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iNtriguing but challenging quest
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Ammonia plays an indispensable role in global agroeconomics, chemical indus-
tries, energy carriers, and other diverse applications. To meet the demand for
ammonia in these roles, the artificial synthesis of ammonia has traditionally relied
on the well-established Haber-Bosch process that is commercially viable but
energy intensive. Recently, the drive for sustainable alternatives has fueled interest
in the development of electrochemical nitrogen reduction (eNRR) as a pathway for
carbon-free ammonia synthesis. Nevertheless, research in the eNRR field remains
elusive, partly because of the ominous presence of reactive nitrogen-containing
species (Nr) and the lack of a thorough understanding of eNRR mechanistics.
Herein, we provide an overview of efforts highlighting measures to avoid false
positives and advancing mechanistic understanding of the eNRR process.

Fixing nitrogen sustainably: the need for eNRR

N, fixation to NH3 is one of the most vital conversions critical to the propagation of life [1]. In
the natural ecosystem, this fixation is facilitated by the enzyme ‘nitrogenase’, fixing roughly
40-100 million tons of N annually [2]. The advent of the ‘Haber-Bosch’ process revolutionized
the chemical industry and fundamentally altered the balance of the global nitrogen cycle over
the past century. With an annual NH3 production of approximately 175 million tons [3], the
Haber-Bosch process has dominated the industry despite its intense energy requirements
(8300-500°C and 150-200 bar [4]) and its substantial release of greenhouse gases (1.44% of
global CO, emissions) [5].

In this context, a sustainable alternative for NHz production has become a much sought-after
research pursuit in the past decade [6]. A clean, energy abated, on-demand synthesis route for
NHs can facilitate energy distribution and cut costs [6,7]. Among the several avenues explored,
the most enticing has been the direct electrochemical reduction of N> to NH3 (eNRR) under
ambient conditions (Figure 1A) [8]. Although lithium-mediated (‘indirect eNRR’; Box 1) systems
were reported decades earlier [9] for NHz synthesis with more consistent results, the strong
reducing potentials, high energy consumption, and electrode/electrolyte instability limit their
prospects as a scalable alternative [10].

Despite attracting immense research attention, recent eNRR research has raised more questions
than it has answered [11-14]. The low NH3 productivities (see Glossary) (Figure 1B), accompa-
nied by the impact of numerous highly Nr, cast doubt on the reliability of some eNRR results
[15-17]. Several existing reviews on eNRR [18,19] provide a comprehensive overview of
published results; however, they rarely critically assess the mechanistic interpretations from
advanced characterization methods and address the limitations of these techniques.

Herein, we aim to highlight the efforts in pursuit of direct eNRR over the recent years, addressing
the challenges encountered in this tumultuous endeavor. In particular, we aim to highlight efforts
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Highlights

The electrochemical nitrogen reduction
(eNRR) offers a flexible and sustainable
aternative to the well-established
Haber-Bosch process to synthesize
NHjz in a distributed and on-demand
manner.

Recent progress in the exploration of
feasible eNRR systems has been
impeded by inadequate understanding
of eNRR mechanisms and plagued by
interference from the unnoticed pres-
ence of reactive N-containing species.

As a crucial requirement for the design of
control experiments in eNRR research,
the quantitative "N, experiment pro-
vides the direct and most reliable
evidence of the eNRR process.

Advanced in situ characterization tech-
niques can deepen mechanistic under-
standings of the eNRR process, but
attention should be devoted to the possi-
ble intervention of reactive nitrogen-
containing species.
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Figure 1. Electrochemical nitrogen reduction (eNRR) research from 2010 to 2020. (A) The number of eNRR
publications by year. The data were obtained by searching for keywords in Web of Science (v.5.35) (and manual selection for
careful inclusion). Publications focusing on theoretical work without experimental study are not counted here. The gray squares
represent the total publications that performed eNRR measurements; the red circles represent the publications that used °N,
for control experiments; the blue triangles represent the publications that conducted a quantitative analysis of produced "5NH;
from 'SN, experiments. (B) Steady-state current densities of the reported eNRR catalysts with >50% Faradaic efficiency (FE)
towards NHz [40,47,81,89-100]. The results from indirect eNRR (Li-mediated process) are not included. The gray squares
represent the catalysts with Ar control experiments; the unfiled and filled circles represent the catalysts with qualitative and
quantitative "®NHs analysis from "®N, experiments, respectively, besides Ar control experiments. The light-blue contour lines
correspond to equal NHg productivities (1078, 1072, 107'°, 107", and 1072 mol cm™ s™"). The black broken line represents
the N, diffusion-limited current density of eNRR in water (1.27 mA cm™2), based on the estimation in [74]. Note: Strict caution is
advised when considering NH3 yields reported in ‘pg h mgoa}“ since this number can easily be inflated using a low mggat
value and can sometimes be misleading.

Box 1. Indirect eNRR: a lithium-mediated approach

In parallel with the direct eNRR process, indirect eNRR, enabled by lithium mediation, can also convert N, to NHz under
mild conditions. The lithium-mediated indirect eNRR process comprises the following key steps: electroreduction of Li*
[or the Li(l) salt] to generate metallic Li; the spontaneous combination reaction between metallic Li and N, to form LigN;
and the hydrolysis of LisN with a proton carrier (e.g., water) to form NHz and Li* or a Li(l) salt, completing the catalytic cycle
(Figure I). The earliest reports on the strategy of indirect eNRR date back to 1930 by Fichter and colleagues [70], and it was
then revived in the early 1990s by Tsuneto and colleagues [9,71]. More recently, interest in the indirect eNRR process was
reignited by McEnaney and colleagues [72]. In the indirect eNRR process, the FE under ambient pressures can reach up to
19% at a current density of 8 mA cm2 [73], while elevation of the N, pressure can promote the FE to 29%, albeit at a lower
current density (2 mA cm~?) [74]. A more recent study by Suryanto and colleagues [34] reported an enhanced efficiency of
69% with an NHg productivity of 53 nmol s cm 2 by replacing the traditional sacrificial proton source (i.e., ethanol) with a
recyclable phosphonium salt.

Tetrahydrofuran (THF)-based solvent was initially used as the electrolyte to conduct the indirect eNRR by Tsuneto and
colleagues [9]. Shortly afterwards, Ito and Goto [75] demonstrated the feasibility of using molten salts as the electrolyte,
leading to one of the highest reported NHz productivities. Later, McPherson and colleagues [76] introduced lithium hydride
as a catalytic mediator to enhance the performance of molten chloride systems, validating their results through quantitative
5N, experiments.

Although the lithium-mediated indirect eNRR successfully overcomes the challenges encountered in the direct eNRR,
it creates new problems. For instance, the working electrode used in the indirect eNRR often suffers instability issues,
as the potential at the working electrode can deteriorate over time (i.e., negatively drifting resulting in increased energy
consumption). The deterioration of the working electrode was attributed to the gradual accumulation of a Li-containing
passivation layer, hypothesized to be a consequence of the undesired reduction of some species within the electrolyte.
Another issue lies in the high energy consumption of the indirect eNRR process, due largely to the extreme working
potential required to reduce Li*. So far, the state-of-the-art energy efficiency of the indirect eNRR process is less than
7% [10].
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Figure I. Schematic of lithium-mediated electrochemical nitrogen reduction (eNRR). Compound subscripts
denote phases: (s) is solid, (g) is gas, (sol.) is solution phase. Reprinted, with permission, from [73].

that have played a critical role in helping researchers avoid false positives and pitfalls by identifying
and eliminating Nr in the eNRR experimental protocol. Moreover, we extend the past develop-
ments in the design of control experiments, improving the '°N, circulation system so that the
quantitative assessment of NHz origins can be significantly economized and facilitated. Further-
more, we also endeavor to present a critical assessment of mechanistic studies probing eNRR
and discuss the limitations of the tools used for the purpose.

Potential impact of Nr in eNRR research

Careful implementation of control experiments is an essential requirement of eNRR research [20].
An exhaustive review of recent eNRR research has shown that tracing the origin of the NHz pro-
duced takes considerably more effort than observing the NH3 formation itself [5,14]. In essence,
this unique challenge is due to the widespread presence of Nr (Figure 2A), whose
electroreduction exclusively favors NH3 production in many cases [21-23]. Among all reported
eNRR systems, the proportion of converted N, is indiscernibly small, making the verification of
‘successful N, fixation’ solely dependent on meticulous quantification of the NH3 produced at a
subtle level, which is the sum of the contributions from all possible sources.

The existence of Nr was often overlooked in the earlier stage of eNRR research but has drawn
appreciable attention recently [13,16]. Depending on its occurrence, Nr can originate from two
sources: (i) the external and adventitious sources that may intrude into eNRR systems, such as
human breath [17], ambient air [17], chemical containers [24], and nitrile gloves [16]; and (i) inter-
nal and indigenous sources that could be heavily involved in eNRR systems, such as the feeding
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Glossary

Associative and dissociative
mechanisms: two mechanisms of NHg
synthesis. In the associative mechanism,
the first activation step involves the
hydrogenation of N, molecules (e.g., in
enzymatic processes). In the dissociative
mechanism, the breaking of the N=N
triple bond occurs first (e.g., in the
Haber-Bosch process).

Attenuated total reflection—Fourier
transform IR (ATR-FTIR)
spectroscopy: a sampling technique
that can in situ probe the layers of
adsorbed species at a solid-liquid
interface and provides the information of
IR adsorption related to specific
functional groups and chemical
structure.

Control experiments: in the eNRR
research, the crucial experiments are
carried out with the controlled feeding
gas (both argon and "°N,), while keeping
all other conditions identical to the
electrolysis with '*N,, as feeding gas.
Differential electrochemical mass
spectrometry (DEMS): an analytical
technique, combining electrochemical
experimentation with mass
spectrometry, allowing for in situ,
mass-resolved observation of gaseous
or volatile species in electrochemical
reactions.

Faradaic efficiency (FE): the efficiency
with which electrical charge is
transferred towards a given
electrochemical reaction leading to
target products.

Mars-van Krevelen (MvK)
mechanism: a characteristic
mechanism with which some products
carry one or more constituents of the
catalysts’ lattice, when leaving the
surface of the catalyst. For the eNRR
process on transition metal nitrides, a
proposed MvK mechanism involves the
removal (reduction) of a surface nitride N
atom to NHg, and then, the created N
vacancy is replenished by N, molecule
to complete the catalytic cycle.

NH; productivity: the rate of NH3
production normalized by the geometric
area of electrode
(unit: mol NHg cm
NMR spectroscopy: a spectroscopic
technique critically used in the eNRR
research, in which the characteristic
triplet and doublet peaks for T4NHZ and
SNH; are well identifiable with uM-level
detection limit.

Primary bond-dissociation energy:
a measure of the strength for a chemical
bond R-X, defined as the standard
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Figure 2. Potential impact of reactive nitrogen-containing species (Nr) in electrochemical nitrogen reduction
(eNRR) measurement. (A) Primary bond-dissociation energies (enthalpies; kJ mol™") and standard reduction
potentials (Vsne) of some common N-containing species, including NO3 (aqueous), NO3 (aqueous), NOs (gas), NO (gas),
and N,O (gas). Data obtained from [101]. (B) N,O content in different batches of '°N, (Sigma-Aldrich, product #364584)
on the official certificate of analysis (COA) and observed experimentally [14,25]. NoO (lot #MBBC5404) was determined by
gas chromatography [102]. (C) Calculated NHz productivity from non-N, sources, including Nr in the feeding gas,
electrolyte, and catalyst, based on the highest reported Nr content in the literature: 496 + 127 ppmv Nr (as NO,, NHg, and
N,O) in a commercial "°N, gas [25], 0.181 mM Nr (as NO3 and NO3) in a 0.5 M Li,SO,, solution [26], and 7297 + 99 ppm
Nr (as nitrides) in an Fe catalyst [13]. Other assumed conditions for the calculation are specified in the figure except for the
case of ‘feeding gas recirculated’, in which a total gas volume of 300 ml was assumed. Abbreviation: SHE, standard
hydrogen electrode.

gases [25], supporting electrolytes [26], catalysts [13], and membranes [27]. The impact of Nr
from external/adventitious sources is generally difficult to quantify and is likely to be minor com-
pared with the latter since it can be significantly alleviated by following the step-by-step experi-
mental procedures as suggested in [14,28].

The most common forms of internal/indigenous Nr have been identified as nitrate (NOgz), nitrite
(NO3), and ammonium (NHJ), which have been detected in solution balanced or bubbled
with "N, gas [16,25], lithium salts [26], metal oxides [13], and metallic iron catalysts [13] from var-
ious mainstream chemical suppliers. A less-noticed gaseous impurity is N-O, which was
confirmed as an obstinate contaminant in the *°N, gas produced by Sigma-Aldrich at varying
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enthalpy change of the fission: R—-X —
R + X. Here, ‘primary’ is referred to as
the first dissociated chemical bond in
species that contain multiple identical
bonds.

Surface-enhanced IR absorption
spectroscopy (SEIRAS): a
surface-sensitive technique that exploits
the electromagnetic properties of
nanostructured metal fims to enhance
the vibrational bands of a molecular
adlayer.

X-ray absorption spectroscopy
(XAS): a measurement technique for
determining the geometric and
electronic structures in a sample by its
X-ray absorption characteristics, usually
performed at synchrotron radiation
facilities.
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levels, from 109 + 5 ppmv in a batch produced in 2010 [25] to 1.0 + 0.1 ppmv in a batch pro-
duced in 2018 (Figure 2B).

Based on the highest content of Nr reported in the literature [13,25,26], we calculated the maxi-
mum NHj productivities stemming from these Nr in different sources (Figure 2C), with key assump-
tions based on the typical conditions for eNRR measurement (detailed in the figure legend). The
calculation results are the upper limits, but they can be informative in alerting the reader to the
severity of the potential impact, as the values exceed many reported eNRR productivities
(Figure 1B). In agreement with the recent analysis by Choi and colleagues [14], a recirculated
gas with a fixed volume (detailed in the next section) can reduce the impact of Nr from 10.3 to
0.9 nmol cm2 s™" on the NH3 productivity compared with a continuous flow of feeding gas.

Suggested practices for eNRR research

Eliminating Nr from the eNRR system

The preceding discussion highlights the necessity of efficient cleansing procedures to limit
the impact of Nr in eNRR systems. For this purpose, a cold trap containing freshly reduced Cu-
based deNO, catalyst [16] or a scrubbing solution containing alkaline KMnQO, [14] before the
eNRR reactor can be used for gas cleansing. For simplicity and versatility, we recommend a
two-stage gas scrubbing installation that comprises an alkaline KMnQO, solution and a
dilute acid solution via porous spargers to remove any NO, NO,, or NHz [29] (Figure 3A). Our
measurements with colorimetric tubes show that more than 99% of NO and NO, can be removed
when 100 ppmv NO or NO, standard gas was fed through the installation.

Nevertheless, we note that neither the KMnO, scrubbing solution nor the deNO,, catalyst can
remove N,O efficiently, as evidenced by our gas chromatography test results and the results in
[30,31]. To the best of our knowledge, no convenient method is currently available in laboratories
for the rapid and efficient elimination of N>O [31]. Hence, we reiterate that special attention should
be given to the content of N,O impurity in the gases used for eNRR, especially for SN, which
have had a high N,O content in earlier batches.

For Nr from non-gas sources, a control experiment with Ar should be a good indicator of the
baseline contamination level. Methods based on HPLC [32] or UV-visible (UV-Vis) spectroscopy
[33] are available for the quantification of NOz and NO5 . Once identified, these soluble anions can
be effectively removed by heat treatment [26] or alkaline washing [13].

We again stress that, despite proper cleansing procedures in place, it is still necessary to examine
the remaining Nr (if any) to confirm the efficacy of Nr removal. In this regard, Suryanto and col-
leagues provided an exemplary practice in their recent work on Li-mediated N, fixation [34],
including a set of rigorous and quantitative measurements with different gases (Ar, *N,, °N.,),
screening and assessing Nr in the electrolyte and gases under different testing conditions.

Presenting an effective and affordable gas circulation system for eNRR

"®N,-based NMR spectroscopy can probe the origin of N sources for N, fixation directly. The
significance of obtaining such direct evidence for N, fixation was underestimated in the earlier
research stage (as shown in Figure 1A) due to the high cost of '®N,, which also prompted
many researchers to use a low-volume injection of "®Ny in an Ar-presaturated environment for
eNRR. However, the injected '°N, gas does not attain instant equilibrium with the surrounding
solution [35], which may affect the measured eNRR performance; concentration of "SNHJ is
often required as an additional step to obtain a detectable signal. By cycling a fixed volume of
gas in a closed loop, the costly '°N, can be more effectively utilized, allowing a more accurate
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evaluation of "°NHz productivities while suppressing the impact of Nr. A flowing "°N, gas is also
required to rigorously examine the eNRR performance in novel flow electrolyzers with gas diffu-
sion electrodes (GDEs) [36].

While such a gas circulation system has been adopted in a few publications [13,16,31,37], it remains
uncommon in the eNRR field. By taking advantage of prior systems, here we propose an effective and
affordable gas circulation system for eNRR research, as illustrated in Figure 3B and its legend. A
peristaltic pump is used for contact-free control of the gas flow to avoid the introduction of Nr from
the pump. PTFE tubing should be used to build the circulation loop to minimize the leakage of
circulated gas and ambient air [38]. A commercial O, absorber and a laboratory-made H, absorber
are incorporated into the circulation system to alleviate O, accumulation (via ambient air permeation)
and H, accumulation (via the electrochemical side-reaction), respectively.

The operational stability of the gas circulation system was examined with an O, sensor and a
pressure gauge (Figure 3C). In a 12-h operation without an O, or H, absorber, we observed
that the "*N, content in the loop increased over time (from O at the start to 3.6 vol% at the end
of the 12-h operation), possibly due to the permeation of ambient air into the loop (Figure 3D
and legend). Therefore, in the actual "°N, experiment, one should expect a small signal of
T“NHJ in the NMR spectrum originating from this permeated '*N in addition to the inherent "N
present in the commercial '°N, gas (~2 atom%) and other Nr. Overall, the O, level increased
steadily but remained low in such a period of operation. By contrast, with both O, and H,
absorbers installed in the loop, no considerable increase in O, content (<0.2 vol%) or pressure
(<0.02 bar) was detected during the same operation time (12 h), even when a substantial amount
of Hy is generated by electrolysis at -50 mA. These results confirm the efficacy of both absorbers
in alleviating O, and H, accumulation in the gas circulation system, which is expected to operate
stably for much longer durations sufficient for eNRR research needs.

The versatile "°N, gas circulation system can also be equipped with different electrolytic cells
(including H-type cells, flow cells, and undivided cells) while allowing convenient regulation of
the gas flow rate by modulating the pump motor speed. Furthermore, it can also be modified
for mechanistic studies by isotope-sensitive characterization techniques, such as surface-
enhanced IR absorption spectroscopy (SEIRAS), differential electrochemical mass
spectrometry (DEMS), and isotopic scrambling, to elucidate valuable mechanistic insights.

Progress in mechanistic understanding of eNRR

eNRR mechanistic studies and gauging criteria

The plausibility of the eNRR remains manifest in the natural N, fixation by ‘nitrogenase’ under
ambient conditions. However, the complex nature of the nitrogen-reduction process necessitates
a thorough mechanistic understanding to enable an efficient artificial process under similar mild

Figure 3. Suggested practices in conducting electrochemical nitrogen reduction (eENRR) research. (A) Suggested
procedures for cleansing the feeding gas, electrolyte salt, and catalyst, based on [13,26,29]. The content of both NO and NO, in
standard gases (100 ppmv in N, fed at 30 ml min~") was below the 1-ppmv detection limit of the colorimetric tube (Kitagawa
America) after two-stage scrubbing. (B) Schematic illustration of the gas circulation system, in which a three-way valve controls
the feeding gas and a four-way valve controls the operating mode. An alkaline KMnO, solution removes any NO, impurity in the
gas supply. The circulation loop contains a peristaltic pump, an acid scrubber before the cell, the eNRR cell, a NHg collector (acidic),
an O, absorber (ShieldPro), and a H, absorber (10% Ag/MnO, [103]). The loop is connected by PTFE tubing except for the pump
segment where soft tubing (Tygon® Chemical) is used. Detailed operation procedures of the gas circulation system are described in
[16]. (C) Photograph of the gas circulation system, with an O, sensor probe (NeoFox) and a pressure gauge (0-30 psi) to monitor the
operational stability. (D) O, content under different conditions during 12 h of 5N, circulation. Without the absorbers, O, content
increased at a rate of 0.22 vol% h™" due to the slow permeation of ambient air at the soft tubing. The estimated rate of ambient
"N, entering the system is 0.32 vol% h™", based on the relative permeabilities of N, and O, [104].
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Figure 4. Overview of in situ characterization techniques for mechanistic insights. (A,B) Schematic for
electrochemical reduction of NOz (eNO3RR) and electrochemical nitrogen reduction (eNRR) pathways, respectively.
(C) Suggested reaction mechanism for eNRR on the surface of VNg 70045 Via @ Mars-van Krevelen mechanism along with
the catalyst deactivation mechanism. (D) Schematic image of the experimental setup for in situ attenuated total reflection—
Fourier transform IR (ATR-IR) measurements. (E) Schematic of X-ray absorption spectroscopy (XAS), including (i) the pre-
edge X-ray absorption near-edge structure (XANES) and X-ray absorption fine structure (EXAFS) regions, (i) the spectrum

(Figure legend continued at the bottom of the next page.)
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conditions. In recent years, several exciting approaches have emerged, focusing on elucidating the
eNRR mechanism. These approaches include in situ spectroscopic studies, such as IR spectros-
copy [e.g., SEIRAS, attenuated total reflection—Fourier transform IR (ATR-FTIR) spectros-
copy], DEMS, X-ray absorption spectroscopy (XAS), and Raman spectroscopy
(Figure 4D-F), alongside theoretical modeling approaches based on density functional theory
(DFT). The ultimate objective is to identify reaction intermediates involved in the transformation of
N, to NHj3 to help elucidate the reaction mechanism as either ‘associative’ or ‘dissociative’
(Figure 4B). The mechanistic knowledge of reaction steps can aid the design of active catalysts
that favor the formation of such intermediates and allow rapid and selective conversion of N, to
NHs. Moreover, it could also serve as prima facie evidence of direct N, fixation over the catalyst.

However, as discussed earlier, the ominous presence of Nr prompts inquiry about whether the
observed NHs is a product of eNRR or the more facile reduction of Nr [e.g., electrochemical
reduction of NO3 (eNOSRR)]. Therefore, we first set out to identify studies that fulfill the require-
ments for a ‘genuine’ eNRR mechanistic study. For this, we subjected an exhaustive list of rele-
vant studies (Table S1 in the supplemental information online) that used either in situ or ex situ
characterization techniques to validate any mechanism to the following criteria (including those
adopted by Choi and colleagues [14]).

(i) Are there any controls to limit the Nr present in the experimental protocols?

(i) Has the efficiency of these purification measures, as outlined in [14], been evaluated?

(i) Have the characteristic signals for Nr been adequately screened in exclusive control experiments?

(iv) Is the focus on the direct identification of NoH, intermediates or reliant on indirect evidence to
substantiate the findings?

(v) Are the experiments using "°N reliable and sufficient to confirm the key results?

In summary, of the 37 studies that qualified as ‘mechanistic’ studies, only five [31,39-42] demon-
strated proper controls to limit these Nr adequately [i.e., satisfying both criterion (i) and criterion (ii)]
and one partially satisfied both requirements. However, none of these studies reported screening
of the characteristic signals of the most probable Nr. Although most of these studies corroborate
their results with 'SN., tests, in situ characterizations were never repeated with '°No.

In situ IR spectroscopy

Among the several in situ characterization tools mentioned earlier, in situ IR spectroscopy has been
the most popular tool for investigating eNRR intermediates. The seminal work by Yao and col-
leagues [43] was the earliest endeavor using SEIRAS to study the eNRR reaction mechanism on
an Au thin film and set a precedent for subsequent studies. In the past, the same technique was
used to identify intermediates and their characteristic bands for either NO, reduction or NHz oxida-
tion over various catalysts [9], which proved helpful in identifying eNRR intermediates. In their inves-
tigation, under electrode potentials more negative than —0.10 Vrye (Vrue: V vs. RHE, hereinafter),
distinct peaks in the range 1100-1500 cm™" were observed on the Au surface. Of particular inter-
est were the peaks at 1450, 1298, and 1109 cm™", as these allude to the presence of ‘H-N-H
bending’, ‘-NH, wagging’, and ‘N-N stretching’, respectively, related to NoH, moieties (Figure 4B).

In a subsequent study, the presence of adsorbed NyH, species was again confirmed under
increasingly negative electrode potentials in acidic media during eNRR on Ru [44] and Rh [45].

that XAS probes, and {iii) three different XAS detection modes — transmission mode, fluorescence mode, and electron yield
mode. (F) Schematic diagram of modern in situ (i) electrochemical Raman spectroscopy (EC-RS) and (ji) surface-enhanced
RS (SERS) setups. (i) In situ RS for probing of the solvent, intermediate, and catalyst state. Reprinted, with permission,
from [52,105-108]. Abbreviations: CE, counter electrode; RE, reference electrode; WE, working electrode.
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Rh was further studied using SEIRAS for eNO3RR, in which Yao and colleagues [45] observed
that both follow the same mechanistic pathway with an NoH, intermediate. SEIRAS coupled
with DEMS confirmed the presence of an ‘N=N’ moiety, and the pulse signal of diazene (NoH,)
served as compelling evidence for the involvement of NoHs in the reduction pathways of both
eNOSRR and eNRR. Other studies (Table S1 in the supplemental information online) that use
IR spectroscopy have primarily relied on the presence of the same bands identified by Yao and
colleagues [43-45] to justify the possible associative mechanism for eNRR on their catalyst. How-
ever, the absence of measures to limit the impact of Nr remains a paramount concern in these
studies, leaving the eNRR mystery unresolved.

Nevertheless, a few more recent studies have demonstrated appropriate controls and their cor-
responding efficiencies, thus limiting the impact of Nr in their eNRR tests. Notably, Liu [39,42,46]
and Wang [31,40,47], with colleagues’ work on enhancing nitrogen availability to the catalyst’s
surface while suppressing the hydrogen evolution reaction (HER) via the salting-out effect, are a
paradigm of efforts in a proper direction. Wang and colleagues [31] observed two peaks at
1298 and 1109 cm™" attributed to ‘“NH, wagging’ and ‘N-N stretching’ similar to past studies,
although in a different electrolyte containing 10 M LIiCl. The results demonstrated suppression
of HER at high LiCl concentrations, consequently paving the way for eNRR by making N, avail-
able at the electrode surface.

Similarly, recent work by Wang and colleagues [48] investigated the role of fluorine vacancies as
promoters for eNRR by tuning the charge distribution at the catalytic site. The fluorine vacancy is of
particular interest, as it deviates from the traditionally explored oxygen vacancies and yet exhibits a
moderate Faradaic efficiency (FE) (36%) and NHg productivity (0.13 nmol cm™2 s77) [48], with
controls in place to remove Nr. However, their in situ study examined the available proton supply
rather than identifying the typical NoH, intermediates in eNRR. Notwithstanding the progressive
efforts, the ammonia yield rates have remained low.

In situ XAS exploring Mars—van Krevelen mechanism

This technique focuses on detecting structural changes at the catalyst surface rather than directly
probing reaction intermediates, making it an indirect method for studying eNRR mechanisms;
however, it is ideal for studying mechanisms involving structure-altering intermediates. A
Mars—van Krevelen (MvK) mechanism, besides the conventional associative and dissociative
mechanisms, has also been suggested for eNRR on transition-metal (TM) nitride (TMN) surfaces.
It essentially involves reducing N atoms at the TMN surface to NHg, leaving behind an N vacancy
subsequently replenished by an adsorbed N, molecule, thus sustaining the catalytic cycle
(Figure 4C) [49]. Abghoui and colleagues [50,51] contend that the exothermic adsorption of No
on an N vacancy in contrast to the endothermic adsorption on pure TMs and clean TMNs
makes the MvK mechanism highly favorable. Thus motivated, Yang [52] and Nash [53], with col-
leagues, used in situ XAS to investigate vanadium nitride (VN) and chromium nitride (CrN), which
had been suggested previously [54,55] as promising candidates for eNRR. Their results sug-
gested VNg 7Og .45 and Cr2N, rather than pristine VN and CrN, to be the most active phases for
eNRR via the MvK mechanism. In a follow-up study, Yang and colleagues [56] conducted an
intriguing "“N/'°N exchange experiment to further validate the MvK mechanism. They hypothe-
sized that the surface nitrogen atoms of a catalyst, once consumed during eNRR (i.e., MvK-
based displacement), should, in principle, have traces of '°N on the surface when a *°N, feed
is used. Reusing the same catalyst for eNRR but with "N, feed should release this surface
"®N. As a result, ">NH; product can be realized when the second round of MvK displacement
occurs under a "N, feed. The MvK mechanism was thus justified based on their results, albeit
with a minimal number of active sites. However, the lack of rigorous protocols and questionable
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Box 2. Concurrent controversies over eNRR systems

Adventitious Nr have raised reasonable skepticism in reported eNRR systems, as those impurities may have led to many
false positives. The discovery of the unexpected NOj species from commercial Fe,Ogz catalysts [13] has resulted in the
retraction of an article from Science [77]. Such a retraction is highly commendable as it demonstrates the integrity much
needed in scientific research to make meaningful progress. At the same time, many others have maintained their ground
despite contradictory correspondences [78] and articles [79,80].

The most controversial case is perhaps that of Bi. Although its intrinsic disfavor for HER makes it an appealing candidate

for eNRR, the research community has yet to reach a consensus over its true catalytic activity. Hao and colleagues [81]

reported nanostructured Bi as a promising candidate, with one of the highest NHz productivities (14.4 nmol cm2s™in

the field. However, a subsequent correspondence by Choi and colleagues [78] questioned Bi’s functionalities as no mea-
surable eNRR activity was observed in their study, contrary to Hao’s findings. Nevertheless, Yao and colleagues [82] used
in situ Raman spectroscopy to study the structural transformation of the Bi-based eNRR catalyst. They attributed the NHg
production to structural changes in the Bi-based metal-organic framework (Bi-MOF) nanorods when subjected to reduc-
ing potentials, indicating that the Bi-MOF nanorods were reduced to metallic Bi nanoparticles that dominated the electrode
surface. Several other studies [83-85] have reported the propensity of Bi for eNRR; however, the absence of control over
Nr, in addition to the disparity in performance results between these studies, raises serious concerns.

Akin to Bi, TMNs have also attracted support and criticism alike for their prospects as eNRR catalysts. The electrochemically
induced MvK mechanism has often been used to justify the observed activity, as discussed earlier. However, the reader
should be aware that two separate studies challenged the functionalities of VN catalysts [79,80]. After a series of experiments
with robust testing protocols to limit adventitious Nr, Du and colleagues [80] found that VN was not electrocatalytically active
for eNRR. They suggested that the detected NHg product may instead have originated from an irreversible release of lattice
nitrogen. Manjunatha and colleagues [79] also observed that significant amounts of vanadium and nitrogen had leached into
electrolytes when the VN was subjected to a 12-h exposure without electrochemical treatment.

Likewise, catalysts derived from nitrogen-containing precursors [86] have also emerged as controversial materials for
eNRR, because of the possibility of lattice nitrogen being released as NH; [87].

It is still early to call the debate settled; however, as delineated in recently published protocols [16,88], prudent research
practices can surely help the research community reach a consensus.

stability of TMNs under the experimental conditions have stirred debate on the propensity of
these TMNSs for eNRR (Box 2).

Capabilities and limitations of eNRR mechanistic characterization

As is the case for all instruments, notwithstanding their capabilities, they still have limitations
beyond which their application is futile. The mechanistic studies discussed thus far have focused
on techniques that can detect any ‘N-H’ or related intermediates. However, given the limiting
performance of eNRR on a multitude of catalysts and the extremely low productivities [57], the
signal for any intermediate of interest is extremely weak in principle. With this lingering uncertainty,
it is of paramount importance that the capabilities of these instruments in reliably detecting these
intermediates at extremely low concentrations be first ascertained. This critical aspect has
remained vastly ignored thus far.

In some studies, in situ surface characterization of catalysts is used to correlate eNRR activity
indirectly, while few endeavors probe NyH, intermediates as direct evidence for the eNRR
process. For the indirect approach using in situ characterization tools (like in situ XAS or XRD),
there remains plenty of room for speculation and assumption when interpreting characterization
results (especially when lacking proper controls for Nr). At the same time, the direct approach
based on NyH, intermediates also demands extreme caution, as the same NyH, moieties
could be intermediates of two entirely different reactions: eNO3RR or possibly the eNRR
(Figure 4A-C) [45]. Notwithstanding the capabilities of these in situ characterization tools, the
results of these studies should be interpreted with great prudence, subject to thorough validation
of the link between these intermediates (and surface changes) with either eNRR or eNO3RR.
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Another aspect of instrument limitation that requires due consideration is the influence of external
factors on the measured values. Taking FTIR as an example, there are known limitations. First,
monoatomic gases (e.g., Ar), homonuclear diatomic molecules (e.g., Oz, No), and monoatomic
ions (e.g., Na*, CI") are oblivious to IR exposure and generally undetectable in FTIR scans.
Nevertheless, monoatomic ions (or strongly adsorbed diatomic molecules [58] with altered
molecular symmetry) can sometimes strongly influence the spectra of surrounding solvent
molecules, making it difficult to ascertain their identity [59]. Second, for a complex mixture,
there remains a strong possibility that the signal of another dominant species may camouflage
an undesired species. For example, the menacing presence of NO, (‘NO’: 1730 and 1603
cm™"; ‘ads-NOg3": 1547-1568 cm™") [60] can be easily masked by the broad and intense
peaks of H,0 (3300 and 1633 cm™") [43]. Therefore, a thorough investigation of possible contam-
inants and their characteristic signals must be conducted. Most importantly, the sensitivity of the
characterization tool for the intended purpose must also be thoroughly investigated. FTIR, for
example, can only detect NHz(,q concentrations beyond 10 400 ppm [61] in the bulk liquid
phase, while species adsorbed on the catalyst can reliably detect at much smaller concentrations
facilitated by the applied overpotential.

In situ surface characterization techniques can also help to reveal structural changes, especially
for a displacement-based mechanism like MvK. However, researchers have mostly resorted to
‘deductive reasoning’ to justify the existence of MvK-based eNRR instead of pursuing direct
evidence of atomic displacement on the surface. The isotopic exchange reactions on the catalyst
surface following an MvK mechanism should, in principle, result in altered structural surface
parameters, which may be detected using XRD [62], Raman [63], or FTIR [64].

Alternatively, other innovative techniques to investigate the intermediates may be pursued to
understand the eNRR process. The well-established fluorescence-based imaging techniques
have already been shown to be valuable tools for studying mechanisms in biochemistry [65]
and may help to solve the eNRR conundrum. Siddharth and colleagues [66] recently demon-
strated the successful use of an ‘aggregation-induced emission (AIE) luminogen’ to detect the
hydrazine (NoH,4) intermediate in the ammonia oxidation reaction. This new concept has a great
potential for capturing elusive eNRR intermediates as they appear on the surface [66].

Concluding remarks

The rapid surge in eNRR research has fueled the widescale testing of many materials/systems as cat-
alyst candidates; however, only a few possess the qualifications for further consideration. Lingering
doubts on the feasibility of eNRR in aqueous electrolytes have prompted some re-evaluations on
earlier-stage eNRR research [13,14,67] affected by Nr. While a few queries have been substantiated
by more assiduous investigation with *°N,, isotopic labeling and newly discovered Nr sources [13],
some reported eNRR systems remain highly debatable due to the remarkable inconsistency in
eNRR performances. Time will ultimately settle the debates, though the path may be tortuous.

In the authors’ opinion, further advancement of eNRR is bottlenecked by the lack of a widely
agreed ‘benchmarking performance’ from a well-established proven catalytic system, which can
endure repeatable examinations by individual research groups under commonly accessible testing
conditions (see Outstanding questions). The quest for benchmarking performance requires scien-
tific rigor in conducting eNRR research, transparency in material handling and data reporting, and
effective cross-laboratory communications to improve experimental reproducibility.

The achievement of such a goal can be substantially facilitated by the development of ultrafast
and ultrasensitive analytical methods for NHg quantification [68,69], convenient and affordable

¢? CellPress

Outstanding questions

Given that the nitrate/nitrite reduction
reaction and eNRR share the same
N2H, moieties as intermediates, how
do we ascertain which reaction the
detected intermediates belong to?

The eNRR performance is largely limited
by the low concentration of N in most
eNRR electrolytes because of the poor
solubility. What engineering strategies
can be conveniently adopted to
increase the availability of N, in an
electrolytic cell effectively?

Can we find a set of widely accepted
‘benchmarking eNRR performances’,
from each category of the reported
eNRR catalysts under commonly
accessible conditions, as experimental
guidance for future catalyst evaluation?

In addition to NHg, what other N-
containing products can we electro-
chemically synthesize by broadening
the eNRR process in conjunction with
other established processes and how
can we properly design the control
experiments to confirm the N source
of those products unambiguously?

What anodic reactions can we pair
with the eNRR cathode to achieve
low energy consumption and high
system efficiency? Is it possible to
directly synthesize ammonium nitrite/
nitrate in one electrochemical reactor
by coupling the eNRR process with
mild-condition N, oxidation?
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platforms for standardized evaluation of eNRR performance (e.g., the gas circulation system sug-
gested herein), and advanced in situ/ex situ characterization techniques to reliably identify reac-
tion pathways. We stress that it is also crucial to remain neutral and unbiased towards positive
and negative results, although they may be contradictory. After all, ‘Absence of evidence is not
evidence of absence’ (Martin Rees).

Besides catalyst development, improvement in the reactor design should be considered to ame-
liorate the eNRR process. For instance, a membrane electrode assembly (MEA)-based
electrolyzer with a hydrophobic GDE can increase the mass-transfer-limited current density of
eNRR and allow effective regulation of water content [36]. Systems with anion-exchange mem-
branes appear more promising than proton-exchange membranes owing to less competition
from HER. Any future exercise in these systems should prioritize and be based on the "N, control
experiment with the gas circulation installation to eliminate the impact of Nr; impacts of other fac-
tors such as relative humidity, the hydrophobicity/porosity of the electrode, temperature, and
pressure, along with the possible interference on the NHg quantification methods, warrant
meticulous and thorough investigation. Some existing eNRR work in GDE-based electrolyzers
is summarized in Table S2 in the supplemental information online.

The state-of-the-art eNRR systems remain far from being sufficiently competitive as a qualified
candidate for commercial-scale NHz synthesis. The synergistic combination of reliable experi-
mental and theoretical studies, powerful characterization instruments, and robust design of reac-
tors may offer bright and exciting prospects for eNRR research, thereby expediting the N-centric
chemical industries towards a renewable-energy-driven future.
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