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Quantitative Operando Detection of Electro Synthesized
Ammonia Using Mass Spectrometry
Kevin Krempl,[a] Degenhart Hochfilzer,[a] Filippo Cavalca,[b] Mattia Saccoccio,[a]

Jakob Kibsgaard,[a] Peter C. K. Vesborg,[a] and Ib Chorkendorff*[a]

In this work the successful operando detection of synthesized
ammonia from nitrogen reduction in non-aqueous electrolytes
with an electron-ionization mass spectrometer was reported.
Using selective ionization at 22 eV together with a highly
sensitive micro-chip-based electrochemistry mass spectrometry
set-up, quantitative detection of produced ammonia down to
few pmols� 1 in non-aqueous as well as aqueous electrolytes
was demonstrated. The well-defined electrochemical and mass
transport environment of the thin-layer electrochemical cell
allowed for fundamental studies of the nitrogen reduction

process, which was shown to produce ammonia at faradaic
efficiencies of 49�3% at ambient pressure. Moreover, through
the operando capabilities of the developed method, it was
shown that ammonia production proceeded even after lithium
electroplating had been terminated This potentially explained
why higher faradaic efficiencies of lithium mediated ammonia
synthesis were observed under dynamic cycling conditions.
Two possible mechanisms for this behavior were proposed and
an outlook towards future research in operando studies of
lithium mediated ammonia synthesis was given.

Introduction

The electrosynthesis of ammonia by reduction of molecular
nitrogen provides an ambient condition, electricity-driven
alternative to the carbon intensive Haber-Bosch process.[1–4]

Using molecular nitrogen as the educt for electrochemical
ammonia synthesis requires selective reductive splitting of the
strong nitrogen triple bond, which makes it one of the most
challenging catalytic reactions. Nonetheless, when non-aqueous
electrolytes are used to minimize proton activity in the electro-
lyte, faradaic efficiencies towards ammonia of up to 35% can
be achieved at meaningful rates and at ambient conditions.[5]

However, ambient ammonia contamination poses a major
challenge to accurate quantification.[6–8] Ex-situ colorimetric
detection methods such as the indophenol method, the
salicylate method, and the Nessler method are commonly used
to quantify electro synthesized ammonia. Replacing these with
operando detection can reduce the risk of false positive
ammonia detection while at the same time enabling dynamic
reaction studies. In this report we demonstrate successful
operando detection of synthesized ammonia using an electron
ionization quadrupole mass spectrometer (EI-QMS) with a

special chip-based interface between the electrochemical cell
and the mass spectrometer.[9] Moreover, we validate the
method by using the easier nitrate reduction reaction to
ammonia. The presented method is thereby able to quantita-
tively detect synthesized ammonia in aqueous as well as in
non-aqueous electrolytes.

Results and Discussion

A typical electron ionization source is operated at an ionization
energy of 70 to 100 eV because of a peak in ionization-cross
section of most molecules at this energy. This maximizes
ionization yield and consequently improves the sensitivity of
the instrument.[10] Such high ionization energies however also
induce significant fragmentation of the parent ions of the
analyte, which can be problematic if the mass-to-charge (m/z)
ratio of an extraneous mass fragment overlaps with that of the
analyte parent ion. For mass spectrometric detection of
ammonia this is exactly the case as the OH+ fragment of
inevitable and often abundant background water in the
vacuum chamber at m/z=17 overlaps with that of NH3

+. The
mass difference between these two fragments amounts to only
0.02 amu, which would require a mass resolution beyond the
capabilities of quadrupole mass separators. By using lower
ionization energies at which the fracturing of water is greatly
reduced or even eliminated, this issue can be circumvented. In
order to find the ideal ionization conditions where the m/z=17
background signal due to water is minimized while maintaining
a reasonable ionization efficiency, mass spectra at different
ionization energies were recorded with pure water covering the
microchip-based mass spectrometer inlet. As shown in the
upper panel of Figure 1, a plateau of the ratio between m/z=

17 (OH+) and m/z=18 (H2O
+) signals is reached when the

ionization energy is lowered to 22 eV or below, indicating that
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the fragmentation of H2O
+ into OH+ has reached its minimum.

Hence 22 eV was chosen as the ionization energy for ammonia
detection. When replacing the pure water with an aqueous
ammonia solution, a clear increase in the m/z=17 signal
relative to the m/z=18 signal can be observed in the mass
spectra as shown in the lower panel of Figure 1.

Having demonstrated that ammonia in water can be
detected with a conventional quadrupole mass spectrometer
by lowering the ionization energy of the electron ionization
source, the following section addresses the dynamic capabilities
for operando detection of ammonia using the microchip-based
electrochemistry mass spectrometry set-up depicted in Figure 2.
For this purpose, nitrogen reduction to ammonia is performed
in a non-aqueous 2 M lithium triflate (LiOTf) electrolyte where
the solvent consisted of 99 vol.-% diglyme and 1 vol.-% ethanol.
The choice of diglyme instead of tetrahydrofuran, which is
typically used for nitrogen reduction experiments in non-
aqueous electrolytes, is motivated by its lower vapor pressure
as well as its ability to provide highly conductive electrolytes.
The former reduces the background from the solvent in the
mass spectrometer, whereas the latter is necessary in order to
be able to draw high enough current for ammonia production
through the thin-layer electrochemical cell.

Figure 3 shows that ammonia production (m/z=17) is
observed at the time lithium electroplating is initiated while the
m/z=18 signal remains flat. The faradaic efficiency towards
ammonia was thereby remarkably high at 45.8�2.5% (details
on the calibration and quantification are provided in the
following section, repeat experiments see Figure S1). This can
be attributed to the fast nitrogen diffusive transport to the
electrode through the only ~100 μm thin electrolyte layer,
while at the same time the mass transport of the proton source
is minimized due to the absence of convective transport. The

ability to selectively increase the nitrogen mass transport to the
electrode surface has been shown to theoretically increase the
faradaic efficiency.[11] However, for a conventional single-
compartment electrochemical cell an increase in nitrogen mass
transport goes in hand with an increase in mass transport of
the protons source since convection is increased by, e.g.,
stirring or a high nitrogen bubbling rate. Only an increase of
nitrogen partial pressure allows to selectively increase the
nitrogen mass transport relative to the mass transport of the

Figure 1. Upper panel: Ratio between the m/z=17 and m/z=18 signal
intensity as a function of ionization energy. A plateau is reached at 22 eV
when lowering the ionization energy indicating the minimum in fragmenta-
tion of H2O

+ in to OH+. Lower panel: Mass spectra of water and an aqueous
ammonia solution showing a clear difference the in m/z=17 signal due to
the presence of ammonia.

Figure 2. Sketch of the electrochemistry mass spectrometry set-up used in
this study. The disk working electrode is placed in the center directly on top
of the microchip-based inlet to the mass spectrometer forming a thin-layer
electrochemical cell. Two counter electrodes (CE) are placed symmetrically
across from each other to ensure a homogeneous current density
distribution.

Figure 3. Electrochemical nitrogen reduction carried out in 2 M LiOTf
electrolyte with diglyme:ethanol (99 :1) as solvent. The increase of the
m/z=17 signal is observed together with the onset of lithium electroplating
indicating successful ammonia production and detection in the mass
spectrometer. Even after lithium electroplating is stopped the m/z=17
signal keeps increasing indicating ongoing ammonia production.
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proton source, which leads to a similar increase in faradaic
efficiency to what is observed in the thin-layer electrochemical
cell. Besides the more favorable mass transport conditions in
the thin-layer electrochemical cell, the strict separation between
counter and working electrode can also be a reason for the
high faradaic efficiency. In conventional electrochemical cells
used for nitrogen reduction experiments, the counter and
working electrode are usually immersed in the same electrolyte
compartment or just separated by a thin porous membrane.
This makes it easy for anodic decomposition products to diffuse
to the working electrode, potentially affecting the overall net
nitrogen reduction rate negatively.[12] The electrochemical cell
used in this study, however, strictly separates the working
electrode compartment from the counter electrode with a long
capillary and a microporous frit. This increases the diffusion
timescale of anodic decomposition products to reach the
working electrode significantly compared to the timescale at
which nitrogen reduction experiments are carried out. The
observed linear increase of the ammonia signal is expected for
a steady-state production of ammonia at the electrode because
of its slow evaporation into the mass spectrometer. Simulations
of the mass spectrometer signal based on an earlier introduced
mass transport model[13] for the thin-layer electrochemical cell
yield an almost identical signal profile compared to what is
observed experimentally (Figure S2). Moreover, when the same
experiment is carried out in helium atmosphere, no ammonia
production is observed (Figure S3), corroborating the successful
reduction of nitrogen to ammonia by the electroplated lithium.

To further confirm the successful detection of electro
synthesized ammonia and to demonstrate the versatility of the
developed method, nitrate reduction to ammonia is performed
in aqueous 0.1 M KOH with 1 M KNO3 on a titanium electrode
mirroring the conditions from MacEnaney et al.[4] Despite higher
faradaic efficiencies being reported with acidic electrolytes,
ammonia will only be detected under alkaline conditions where
it is not protonated and hence able to evaporate into the mass
spectrometer. As predicted by the mass transport model, a
linear increase of the m/z=17 signal is observed at the time
electrolysis is initiated in the aqueous system identical to the
non-aqueous system. In order to ensure that the increase in
m/z=17 is not caused by the drifting background signal of
water, the m/z=18 signal is also shown in Figure 3 and
Figure 4. While the linear increase of the m/z=17 signal during
electrolysis in both electrolyte systems indicates a constant
production of ammonia at the electrode surface, the signal of
the two systems behaves differently once the electrolysis is
terminated. In the aqueous system, the signal starts decreasing
almost immediately after the termination of electrolysis indicat-
ing that ammonia production at the electrode has stopped.
However, in the case of the non-aqueous system the signal
keeps increasing even after lithium electroplating is terminated
and all remaining surface lithium has been oxidized. This
indicates that ammonia production continues to occur for a
while even without a current applied to the system. While this
behavior is observed directly here for the first time, it is
consistent with earlier reports of increased faradaic efficiencies
of lithium-mediated ammonia synthesis when the electrode is

cycled between lithium electroplating and open circuit
voltage.[11] Looking at this behavior, two possible explanations
come to mind. The first option is that nitrogen reduction is still
taking place, e.g. by metallic lithium that is not electrically
connected to the electrode surface anymore (so called “dead
lithium” in the context of lithium metal batteries[14]). The second
option is that nitrogen reduction is not taking place anymore
but production of ammonia production proceeds through
decomposition of LiNxHy intermediate species that have accu-
mulated on the surface during lithium electroplating.[15] Distin-
guishing between these two possible mechanisms will require
further experimental investigations and will be part of future
work.

The quantification of the produced ammonia, needed in
order to compute the faradaic efficiency, can be performed by
calibrating the m/z=17 signal to a known molar concentration
of ammonia. This calibration of the mass spectrometer can be
performed by either introducing electrolyte with a known
amount of ammonia into the electrochemical cell or by flowing
an auxiliary gas with a known concentration of ammonia
through the electrochemical cell. The former requires assump-
tions on the liquid volume of the electrochemical cell, whereas
the later requires accurate knowledge of the capillary inside the
micro-chip determining the flow between the internal gas
volume and the ultra-high vacuum of the mass spectrometer.
Since the liquid volume of the electrochemical cell can be
different among experiments, where the cell is repeatedly
mounted and dismounted from the mass spectrometer, the
approach based on knowledge of the micro-capillary, which
remains the same as long as the same chip is used, is chosen
for this study. Moreover, the well-defined nature of micro-
fabricated capillaries as mass spectrometry inlet systems has

Figure 4. Electrochemical nitrate reduction carried out in aqueous 0.1 M
KOH electrolyte with the addition 1 M KNO3. The increase of the m/z=17
signal is observed as soon as electrolysis is initiated. After electrolysis is
stopped, the m/z=17 signal starts decreasing at t=800 indicating that no
ammonia is produced anymore.
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been extensively verified in previous studies.[13,16,17] In order to
calibrate the mass spectrometer signal, nitrogen gas with
315 ppm of ammonia was used as auxiliary gas and the system
was left to equilibrate for at least 10 hours until the ammonia
signal reached a steady state (Figure S4 This was performed
prior to the non-aqueous electrochemical measurement shown
earlier in Figure 3. With knowledge of the capillary flow, which
can be calculated according to Henriksen et al.,[18] the ammonia
molar flow into the mass spectrometer can be derived and a
calibration factor determined (details see SI). The calibrated
signals shown in Figure 3 and Figure 4 lay within the range of
only few pmols� 1 highlighting the sensitivity of the microchip-
based mass spectrometer system. In order to quantify the total
amount of produced ammonia during an electrosynthesis
experiment, the signal must be integrated until all of the
ammonia is evaporated into the mass spectrometer and the
m/z=17 signal reaches background levels again. This would
take several hours for each experiment (Figure S5). In order to
shorten the time required for a single experiment, the mass
transport model is leveraged to extrapolate the exponential
decay of the signal, which is then integrated to obtain the total
amount of produced ammonia. This method yields comparable
results (�5%) to waiting for the actual exponential decay.
Consequently, the presented method allows for quantitative
and dynamic reaction studies with significantly less time effort
compared ex-situ detection methods.

Conclusion

We have presented a quantitative and highly sensitive method
to carry out dynamic reaction studies of electrochemical
ammonia synthesis. Thereby, the versatility and general applic-
ability of the method is demonstrated in non-aqueous as well
as aqueous electrolytes. The well-defined electrochemical
environment in the thin-layer cell in combination with the fast
nitrogen mass transport to the electrode unveiled a high
intrinsic faradaic efficiency towards ammonia of 49�3% in the
diglyme based electrolyte, highlighting the potential for
ambient pressure nitrogen reduction. The dynamic capabilities
of the electrochemistry – mass spectrometry set-up enabled the
direct detection of ongoing ammonia production even after
lithium electroplating has ceased. This has previously been
hypothesized to be responsible for the increased faradaic
efficiency observed when the electrode is cycled between
lithium electroplating and open circuit voltage. Going forward,
the high versatility and dynamic capabilities of the mass
spectrometric detection method can further be applied to also
study other reactions occurring during lithium mediated
ammonia synthesis such as hydrogen evolution or the
formation of the solid electrolyte interface. Moreover, trans-
lating the high faradaic efficiency observed in this study to
larger scale systems, such as gas diffusion cells, will be an
important step to make lithium mediated ammonia synthesis a
viable alternative to the conventional thermochemical synthesis
route.

Experimental Section

Mass spectrometry

All experiments were carried out with a commercially available
microchip-based EC-MS instrument (SpectroInlets ApS, Denmark),
which was modified in order to enable the detection of ammonia.
For this purpose, the evacuated parts of the instrument were
wrapped with heating elements, glass wool and aluminum foil to
ensure a homogeneous temperature distribution. Underneath the
glass wool and aluminum foil, thermocouples were attached along
the vacuum chamber in order to monitor the temperature. Before
starting an experiment, the chamber was heated by supplying a
constant power to the heating element for at least 10 hours in
order to reach thermal equilibrium and therefore an even temper-
ature distribution. If not otherwise stated, the chamber was
maintained at 80 °C during the experiments to avoid adsorption of
ammonia on the vacuum chamber walls, which would reduce the
temporal resolution of the detection method. The ionization energy
was varied between 18 and 22 eV with a cathode voltage of 80 V
and a constant emission current of 700 μA. It is important to note
here, that setting the ionization energy this low can damage the
filament if the emission current and anode voltage is not reduced
accordingly. This is due to unstable operating conditions of the
filament current control loop that are reached under these
conditions. A voltage of 1600 V was applied to the secondary
electron multiplier (SEM) employed as detector. Mass spectra were
recorded between 0 and 50 m/z with a resolution of 0.1 amu and a
dwell time of 128 ms per mass, while mass-time measurements
were, if not otherwise stated, recorded with a dwell time of 128 per
mass as well.

Electrochemistry

In order to allow for operation in alkaline as well as in organic
electrolytes, a customized micro-chip was provided by SpectroInlet
ApS. Details of the electrochemical cell can be found in the initial
work by Trimarco et al.[9] Nitrate reduction experiments were carried
out in 0.1 M KOH prepared from KOH pellets and MQ water and
with a concentration of 1 M of KNO3. A titanium disk, which was
polished to a mirror finish with diamond paste and subsequently
rinsed and sonicated several times in MQ water was used as
working electrode. A leakless Ag/AgCl micro-reference electrode
(Innovative Instruments) and a Pt-mesh counter electrode, both
separated by a ceramic frit, were used. Helium (6.0, Air Liquide) was
used as an auxiliary gas. Non-aqueous measurements were carried
out in a 2 M LiOTf electrolyte with digylme as solvent to which
1 vol.-\% ethanol was added. Before each experiment, the electro-
chemical cell was thoroughly boiled in MQ water to remove
contamination and residues from previous experiments. Thereafter,
all cell components were dried for at least 10 hours at 100 °C in an
oven and stored inside an Ar-filled glovebox, from which they were
taken out and assembled on to the mass spectrometer right before
use. The electrochemical cell was slightly modified by employing
two Pt-mesh counter electrodes symmetrically around the working
electrode (Figure 2), which were prepared and sealed inside an Ar-
filled glovebox. Due to the high resistivity of the organic electrolyte,
this allows for a higher total current density that can be drawn by
the potentiostat without overloading the compliance voltage but
also ensures a more homogeneous current density distribution
across the working electrode. A mirror polished molybdenum disk
was used as working electrode together with a leakless Ag/AgCl
micro-reference electrode (Innovative Instruments). The electrolyte
was prepared in a sealed vial inside an Ar-filled glovebox and
injected into the electrochemical cell with a 5 ml gas tight syringe
(Hamilton) while nitrogen (6.0, Air Liquide) was used as the
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auxiliary/reactant gas. After injection of the electrolyte, the mass-
spectrometer and the electrochemical cell were set to equilibrate at
open-circuit voltage (OCV) for several hours in order to ensure a
constant background signal during the subsequent operation. The
electrochemical program for aqueous as well as non-aqueous
ammonia production experiments consisted of a cathodic linear
voltage sweep (LSV) starting from the OCV at 10 and 2 mV/s for
aqueous and non-aqueous experiments respectively. The LSV was
continued until a set current density was reached, after which a
chronopotentiometric measurement at this same current density
was initiated without losing potential control. The chronopotentio-
metric measurement was continued until a set amount of charge
was passed.
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