposite trend is obtained, that is, it de
creases with increasing the ionic radius. All these results reveal the 
preference of the membrane for the cations and the increase of this af
finity with the ionic radius, as it has been already stated in different 
works [46–49]. Regarding the pH, a minimal effect with no defined 
trend on the NH4

+ absorption and release from N-117 membrane was 
observed. Regarding adsorption, it generally increases with the de
creases of the pH, being the difference higher for Li2SO4, while for the 
desorption no trend was observed. Moreover, a release of 100% of the 
absorbed NH4

+ was obtained only when K2SO4 0.1 M was employed, 
confirming the difficulty of removing the NH4

+ from the N-117 
membrane. 

Finally, the same experiments were carried out for Celgard mem
brane, but only for the Li2SO4 solution, since it is the one that shows the 
highest NH4

+ uptake. As obtained for Milli-Q water experiments, no NH4
+

absorption was detected after the 24 h immersion, except at pH 11.0 
where a decrease of 10% (ca. three times lower than with N-117) was 
obtained (Fig. 3), again confirming the inert character of the membrane. 

3.2. Ammonia motion inside a flow-cell 

The NH4
+ cross-over from the catholyte to the anolyte employing N- 

117 and Celgard membranes as separators and the influence of the 
electrolyte composition were first studied without applying any poten
tial. Since NH4

+ absorption in batch conditions is more affected by the 
type of electrolyte than the pH, in the following tests the pH was always 
neutral and only the effect of the salt cation was studied. Comparing 
both membranes (Fig. 4), NH4

+ losses at the cathodic side were similar 
for N-117 and Celgard, and for different electrolyte solutions, being the 
decrease only slightly bigger when employing N-117 membrane as 
separator and Na2SO4 and Li2SO4 0.1 M as electrolyte. Despite the 
catholyte NH4

+losses are similar for both membranes, the increase at the 
anodic side is considerably bigger when N-117 (Figure 4(a)) is used as 
separator. Moreover, membranes were desorbed in fresh electrolytes 

Fig. 1. NH4
+ absorption in and release from N-117 (a) and Celgard (b) mem

branes in Milli-Q water at pH 3.5, 7, and 11. NH4
+ concentration refers to the 

ratio between NH4
+ measured at the immersion time t and the initial one (2 mg L 

− 1). The solid lines and -∎- symbols represent the absorption, while dashed 
lines and -★- symbol the release. Note that, for Celgard membrane, release test 
was not done due to the low amount of total NH3 absorbed on the membrane. 

Table 1 
NH4

+absorption-desorption (%) values from N-117 membrane previously 
absorbed in Milli-Q water containing 2 mg L − 1 of NH4

+ at pH 3.5, 7, and 11 and 
desorbed in Li2SO4, Na2SO4, and K2SO4 0.1 M at pH 3.5, 7, and 11.   

pH 3.5 pH 7.0 pH 11.0 

%Ass 
(in H2O) 

%Des %Ass 
(in H2O) 

%Des %Ass 
(in H2O) 

%Des 

Li 88.0 50.9 88.3 55.7 87.7 61.5 
Na 88.8 66.5 90.0 78.5 90.0 79.6 
K 90.1 82.8 91.3 83.2 92.0 89.6  
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and only N-117 released a considerable amount of NH4
+. In general, NH4

+

motion in the case of Celgard membrane - when no potential is applied - 
is independent of the cation nature, suggesting that NH4

+ has small 
enough dimensions to cross Celgard pores and that the concentration 
gradient is the only driving force. 

Finally, if we sum the amount of NH4
+ found in the different com

partments together with the one desorbed from the membrane, the value 
obtained for N-117 is bigger than the initially added amount, confirming 
the introduction of NH4

+ in the system by the N-117, even if they are new 
and cleaned right before the experiment in H2SO4 1 M [22,41]. Addi
tionally, it appears that the NH4

+ contaminations present in the mem
brane are released in the anolyte. Such behaviour could be explained by 
the concentration gradient driving force: NH4

+ is released in the anolyte 
within the first 30 min, where the initial concentration of NH4

+ is zero. 
Next, we repeat the same experiments, but applying a low potential 

commonly adopted in literature for E-NRR/E-NO3RR, i.e., ‒1.4 V vs Ag/ 
AgCl (J-t curves for these experiments are provided in Figure S7). As 
illustrated in Fig. 5(b), in the case of Celgard membrane, the NH4

+ cross- 
over is higher compared to the case in which no potential is applied 
(Figure 4(b)), especially when employing Li2SO4 0.1 M as electrolyte. 
Moreover, it seems that, when a slight electric field is applied, a 
dependence of NH4

+motion from the cation shows up, making NH4
+mo

tion dependent on electronegativity values of the cation in the electro
lyte (Li+ > Na+ > K+). Indeed, Li+ tendency to be attracted towards the 
negative side (cathode) of the cell is higher, being membrane pores less 
occupied by Li+. This aspect, together with the acidification of the 
anolyte, favours the diffusion of NH4

+to the anode. Indeed, Celgard 
membrane is a porous separator, and no chemical bond arises between 
the polymer matrix and the cations in the electrolyte. As both NH4

+ and 
Li+ have dimensions small enough to cross that separator, the only 
driving forces governing the cross-over phenomena are concentration 
gradient, pH, and electronegativity. Regarding N-117 membrane (Fig. 5 
(a)), results are mostly similar to those obtained when no potential is 
applied, probably because the potential is so low that it does not influ
ence the NH4

+ motion. 
Finally, experiments by increasing the potential to ‒2 V vs Ag/AgCl 

(Fig. 6) were performed with the K2SO4 0.1 M electrolyte; for N-117 
membrane, no NH4

+ crossover was detected. Such results confirm that 
the NH4

+ crossover not only depends on the interaction with the mem
brane itself and the competition with the other cations present in the 
electrolytes, but also on the applied electrical field; regarding N-117 

Fig. 2. NH4
+ absorption in and release from N-117 membrane in Li2SO4 0.1 M 

(a), Na2SO4 0.1 M (b), and K2SO4 0.1 M (c) electrolytes at pH 3.5, 7, and 11. 
NH4

+ concentration refers to the ratio between NH4
+ measured at the immersion 

time t and the initial one (2 mg L − 1). The solid lines and -∎- symbols represent 
the absorption, while dashed lines and -★- symbol the release. 

Fig. 3. NH4
+ absorption in and release from Celgard membrane in Li2SO4 0.1 M 

electrolyte at pH 3.5, 7, and 11. NH4
+ concentration refers to the ratio between 

NH4
+ measured at the immersion time t and the initial one (2 mg L − 1). The 

solid lines and -∎- symbols represent the absorption, while dashed lines and -★- 
symbol the release. 
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membrane, at increased potential, all positive charges are dragged to the 
cathodic side charged negatively, overcoming the diffusion across the 
membrane. On the contrary, in the case of Celgard, the NH4

+ cross-over 
increases as the potential increases, until an equilibrium between 
catholyte and anolyte is reached, as already experienced by Andersen et 
al [25]. Accordingly, it is not recommended to look at the application of 
a high potential as a general method to prevent NH4

+ crossover. 

3.3. E-NO3RR experiment 

The ability of MoS2 to convert NO3
‒ into NH4

+ was studied using both 
N-117 and Celgard membranes. At ‒1.4 V vs Ag/AgCl applied potential 
for 3 h, the FE and P values obtained using the N-117 membrane were 

10.6% and 0.79 μmol h‒1, respectively, while those obtained using 
Celgard were 17.6% and 0.85 μmol h‒1, respectively. The discrepancy 
between those values can be attributed to two main factors: (i) the NH4

+

produced in the case of N-117 is in part absorbed by the membrane, and 
this amount cannot be considered in the calculations; (ii) in the test 
using the Celgard membrane, the activity was lower (see LSV and CA 
plots in Figure S8) and, at the same applied potential, the current density 
measured was ‒0.1 mA cm‒2 on average, while it was ‒0.16 mA cm‒2 

for N-117. Such a difference in the total charge can have a big impact on 
the final calculation of the FE for the same amount of NH4

+ produced. 

Fig. 4. NH4
+ motion inside a flow-cell employing different electrolytes without 

applying any potential, using (a) N-117 and (b) Celgard membranes as sepa
rator. The electrolytes tested are Li2SO4, Na2SO4, and K2SO4 with a 0.1 M 
concentration and a pH value of 7. The initial NH4

+ concentration is 2 mg L − 1. 
In the plot, (-▴-) is used to identify the cathodic side, while (-●-) is used to 
identify the anodic side on the cell. (-∎-) refers to the NH4

+ quantity found 
absorbed on the membrane. That value is the ratio between the quantity found 
and the initial quantity present in the cathodic side. 

Fig. 5. NH4
+ motion inside a flow-cell employing different electrolytes during 

an electrolysis test at ‒1.4 V vs Ag/AgCl for 3 h, employing (a) N-117 and (b) 
Celgard membranes as separator. The electrolytes tested are Li2SO4, Na2SO4, 
and K2SO4 with a 0.1 M concentration. The initial NH4

+ concentration is 2 mg L 
− 1. In the plot, (-▴-) is used to identify the cathodic side, while (-●-) is used to 
identify the anodic side on the cell. (-∎-) refers to the NH4

+ quantity found 
absorbed on the membrane. That value is the ratio between the quantity found 
and the initial quantity present in the cathodic side. 
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The uncompensated resistance between the WE and reference electrode 
in the case of N-117 and Celgard were 4.98 Ω and 4.13 Ω, respectively. 
That difference is negligible and should not affect the resulting current 
density measured during the CA. In Fig. 7(b) it is possible to see that, in 
the case of Celgard membrane, NH4

+ is distributed more uniformly in the 
anolyte and catholyte, while no NH4

+ was present on the membrane after 
the test. On the other side, in the case of N-117, NH4

+ is much more 
present in the catholyte side, together with a considerable amount on 
the membrane itself (Fig. 7(a)). 

3.4. E-NRR experiment 

The performances of Nafion and Celgard membranes were tested for 
E-NRR. Unfortunately, MoS2 commercial catalyst did not show any 
relevant activity towards NH4

+ production. Indeed, using both N-117 and 
Celgard, only a FE equal to 0.02% towards NH4

+ production was reached 
at ‒5 mA cm‒2 for 2 h, and the control test under argon atmosphere 
showed the same result, meaning that all the NH4

+present in the system 
is coming from ambient contamination. 

From Fig. 8(a) we can see that, in the case of N-117, NH4
+ quantity 

increases at the cathodic side, but having a look at the anodic one, it is 
evident that NH4

+ coming from initial impurities is gradually crossing the 
membrane, reaching the catholyte chamber. Such behaviour is in 
agreement with the test on NH4

+ motion presented in Section 3.2. In this 
case, NH4

+ is moving from the anolyte to the catholyte due to the big 
electric field applied during the test. In addition, having a look at the 
control test under argon, shown in Fig. 8(b), the difference between the 
total final and initial NH4

+ quantity is the same as the one obtained when 
using N2, which highlights that no N2 is effectively reduced to NH4

+ and 
all the quantities found come from system impurities. 

On the other side, from Fig. 9 it is clear that, using Celgard mem
brane, the obtained quantities of NH4

+ are significantly lower than those 
detected with N-117. In this case, quantities are coherent both under N2 
(Figure 9(a)) and Ar (Fig. 9(b)) environments and remain stable during 
all the tests. This further confirms that the majority of the contamination 
is coming from the membrane itself. Even if never used and thoroughly 
cleaned with H2SO4 1 M, the N-117 membrane releases some NH4

+. It is 
the authors’ opinion that N-117 can absorb NH3 from the ambient in the 

time interval needed to assemble the cell. In this framework, Celgard 
seems to be a good alternative as it is not a source of contamination. 
However, such a membrane is size-selective, allowing the passage of all 
the species that have a small enough dimension. Such conditions do not 
allow the holding of different electrolyte compositions on the catholyte 
and anolyte sides. 

3.5. Effect of cations and NH4
+ on the conductivity of the Nafion 

membrane 

As previously reported in literature, cations and NH4
+ can interact 

with the external sulfonic group of the Nafion chains and contaminate 
Nafion membranes, hindering the correct proton transport [27]. This 
phenomenon can affect the overall system not only in terms of NH4

+

misleading quantification, but also in the control of the bulk pH at the 
cathode and anode side. Indeed, during the H2 evolution reaction, H+

are consumed at the cathode side and local pH rises, while H+are pro
duced at the anode side during O2 evolution reaction. In an ideal situ
ation, ionic equilibrium should be maintained thanks to proton transport 
across the cation exchange membrane. However, other species present 
in the electrolyte can negatively affect proton transport, leading to an 
increase in the catholyte and a decrease in the anolyte bulk pH. E-NRR 
and E-NO3RR have a very strong dependence on the pH [50,51] and 
such low control on that variable could lead to worse overall 

Fig. 6. NH4
+ motion inside a flow-cell employing K2SO4 0.1 M as electrolyte 

during an electrolysis test at ‒2 V vs Ag/AgCl for 3 h, employing N-117 (purple) 
and Celgard (blue) membranes as separator. The initial NH4

+ concentration is 2 
mg L − 1. In the plot, (-▴-) is used to identify the cathodic side, while (-●-) is 
used to identify the anodic side on the cell. (-∎-) refers to the NH4

+ quantity 
found absorbed on the membrane. That value is the ratio between the quantity 
found and the initial quantity present in the cathodic side. 

Fig. 7. NH4
+ produced through E-NO3RR in a flow-cell reactor, employing MoS2 

as a catalyst in combination with K2SO4 0.1 M + KNO3 0.01 M as electrolyte 
and (a) N-117 and (b) Celgard membranes as separator. Initial value refers to 
the quantity of NH4

+ found in the sample taken after CV and LSV measurements, 
right before the CA at − 1.4 V vs Ag/AgCl for 3 h (see Figure S3 for proto
col details). 
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performances as well as catalyst stability issues [52,53]. Thus, the 
purpose of this set of experiments is to assess how proton conductivity of 
Nafion membrane is affected by the presence of the cations and NH4

+ in 
the electrolyte. 

The comparison between the conductivity of Nafion membrane 
exchanged in Li+, K+, Na+, and sole Milli-Q water is presented in Fig. 10. 
The conductivity decreases up to 83% for the cation-exchanged mem
brane compared to the proton-exchanged one. The trend shown is in 
agreement with previous literature data [54] and can be explained 
through a parallelism with the cation mobility mechanism in water 
electrolytes: while protons are transported through the hopping mech
anism, other cations are transported through the vehicle mechanism, 
which is slower than the previous one [55]. 

The variability of conductivity between the different exchanged 

cations can be explained through the cation correlation with membrane 
water content, as well as with water molecule mobility inside the 
membrane [56]. Indeed, as shown in Fig. 10, conductivity decreases in 
the order K+ < Na+ ≤ Li+, likewise water uptake trend found in liter
ature, obtained in similar conditions [46]. Moreover, such results are in 
agreement with Saito et al.’s work. They suggested that water mobility 
inside the Nafion membrane is affected by the interaction between water 
molecules and cations present in the solution. Li+ and Na+ possess 
higher interaction with water molecules in the membranes compared to 
H+, slowing down water molecules transport through the membrane 
itself [57]. Conductivity values differ from the ones present in the 
literature, which are usually in the order of magnitude of 10 mS cm− 1 

[58–60], due to the different experimental setups, but the general trend 
is maintained. Indeed, the experimental conductivity determination is 

Fig. 8. NH4
+ produced through E-NRR in a flow-cell reactor, employing MoS2 as a catalyst in combination with K2SO4 0.1 M as electrolyte and N-117 membrane as 

separator. (a) Test under N2, background refers to a sample taken after the OCV, LSV, and CV in Ar. Initial value refers to the quantity of NH4
+ found in the sample 

taken after CV an LSV measurements under N2, right before the CP technique at − 5 mA cm− 2 for 2 h (b) Control test under Ar. Initial value refers the sample taken 
after CV an LSV measurements in Ar, right before the CP at − 5 mA cm− 2 for 2 h (see Figure S3 for protocol details). 
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carried out in low relative humidity conditions, in which conductivity 
values can be less than 10 mS cm− 1, as reported by other studies [61,62]. 
Moreover, a recent statistical study, that collects all the literature on the 
topic of proton conductivity of Nafion membranes, clarifies how pa
rameters such as relative humidity and temperature can have a big 
impact on the final conductivity value [63]. 

When NH4
+ is added to the exchanged solution, conductivity is 

further affected, with a percentage of decrease in the order Li+ < Na+ <

K+. In the case of K+, the conductivity decreases in the presence of NH4
+

is negligible, thus confirming that NH4
+ poorly interacts with membrane 

in K+ containing electrolyte. Such behaviour supports the data on ab
sorption presented till now. Indeed, NH4

+ absorbed on the Nafion 
membrane follows the opposite order (i.e., Li+ > Na+ > K+), meaning 
that NH4

+ has a negative effect on the conductivity with a magnitude 
strictly dependent on the quantity absorbed. 

4. Conclusions 

Till now, Nafion 117 and Celgard membranes have been the most 
commonly used separators for E-NRR and E-NO3RR experiments, even if 
they both present some disadvantages. In particular, N-117 is known to 
absorb NH4

+, becoming a source of contamination. In this paper, we 
analysed how different cations (i.e., Li+, Na+, and K+) and pH value in 
the electrolyte influence the NH4

+ ions absorbed by N-117 membrane. It 
seems that 86% of NH4

+ is absorbed when no cations are present in the 
solution, while when a cation is added, the absorption values lower to 
40, 14, and 10% for Li2SO4, Na2SO4, and K2SO4, respectively, while the 
pH has no significant effect. Such a trend reflects the increase in the ionic 
radius as well as the decrease in the cation hydration number, while the 
trend in NH4

+ release is the opposite. Contrary to what is stated in other 
literature works, none of the cations tested can completely exchange the 
NH4

+ trapped in N-117. Instead, NH4
+ is not absorbed by Celgard 

Fig. 9. NH4
+ produced through E-NRR in a flow-cell reactor, employing MoS2 as a catalyst in combination with K2SO4 0.1 M as electrolyte and Celgard membrane as 

separator. (a) Test under N2. Background refers to a sample taken after the OCV, LSV, and CV in Ar. Initial value refers to the quantity of NH4
+ found in the sample 

taken after CV an LSV measurements under N2, right before the CP technique at − 5 mA cm− 2 for 2 h (b) Control test under Ar. Initial value refers to the sample taken 
after CV an LSV measurements in Ar, right before the CP at − 5 mA cm− 2 for 2 h (see Figure S3 for protocol details). 
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membrane in any condition. 
Then, tests on NH4

+ motion inside an electrochemical flow-cell 
reactor revealed that, for N-117 membrane, NH4

+ motion to the anode 
side is more prominent in Li2SO4, when low potential is applied; 
conversely, when a potential is applied, the effect of the electric field 
prevails on the interaction between NH4

+ and N-117 membrane. On the 
other side, using Celgard membrane, NH4

+ motion when no potential is 
applied is independent from the cation nature, while the application of a 
potential induces an electric field that moves the equilibrium as a 
function of the cation electronegativity (Li+ > Na+ > K+). 

These experiments also demonstrated that N-117 is a big source of 
contamination, as the final amount of NH4

+ found in the system was 
always higher than the initial one. Such contamination was not noticed 
with Celgard. In addition, E-NRR and E-NO3RR final tests confirmed that 
N-117 can lead to false positive and fallacious calculations on the final 
FE and productivity. Such tests seem to lead to the conclusion that 
Celgard membranes are the best option for E-NRR and E-NO3RR, but 
such separators allow the crossing of multiple species from the catholyte 
and the anolyte, making it impossible to maintain different environ
ments in the two compartments of the cell. 

It is the authors’ opinion that much more effort must be focused on 
the synthesis of a cationic-exchange membrane with specific charac
teristics for E-NRR and E-NO3RR applications. 
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