Open Access Article. Published on 03 March 2022. Downloaded on 4/7/2026 7:42:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable
Energy & Fuels

W) Check for updates ‘

Cite this: Sustainable Energy Fuels,
2022, 6, 1945

Received 27th January 2022

Davide Ripepi,
Accepted 2nd March 2022

and Fokko M. Mulder@*
DOI: 10.1039/d25e00123¢

rsc.li/sustainable-energy

Rapid advances in electrocatalytic ammonia synthesis are impeded by
laborious detection methods commonly used in the field and by
constant risk of external contaminations, which generates misleading
false positives. We developed a facile real-time GC-MS method for
sensitive isotope NH3z quantification, requiring no external sample
manipulations. This method ensures high detection reliability para-
mount to accelerate (electro-)catalyst screening.

Ammonia (NH;) is an essential commodity at the base of
modern agriculture, as well as a potential high energy density
and carbon free energy carrier compound (22.5 MJ kg !).!
Currently, the Haber-Bosch process produces NH; at large scale
from dinitrogen (N,) and hydrogen (H,) derived from steam-
methane reforming. The overall ammonia synthesis process
demands high pressure and temperature operating conditions
and it has a significant impact on the worldwide energy
consumption (1-2%) and carbon dioxide emissions (1.4%).> In
this context, direct electrochemical nitrogen reduction to
ammonia, when powered by renewable energy sources, would
have negligible carbon footprint and may represent a more
flexible and decentralised option. In a future characterised by
a large number of distributed renewable energy generation
sites, such electrochemical approaches may provide an envi-
ronmental friendly solution to the growing demand for green
ammonia. The electrochemical conversion of N, to NH;
involves, among other challenges,** the arduous activation and
stepwise hydrogenation of the N-N triple bond (941 k] mol )
and competition with the kinetically more favoured hydrogen
evolution reaction (HER). This results in sluggish ammonia
production rates (usually of the order of 10™° mol NH; cm >
s~') and poor faradaic efficiency (FE) around 10%.° Values that
are still far from the commercially relevant threshold of 10™
® mol NH; cm ™2 s~ at 90% FE,° thus revealing the relatively low
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maturity of current electrochemical ammonia synthesis tech-
nology and highlighting the urgent need for faster electro-
catalyst development.

In recent years, the topic of electrochemical nitrogen
reduction reaction (NRR) to ammonia has witnessed an
increasing number of published scientific reports that have
been later proven to be false positives, causing misspending of
time and resources in pursuing misleading results.”® As such,
due to the limited amount of ammonia produced in typical
electrocatalytic experiments, rigorous protocols must be fol-
lowed to categorically exclude false positive results that might
arise from extraneous NH; contaminations or from labile
nitrogen-containing compounds®** (e.g. NO,). Recognised
sources of contaminations in nitrogen reduction experiments
include carrier gas,’ catalyst materials,’>'® electrolyte,"”
membranes,' human breath,"” ambient air* and laboratory
ware.”* Consequently, considerable effort and time are
constantly dedicated to perform multiple control measure-
ments and careful background quantifications. Reported
ammonia synthesis results must include blank tests under an
argon atmosphere, and under purified dinitrogen in an open
circuit, as well as electroreduction of purified N, gas. Purifi-
cation is necessary to remove any *¥**NH, or ¥**NO,, from the
feed gasses. The >’NH; produced from '°N,, when reported over
time and in quantitative agreement with the ammonia obtained
with *N,, represents the ultimate validation to confirm dini-
trogen reduction to ammonia. Therefore, reliable and rapid
detection methods, capable of quantitative discrimination of
NH; isotopologues, are paramount for high throughput catalyst
testing and the advancement of this research field.

Conventional spectrophotometric techniques, like the Ber-
thelot method, are not able to discriminate ammonium
isotopes and suffer from serious interferences from solvents
and other species present in solution, extensive sample
manipulation and instability of derivatives. Recently, other
analytical methods have been proposed with the aim to over-
come the limitations of spectrophotometric ammonia detec-
tion;*>* however, only nuclear magnetic resonance (NMR) and
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ultrahigh performance liquid chromatography-mass spectrom-
etry (UPLC-MS) techniques allow selective detection of *>NHj; in
labeling experiments.>***

Quantitative "H NMR is by far the most widely used isotope-
sensitive technique for NH; detection.** Ammonia is detected in
its acidified form, ie. ammonium in solution (NH,"), and
isotopic discrimination is based on the different nuclear spins
of “NH," and '>NH,", which interact with the four nearby
protons yielding respectively a triplet and a doublet in the
proton NMR spectrum. With this technique, Nielander et al.
reached high sensitivity (1 uM NH,') with a state of the art
cryoprobe equipped 900 MHz NMR spectrometer, but at the
expense of a prohibitive data acquisition time of about one
hour.* However, a practical detection limit of about 10 pM has
been reported for more accessible NMR spectrometers with
magnetic fields ranging from 300 MHz to 400 MHz.>**”?®
Alternatively, UPLC-MS offers the advantage of a reduced
acquisition time. However, this method relies on a chemical
derivatization reaction of ammonia with dansyl chloride, which
is susceptible to variations in pH.

Despite being powerful analytical methods, both these
isotope-sensitive techniques are indirect, via acid traps or
chemical derivatization, requiring different degrees of sample
manipulation, and characterised by time-consuming proce-
dures. Each step in the preparation of the analyte solution
required for NMR, or ammonia derivatization with dansyl
chloride, extends the overall analysis time and it represents
a potential source of contamination and external errors. Real-
time data acquisition is prohibitive and unpractical. More-
over, NMR and UPLC-MS measure the concentration of
ammonia present in the electrolyte. As such, an extensive
reaction time is required to accumulate sufficient ammonia to
reach the lower limit of quantification (LOQ), above possible
background contaminations, which also results in a larger
consumption of expensive °N, gas (>500€ per L) during isotope
labeling experiments. A single experiment can require up to
several hours for reliable multiple point measurements (ESI -
Section S.2%), representing one of the main bottlenecks in
current research on electrocatalytic dinitrogen reduction. A
direct gas phase NH; detection able to distinguish *NH; from
°NH;, overcomes such limitations; moreover, it becomes
particularly relevant when testing high current density electro-
chemical devices, such as gas diffusion electrodes, where the
product of the reaction evolves in the gas stream.>*-*

In this communication, we report a gas chromatography-
mass spectrometry (GC-MS) method for quantitative isotope-
sensitive ammonia detection in real-time and without any
external sample manipulation, aiming to boost catalyst
screening in the NRR. Ammonia is detected directly in the gas
phase, with less than 2 min chromatographic elution time, by
continuous sampling of the electrochemical cell headspace
and regardless of the electrolyte nature.*” The proposed GC-
MS method can quantify "’NH;/"*NH;, down to 1 ppm in
the gas phase, and simultaneously detect other gaseous
species, giving a complete set of relevant information to better
asses reaction selectivity and the presence of contaminants.
We further compare the results obtained from GC-MS with
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those from "H NMR measurements for the same mixed '°N
and "*N ammonia solution, confirming the consistent quan-
tification of mixed ammonia isotope samples with the two
methods.

Mass spectrometry is a widely used approach in real-time
trace gas analysis, capable of detecting multiple species even
at ppb concentration levels.*® In a mass spectrometer, the
ionization source converts the incoming molecules in detect-
able charged fragments. Ions with different mass-to-charge (m/
z) ratios are then separated by the mass analyser and measured
by the detector, thus allowing isotopic discrimination. The
ionised fragments of a molecule produce a distinctive pattern in
the m/z spectrum, which can be used for the identification of
complex mixtures. Ammonia detection by MS at low concen-
trations is notoriously challenging, due to the overlapping m/z
ratios of water and ammonia ionised fragments. Consequently,
even small variations of the water background in the system
impede reliable ammonia quantification. To circumvent this
issue, we combined chromatographic separation with mass
spectrometry. With the proposed system, aliquots of the
gaseous analyte are directly collected from the reactor head-
space by flowing a carrier gas, i.e. Ar, “*N, or '°N,, avoiding any
external sample manipulations. The ammonia concentration in
equilibrium in the gas phase is strongly correlated with the
ammonia present in the electrolyte, allowing a complete
quantification of the produced NH; in both liquid and gas
phases.* A small sample volume (500 pL) is then automatically
injected into the GC column, via a set of switching diaphragm
valves (ESI Fig. 1f). An Agilent Select Low Ammonia column,
with suitable temperature and pressure settings (ESI Fig. 21),
offers adequate separation between ammonia and water. The
two components of interest are rapidly eluted at different
retention times and clearly discernible from the chromato-
graphs in Fig. 1. Once eluted from the GC column, the analyte is
partitioned between a pulse discharge detector (PDD) and
a single quadrupole mass spectrometer (ISQ™ from Thermo
Fisher Scientific), which simultaneously analyse the sample
with matching retention times. Therefore, a mass spectrum is
assigned to each peak in the chromatograph (Fig. 1). The opti-
misation of the split ratio of the analyte between the PDD and
the mass spectrometer is a key aspect affecting the sensitivity of
each detector. Restriction lines of suitable internal diameter
and length were used to adjust the split ratio. In the present
work, two 1 m long capillary lines of 0.15 mm and 0.25 mm
internal diameter were connected to the MS and the PDD
respectively. This configuration ensures a MS detection limit of
1 ppm of ammonia in the gas phase, allowing real time quan-
tification of reaction rates down to a lower limit of 10~** mol
em 2 s~ (assuming 1 cm? catalyst area and a constant carrier
gas flowrate of 1 mL min~"). This detection range is already
relevant for studies on the nitrogen reduction reaction.
However, users have the option to tune, to a large extent, the
ratio of MS and PDD flows to achieve even higher sensitivity
either on the MS or PDD. Compared to previous ammonia
detection methods, the presented GC-MS method can directly
and simultaneously measure other species in the analyte with
the MS detector or with dedicated extra channels usually

This journal is © The Royal Society of Chemistry 2022
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Fig.1 Onthe left, the full chromatograph corresponding to 13.8 ppm of NHz in nitrogen. Ammonia is eluted at 1.83 minutes, while water appears
at about 2.30 minutes. The enclosure highlights the region of the chromatograph around the ammonia elution time. On the right, the MS signal
corresponding to the m/z 18, 17 and 16. At the ammonia retention time m/z 17 and 16 are the only contributions, demonstrating the absence of

water interference.

installed in GC instruments (e.g. flame ionization detector,
thermal conductivity detector, etc.). The advantage of a single
analytical method that is not exclusively ammonia sensitive
allows researchers to directly assess reaction selectivity by
measuring reaction by-products, as well as the presence of
gaseous/volatile contaminants in the experimental setup. For
instance, gaseous NO, do not suffer from severe overlapping m/z
fragments with other species commonly present in electro-
chemical nitrogen reduction experiments. Therefore NO, could
be potentially discriminated by their characteristic mass spec-
trum, without requiring a strict chromatographic separation.
Instrument calibration was conducted by carefully diluting
gaseous NH; from certified calibration gas cylinders, with
starting concentrations of 13.8 ppm and 2.2 ppm in N,.
Ammonia detection is confirmed by the appearance of a peak in
the chromatograph at a retention time of 1.83 min and sepa-
rated from the water vapour present in the sample, which is
eluted at about 2.30 min, as shown in Fig. 1. The electron
ionization mass spectrum at the corresponding retention time
validates the presence of ammonia with two main m/z frag-
ments, 17 and 16, with relative intensities of 100% and 80.1%
respectively (ESI Table 2t).** On the other hand, the ionization
of water generates fragments at m/z equal to 17 (21.2%) and 18
(100%) at 2.30 min. A constant background of the m/z 18 and 17
at the NH; retention time (1.83 min) clearly indicates the
absence of water interferences in the ammonia quantification
(Fig. 1 and ESI Fig. 31). The integrated MS signal of both m/z
ratio 16 and 17 at ammonia retention time shows a linear
behaviour in the range 1 ppm to 13.8 ppm (Fig. 2 and ESI Table
17). As such, mass-sensitive ammonia detection can be achieved
accurately with a coupled GC-MS, even in the presence of water

This journal is © The Royal Society of Chemistry 2022

vapour (ESI Fig. 3-61), resolving the challenge of overlapping
water/ammonia ionization fragments encountered in mass
spectrometers alone.

N-labeled control experiments in the field electrochemical
ammonia synthesis require analytical methods to quantita-
tively discriminate between '°N and '*N ammonia. To
demonstrate the capability of the presented GC-MS method in
an environment comparable to a NRR experiment in aqueous
electrolytes and in the presence of both isotopologues of NHj;,
we prepared a solution by mixing 28% '*N (BASF) and 3M "°N
(Isotec, 98+ % '°N) ammonia aqueous solutions, to achieve
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Fig.2 Ammonia calibration based on the integrated MS signal at m/z
17 (closed symbol) and 16 (open symbol), at 1.83 elution time. The
calibration was carried out by the dilution of 13.8 ppm or 2.2 ppm
certified NH3 calibration gases in nitrogen with purified N.
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Fig.3 (a) Schematic representation of the headspace measurement of a >NHz/**NH5 (0.21/0.68 mM) aqueous solution. (b) Full chromatograph.
(c) Closed up, around the ammonia elution time (1.83 min) of the MS signal related to the m/z 18, 17 and 16. (d) *H NMR measurement of the
1SNH3/**NHsz aqueous solution, in agreement with the GC-MS quantification. Line fitting is shown as blue dotted lines. (e) Relative intensity of the

integrated m/z at 1.83 min.

a final ™NH; : '>°NH; concentration of 0.21: 0.68 mM. This
mixed ammonia solution was then enclosed in a sealed vial
equipped with a gas inlet and outlet, where 2.5 mL min ' of N,
(6N) were allowed to flow at the headspace of the vial (Fig. 3a).
The gas outlet was directly connected to the GC-MS. The
chromatograph corresponding to the PDD detector shows only
a single NH; peak (Fig. 3b); therefore it is unable to distinguish
between the ammonia derived from the two nitrogen isotopes.
Yet, the contributions from °NH; and '*NH; can be deter-
mined with the MS detector connected in parallel (Fig. 3c). The
electron ionization mass spectrum of *>NH; is characterised by
three main contributions at m/z 18, 17 and 16, with relative
intensities of 100, 80.1 and 7.5% respectively (ESI Table 2 and
Fig. 47).3* Therefore, >N and '*N ammonia can be quantified
from the integrated intensities corresponding to their ionised
fragments (Fig. 3e and ESI Table 3t), as reported in the
calculations available in the ESI (eqn (2)-(5)t). As such, the
1SNH,/"*NH; ratio resulting from direct headspace analysis via
GC-MS is equal to 3.30 £ 0.06, which is in close agreement with
the "H NMR analysis of an aliquot of the same solution (3.25 +
0.04, Fig. 3d). The details of the NMR method used in this
contribution have been presented elsewhere?” and in the ESI
(Section S.5 and Table 47) together with the data processing of
Fig. 3d.

Conclusions

The aim of this study is to present an isotope sensitive method
for the determination of NH; at a low concentration level,
typically encountered in electrochemical ammonia synthesis
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applications. In this fast-growing field, the detection of NH; is
of primary relevance due to the increased concern over the need
for more reliable experiments. Compared with previously re-
ported NH; detection methods, which rely on extensive NH;3
accumulation in a liquid medium (electrolyte or acid trap) and
subsequent indirect quantification, the presented GC-MS
method detects ammonia in less than 2 minutes directly from
the gas phase with 1 ppm detection limit (equals to rates as low
as 10" molyy, cm ? s at a carrier gas flowrate of 1
mL min~'). The proposed approach requires no external sample
manipulations, resulting in the lowest risk of external
contaminations and reduced analysis time. GC-MS detection is
mass sensitive and therefore suitable for "°N-labelled control
experiments. As such, the direct, fast and sensitive ammonia
quantification reduces the usage of expensive °N,, cutting
down the, sometimes prohibitive, experimental costs both in
terms of time and reagents. Contrary to conventional MS
detection, the accurate quantification of a mixture of '*NH; and
'>NH; with GC-MS is not influenced by background water,
which is eluted at a different time. Importantly, this gas analysis
method is not exclusively ammonia sensitive and therefore it
can also provide additional information on by-products and the
level of contaminants.

In summary, we provide a fast and highly reliable mass and
isotope sensitive NH;3 detection method with unique capabil-
ities. This approach accelerates the testing and discovery of new
active catalysts for the NRR and therefore it should become
a standard method essential for publications involving
ammonia synthesis.

This journal is © The Royal Society of Chemistry 2022
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