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Electrochemical reduction of acetonitrile to
ethylamine
Rong Xia 1,2, Dong Tian3, Shyam Kattel 4, Bjorn Hasa 1, Haeun Shin 1, Xinbin Ma 2✉,
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Electrifying chemical manufacturing using renewable energy is an attractive approach to

reduce the dependence on fossil energy sources in chemical industries. Primary amines are

important organic building blocks; however, the synthesis is often hindered by the poor

selectivity because of the formation of secondary and tertiary amine byproducts. Herein, we

report an electrocatalytic route to produce ethylamine selectively through an electroreduction

of acetonitrile at ambient temperature and pressure. Among all the electrocatalysts, Cu

nanoparticles exhibit the highest ethylamine Faradaic efficiency (~96%) at −0.29 V versus

reversible hydrogen electrode. Under optimal conditions, we achieve an ethylamine partial

current density of 846mA cm−2. A 20-hour stable performance is demonstrated on Cu at

100mA cm−2 with an 86% ethylamine Faradaic efficiency. Moreover, the reaction

mechanism is investigated by computational study, which suggests the high ethylamine

selectivity on Cu is due to the moderate binding affinity for the reaction intermediates.
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A
mines are essential building blocks and intermediates for
numerous pharmaceuticals, agrochemicals, polymers,
dyestuffs, emulsifiers, and fine chemical products1–4.

Ethylamine alone has an annual global market of 1.85 × 105 tons5.
There are several approaches for ethylamine production, such as
the amination of alcohols6,7, reductive amination of aldehydes or
ketones8,9, and hydrogenation of nitriles10,11. Among those
methods, direct hydrogenation to ethylamine has drawn special
interest due to its unique acetonitrile raw material source. Acet-
onitrile is mainly produced as a byproduct in acrylonitrile pro-
duction through the Sohio process5,12. Currently, only a small
fraction of acrylonitrile producers recover acetonitrile and most
of the acetonitrile is burned as fuels, which emits a significant
amount of NOx

5. Acetonitrile reduction to ethylamine could
provide a more environmentally friendly process converting
excess acetonitrile manufacturing capacity to value-added ethy-
lamine product. During acetonitrile hydrogenation, the primary
ethylamine attacks the imine intermediates to form secondary
and tertiary amines because of the nucleophilic property of
amine. As a result, the product is often a mixture of ethylamine,
diethylamine, and triethylamine with a low selectivity of the
primary ethylamine5. For this reason, past efforts have been
devoted to developing metallic catalysts, such as Ni13, Cu14, Pt15,
Pd16, and Sn17, exhibiting an enhanced ethylamine selectivity in
thermocatalytic hydrogenation of acetonitrile. However, the
improved ethylamine selectivity was achieved using expensive
strategies, such as strong acid trapping the primary amine18, an
excessive amount of ammonia shifting the equilibrium19, and
elevating the hydrogen partial pressure substantially.

As the ever-increasing deployment of renewable energy pro-
duction substantially reduces the electricity cost over the past
decades, cheap, renewable electricity provides new opportunities
in electrifying chemical transformations as a potential route to
decarbonize the chemical industries20–24. Electrochemical
reduction of acetonitrile provides an alternative route and could
potentially overcome the selectivity issues of thermal catalytic
hydrogenation. The reaction schemes for nitrile electroreduction
are as follows:

CH3CNþ 4H2Oþ 4e� ! CH3CH2NH2� þ 4OH� cathodeð Þ

ð1Þ

4OH� ! 2H2OþO2 þ 4e� anodeð Þ ð2Þ

As illustrated in Fig. 1, electrochemistry driven by renewable
energy uses water as hydrogen sources and is carried out under
ambient conditions that could potentially convert the acetonitrile
to ~100% ethylamine. Activation of acetonitrile electrochemically
has been reported in the literature. Previous studies showed that
acetonitrile can be converted to 3-aminocrotonitrile anion on a
platinum electrode in a non-aqueous electrolyte25,26. In addition,
the chemisorption of acetonitrile on Pt electrode coupled with
two consecutive electron and proton transfer processes was
qualitatively investigated using cyclic voltammetry, in situ infra-
red spectroscopy, and online mass spectrometry27–31. More
recently, Child et al., utilized homogeneous cobalt-based mole-
cular catalysts to electrochemically reduce acetonitrile to ethyla-
mine using acetic acid as a hydrogen source in organic
electrolyte32. Despite these efforts, electrochemical reduction of
acetonitrile suffers from low Faradaic efficiency (FE, ~22%) and
low current density (~0.04 mA cm−2) and has not been system-
atically investigated using metallic electrocatalysts.

Here, we report an electrochemical approach for acetonitrile
reduction. In order to gain fundamental knowledge of acetonitrile
electrochemical reduction, seven metal catalysts are initially
screened in a flow cell electrolyzer to determine the optimal

catalysts. The maximum Faradaic efficiency (FE) of ~95% for
ethylamine is achieved at −0.29 V versus reversible hydrogen
electrode (RHE, all potentials reported in this paper are converted
to the RHE scale) on Cu nanoparticles catalysts. The mass
transportation of reactants and the impact of pH on acetonitrile
electroreduction are studied to improve the performance at high
current density (~1 A cm−2). The online electrochemical differ-
ential flow electrolyzer mass spectrometry (FEMS) is employed for
the time-resolved detection of the product and density functional
theory (DFT) calculation is applied for further understanding of
the reaction mechanism.

Results
Catalyst screening and performance analysis. The initial
screening of electrocatalysts for acetonitrile reduction was conducted
using seven monometallic catalysts, i.e., Cu, Ni, Pd, Pt, Bi, In, and
Sn, which are commonly used in the thermocatalytic nitrile
hydrogenation reaction. The acetonitrile reduction activity was
evaluated in a two-compartment microfluidic flow cell. Catalysts
loaded on porous carbon paper served as a cathode and Ni foam was
used as an anode. Nafion 211 membrane was placed between the
cathodic and anodic chambers. A 1M NaOH aqueous solution was
fed as anolyte and a 1M NaOH solution containing a specific
concentration of acetonitrile was used as catholyte. The performance
was analyzed at different applied potentials ranging from −0.4 V to
−0.65 V in 8 wt% acetonitrile in 1M NaOH electrolyte. The max-
imum ethylamine FE together with the corresponding H2 FE of each
catalyst is summarized in Fig. 2a (more details in Supplementary
Fig. 1). The gas product (H2) was analyzed by gas chromatography
and the amount of ethylamine product was quantified by 1H nuclear
magnetic resonance (NMR) spectroscopy. Among all the mono-
metallic catalysts, Cu showed the highest ethylamine FE of 94.6%,
with a total current density of 50mA cm−2. In sharp contrast, Pt,
Sn, In, and Bi showed very low ethylamine FE (<3%), and the
product was dominated by H2. At industrially relevant current
densities (>150mA cm−2), the Cu catalyst maintained a decent
ethylamine FE > 72%, whereas the ethylamine FEs for Ni and Pd
dropped to less than 20%. At the optimal conditions, the maximum
production rate of ethylamine on Cu was 3.135mmol cm−2 h−1

(Supplementary Fig. 3), which was approximately three times as Ni
and Pd, and 31 times as Pt. Another important observation is that
neither diethylamine nor triethylamine was detected over all
the catalysts by NMR, although they are major byproducts in the
thermocatalytic nitrile hydrogenation reaction, suggesting that
electroreduction of acetonitrile is a highly selective approach to
produce primary amine from its corresponding nitrile. The
improved ethylamine selectivity in electrocatalytic acetonitrile
reduction over thermocatalytic hydrogenation routes is likely due to
its mild reaction temperature because high reaction temperatures
promote secondary amine formation33,34. We further extended our
investigations to three different Cu catalysts, i.e., Cu nanoparticles
(25 nm), Cu microparticles (0.5–1.5 µm), and oxide-derived Cu. The
Cu nanoparticles exhibited the best performance due to high surface
area (see Supplementary Figs. 4–8 for more detailed description). At
a total current density of 1 A cm−2, Cu nanoparticles showed a
maximum ethylamine partial current density of 557mA cm−2 (with
an ethylamine FE of 55.7%) at −0.76 V (Fig. 2b).

Influence of acetonitrile concentration and pH value on acet-
onitrile electroreduction. The dependence of acetonitrile con-
centration was investigated by varying the mass fraction of
acetonitrile in electrolytes. The ethylamine FE was observed to
increase with the concentration of acetonitrile from 4 wt% to 12
wt% (Supplementary Fig. 8). The ethylamine partial current
density achieved 846 mA cm−2 at −0.73 V in 12 wt% acetonitrile
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(Fig. 3a), which was 1.8 times as in 8 wt% acetonitrile and 3.0
times as in 4 wt% acetonitrile. The near exponential increase of
ethylamine partial current density was independent of applied
potentials in 12 wt% acetonitrile, suggesting that the acetonitrile
mass transportation limitation to the electrode interface was
minimal. The reaction order was determined with respect to the
concentration of acetonitrile. The ethylamine partial current
density (jethylamine) was measured at −0.45 V in 1M NaOH
containing various concentrations of acetonitrile. The reaction
order (n) was determined as:

jethylamine ¼ const CH3CN
� �n

exp �FE=RT
� �

ð3Þ

which was corresponding to the slope of log jethylamine versus log
[CH3CN]. As shown in Supplementary Fig. 9, the reaction order with
respect to acetonitrile concentration is about 0.91, indicating an
approximate first-order dependence on acetonitrile concentration.

To elucidate the pH effect on the acetonitrile electroreduction, we
investigated various aqueous electrolytes with different pH values
and the results are summarized in Fig. 3b and Supplementary Fig. 9.
In an acid electrolyte (i.e., 0.5M H2SO4), hydrogen evolution

reaction (HER) was the dominant reaction and acetonitrile
reduction was largely suppressed. Interestingly, the acetonitrile
reduction performance in 0.5M Na2SO4 was even worse than 0.5M
H2SO4. In contrast, 1M NaOH exhibited a significantly better
performance in acetonitrile electroreduction than neutral and acidic
electrolytes. Increasing the concentration of NaOH to 2M further
improved the ethylamine partial current density to 635mA cm−2 (at
−0.73 V), suggesting that a high pH was preferred for acetonitrile
electroreduction. A similar pH effect was also observed in CO2

electroreduction, where alkaline was the most effective electrolyte to
suppress undesired HER35,36. The pH effect was further investigated
by tuning the concentration of NaOH from 0.1 to 1M while keeping
the total Na+ concentration as 1M (with the addition of Na2SO4) in
all studies, which allowed us to exclude the potential impact of Na+.
The results (Fig. 3b) showed that the ethylamine partial current
density increased with the basicity of electrolyte solution across the
applied potentials. The ethylamine partial current densities were also
plotted against the potentials relative to the standard hydrogen
electrode in Supplementary Fig. 11, which shows pH-independence
of the ethylamine formation, suggesting that the rate-determining

Fig. 1 Schematic comparison of acetonitrile reduction to ethylamine. a Thermal catalytic hydrogenation of acetonitrile with a relatively low selectivity

towards primary amine, and (b) electroreduction of acetonitrile with a >90% selectivity towards primary amine.
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step of acetonitrile electroreduction in alkaline conditions does not
involve hydroxide as one of the reactants. We speculate that the
initial activation of acetonitrile (either single-electron reduction of
–CN or proton-coupled electron transfer) could be the rate-
determining step and H2O is likely the proton source.

The stability of Cu nanoparticle catalyst in acetonitrile
electroreduction was also studied using a flow cell at a constant
current density of 100 mA cm−2 for 20 h in 1M NaOH
electrolyte containing 8 wt% acetonitrile. Figure 3c shows that
both a stable potential (~−0.46 V) and a steady ethylamine FE
(>86%) were achieved over the 20-h stability test. The slight
potential disturbance was mainly caused by the gas bubbles (H2)
periodically accumulated and flushed out by the liquid electrolyte.
The structural stability of the Cu nanoparticles was examined by
scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS). No obvious changes were observed (Supple-
mentary Fig. 12), although the post-reaction electrode showed a
loss of catalyst particles from the porous carbon paper, which
may contribute to a slight decrease of ethylamine FE in the
stability test.

Product distribution of acetonitrile electroreduction. We
employed in situ FEMS to probe the reaction intermediates/
products distribution during the electrolysis. FEMS offered a
time-resolved detection with high sensitivity at ~10–100 µm from
the electrode surface37. A schematic diagram of the FEMS con-
figuration is shown in Supplementary Fig. 13. A scan of fragments
with mass to electron ratio (m/z) ranging from 1 to 90 was
initially performed at −0.5 V versus RHE (~100 mA cm−2). The
background-subtracted spectrum (Fig. 4a) showed mass frag-
ments corresponded to water, acetonitrile, hydrogen, and ethy-
lamine. It is shown that a traceable amount of diethylamine was
formed during acetonitrile electrochemical reduction and no
triethylamine was detected on the electrode surface, while they
are two major byproducts in thermal acetonitrile hydrogenation
(see Supplementary Fig. 14 for more detailed description). This
result confirmed the high selectivity of ethylamine in acetonitrile
electroreduction. We further examined the onset potential of each
product using FEMS coupled with linear sweep voltammetry (0 to
−0.76 V, the scan rate of −5 mV s−1) in 1M NaOH containing

8 wt% acetonitrile. The fragment intensities recorded in the mass
spectrometer were synchronized with the potentiostat signal
(Fig. 4b). Hydrogen, ethylamine, diethylamine, and triethylamine
signals were recorded at m/z 2, 45, 58, and 86, respectively. As
shown in Fig. 4b, the onset potential of hydrogen evolution was
about −0.21 V versus RHE, ethylamine started at −0.23 V, die-
thylamine signal emerged at −0.32 V and no change of triethy-
lamine signal was observed. The FEMS results clearly show that
ethylamine was formed at a lower overpotential than diethyla-
mine, which is in good agreement with the hypothesis that die-
thylamine evolved from the condensation reaction between
ethylamine and imine intermediate.

DFT calculations. DFT calculations were performed to rationalize
the experimentally observed activity trends of acetonitrile reduc-
tion reaction (nitrile reduction hereafter) over various metal cat-
alysts. To this end, spin-polarized periodic DFT calculations were
carried out to compute the binding energies of reaction inter-
mediates involved in the nitrile reduction reaction on Cu(111), Ni
(111), and Pt(111). Optimized geometries in Supplementary
Fig. 14 show that the intermediates bind via unsaturated N and or
C atoms mostly at the surface top and hollow sites. It is observed
(Supplementary Table S1) that the binding strength follows the
order Ni(111) > Pt(111) > Cu(111) for the intermediates that solely
bind via N and Pt(111) > Ni(111) > Cu(111) for the intermediates
that bind via hydrogenated N (i.e., NHx) and or C/CHx. The DFT
calculated binding energies were used to calculate the free energy
changes for the nitrile reduction reaction along four potential
pathways shown in Table S2 using the computational hydrogen
electrode model38. DFT-calculated free energy diagrams in Sup-
plementary Figs. 15 and 16 show that CH3CN reduction to
CH3CH2NH2 most likely occurs via pathways 2, 1, and 3 (among
four possible pathways listed in Supplementary Table S2) on Cu
(111), Ni(111), and Pt(111), respectively. A comparison of free
energy diagrams calculated at an applied potential U= 0 V along
the most favorable pathways in Fig. 5 demonstrates that nitrile
reduction is thermodynamically more favorable on Cu(111)
compared to Ni(111) and Pt(111). The relatively milder binding
affinity of Cu(111) for the *CH3CxNy intermediates makes the
entire process facile, with the most difficult step (adsorption of

Fig. 2 Comparison of acetonitrile reduction activity on different catalysts. a The highest FE of ethylamine on various metal catalysts and corresponding

H2 FE in the applied potential range of −0.4 V to −0.65 V versus RHE. b Ethylamine FE, H2 FE, and corresponding current density versus applied potentials

on Cu nanoparticles in acetonitrile reduction (8 wt% acetonitrile in 1 M NaOH as electrolyte). Error bars represent the standard deviation from at least

three independent measurements.
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*CH3CN) being uphill in energy by 0.20 eV. In contrast, the most
difficult steps on Ni(111) [*CH3CH2N reduction] and Pt(111)
[desorption of *CH3CH2NH2] are uphill in energy by 0.26 eV and
0.45 eV, respectively. Thus, the DFT results predict that the
activity for CH3CN reduction to CH3CH2NH2 should follow the
order: Cu(111) > Ni(111) > Pt(111). As in many electrochemical
reduction reactions, HER is a competing reaction in the nitrile
reduction reaction. The DFT-calculated free energy diagrams
(Supplementary Fig. 17) predict the HER activity in the order Pt
(111) > Ni(111) > Cu(111). Importantly, free energy diagrams
show that the nitrile reduction reaction is energetically more
favorable than the HER on Cu(111) and Ni(111) (by 0. 16 eV and
0.08 eV, respectively). In contrast, HER is found to be more
favorable (by 0.19 eV) than the nitrile reduction on Pt(111). Thus,
these DFT-calculated free energy changes of the rate-limiting steps
in acetonitrile electroreduction and HER are consistent with the
experimentally measured trend of ethylamine FE on Cu, Ni, and
Pt (Cu > Ni > Pt) (Fig. 2a). Overall, the DFT results are in excellent
agreement with the experimental observations and suggest that Cu
mainly promotes acetonitrile electroreduction due to moderate
binding affinity for the reaction intermediates. In comparison, Pt
selectively promotes the HER while the acetonitrile electroreduc-
tion and HER activity of Ni lie in between Cu and Pt.

In this study, we conducted a systematic investigation of
acetonitrile electroreduction to primary amine (ethylamine)
under ambient conditions in a flow cell. Compared with Pd, Pt,
Ni, Bi, Sn, and In, Cu showed the highest performance and an
ethylamine FE of 96% was obtained at −0.29 V. Further studies
showed that alkaline conditions were the most favorable for the
selective ethylamine production and suppressed the competing
HER on the cathode. At the optimal conditions, an ethylamine
partial current density of 846 mA cm−2 was achieved using a Cu
nanoparticle catalyst at −0.73 V in a 1M NaOH electrolyte
containing 12 wt% acetonitrile. Finally, the reaction mechanism
of acetonitrile electroreduction on Cu catalysts was also
investigated using FEMS and DFT calculations. This work
provides an alternative route for primary amine production,
which overcomes the challenges associated with poor selectivity
in thermocatalytic nitrile hydrogenation and paves the way
towards electrification of chemical manufacturing.

Methods
Preparation of electrodes. Cu nanoparticles (25 nm, 99.99%), Cu microparticles
(0.5–1.5 µm) were purchased from Sigma Aldrich. Oxide-derived Cu (OD-Cu) was
prepared through electrochemical deposition of Cu2O film on porous carbon paper
(see details in the Supporting information). The as-deposited Cu2O was reduced at

Fig. 3 Acetonitrile concentration and pH value effect on the electroreduction of acetonitrile and stability test. a Ethylamine partial current density under

different concentrations of acetonitrile. b Ethylamine partial current density under electrolyte of different pH values. c Stability test over a span of 20 h

using Cu nanoparticles as the catalyst at a constant current density of 100mA cm−2 (8 wt% acetonitrile in 1 M NaOH as electrolyte). Error bars represent

the standard deviation from at least three independent measurements.
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10 mA cm−2 in 1 M NaOH for 15 min to form OD-Cu. Ag (20 nm, 99.99%), Bi (80
nm, 99%), and In (80 nm, 99%) were purchased from US Research Nanomaterials,
Inc. Sn (<150 nm, 99.99%), Pd/C (5 wt%, 99.99% metal basis), and Pt/C (5 wt%,
99.99% metal basis) was purchased from Alfa Aesar. For a typical Cu nanoparticles
electrode, 25 mg Cu nanoparticles were dispersed in 3 ml isopropanol, and 20 µl
Nafion ionomer (5 wt% in H2O) was added as a binder. The catalyst ink was
sonicated for 20 min and drop-casted onto a 2.5 cm2 porous carbon paper (Sigracet
39BC, Fuel Cell Store). The loading was controlled at 0.5 mg cm−2 based on the
metal mass. A similar procedure was applied to other metal catalysts.

Material characterization. SEM image and corresponding EDX elemental map-
ping were taken using an Auriga 60 Cross Beam SEM. The surface composition of
the electrode was determined using a K-Alpha X-ray photoelectron spectrometer
system (Thermo Fisher Scientific). The XPS data were analyzed using CasaXPS and
the adventitious C 1s signal was calibrated to 284.5 eV. The electrochemical surface
area (ECSA) was determined by measuring the double-layer capacitance (Cdl) in
Ar-saturated 0.1 M HClO4 solution. The ECSA is given by:

ECSA ¼ Rf S ð4Þ

Where Rf is the roughness factor normalized by the Cu foil and S stands for the ideal
surface area of smooth Cu foil electrode (1 cm2). The roughness factor was estimated by
normalizing the double-layer capacitance Cdl to that of a Cu foil. The Cdl was
determined by measuring the capacitive current in the non-faradaic potential region
under various scan rates of cyclic voltammetry(10mV s−1, 20mV s−1, 40mV s−1,
60mV s−1, 80mV s−1and 100mV s−1). The Cdl was obtained by plotting the capacitive
current against the scan rates.

Flow cell electrocatalysis. Acetonitrile electroreduction was performed in a two-
compartment microfluidic flow cell electrolyzer. The overall reaction is composed
of two half-cell reactions: acetonitrile reduction on the cathodic side and oxygen
evolution reaction on the anodic side. The Nafion 211 membrane (Fuel Cell Store)
isolated the two chambers. Nafion 211 membrane was utilized in this study for its
relatively high stability in the presence of organics. In a typical acetonitrile elec-
trochemical reduction, the catholyte was 8 wt% acetonitrile (99.8%, Sigma-Aldrich)
1 M NaOH (99.99%, Sigma-Aldrich) aqueous solution, and the anolyte was 1M
NaOH aqueous solution. The flow rates of electrolytes were imposed by two
peristaltic pumps at designed values. The catholyte went through the electrolyzer
and the effluent was connected to a gas–liquid separator to separate the gas product

Fig. 4 The product distribution analysis by flow electrolyzer mass spectroscopy (FEMS). a Mass spectrometric signals recorded while scanning in a

mass range of 0−90 amu at−0.5 V versus RHE. b Linear sweep voltammetry measurement ranging from 0 V to −0.76 V versus RHE (scan rate of −5 mV

s−1). The potentiostat signal (black line) was synchronized with the fragment intensity of hydrogen (gray line), ethylamine (orange line), diethylamine

(green line), and triethylamine (blue line) recorded in a mass spectrometer. The m/z stands for mass-to-charge ratio.

Fig. 5 DFT calculations. Free energy diagrams for CH3CN(g) electroreduction to CH3CH2NH2(g) along the most favorable pathway on Cu(111), Ni(111), and

Pt(111) at an applied potential U= 0V.
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with liquid. Aragon purged the gas in the headspace of gas–liquid separator to the
gas chromatography (SRI Instruments) and the outlet flow rate of GC was
measured by the flow meter (Agilent ADM).

Chronopotentiometry experiments were conducted to evaluate the acetonitrile
electroreduction performance using an Autolab PG128N potentiostat. A three-
electrode set-up was applied, and the Ag/AgCl electrode (Pine Research) was used
as the reference electrode. Nickel foam was used as the anode for all the
experiments in the basic electrolytes and IrO2 deposited on Ti felt was used in an
acid environment. The current-interrupt technique was used to measure the
resistance between the working electrode and the reference electrode before the
potential was applied. The measured potentials were compensated by the iR
correction for the voltage drop caused by the solution resistance and were
converted into the RHE as follows:

E versus RHEð Þ ¼ E versus Ag=AgClð Þ þ 0:210Vþ 0:0591 ´ pHþ iR ð5Þ

For each data point, the electrolysis was carried out for 600 s to reach a steady-
state before injected into the GC, and then the liquid product was collected for 300 s.

The gas product was quantified via a gas chromatography system installed with
HayeSep D and Mol Sieve 5 A columns that connected to a thermal conductivity
detector and a flame ionization detector. Argon (99.999%) was applied as the
carrier gas. Liquid products were identified through a Bruker AVIII 600MHz NMR
spectrometer. In short, 500 µl of the sampled catholyte was added with 100 µl of
internal standard solution that consisted of 25 ppm (v/v) dimethyl sulfoxide
(≥99.9% (Alfa Aesar)) in D2O. Presaturation method water suppression was
applied to analyze the one-dimensional 1H spectrum.

Flow electrolyzer mass spectrometry. The determination of gaseous and volatile
reaction products was carried out by online mass spectra in parallel to the elec-
trochemical measurement. The reaction products were collected through a PEEK
capillary (McMaster, inner diameter 0.25 mm) covered by a hydrophobic PTFE
membrane (TISCH, pore size 200 μm). The membrane prevents the introduction of
an aqueous electrolyte while allowing the volatile and gas products to enter the
vacuum chamber. The capillary was in contact with the cathode surface as is shown
in Supplementary Fig. 13. DUO 20M (Pfeiffer) and Hidden Quadrupole were used
as differential pumps and mass spectrometer, respectively. Product samples were
ionized at an ionization potential of 70 eV using a secondary electron detection
voltage of 1700 V with an emission current of 200 µA.

Computational methods. DFT calculations utilized spin polarization (DFT)39,40 at
the GGA level within the PAW-PW91 formalism41,42 using the Vienna ab initio
simulation package (VASP) code43,44. A 3 × 3 × 1 Monkhorst-Pack grid45 was
adopted for the Brillion zone integration and a plane wave cut-off energy of 400 eV
was used for the total energy calculations

Low index (111) surfaces of Pt, Ni, and Cu were modeled using four-layer 3 ×
3 surface slabs. In order to minimize the artificial interactions between the surface
and its periodic images, a vacuum layer of ~15 Å thick was added in the slab cell
along the direction perpendicular to the surface. Atoms in the bottom two layers
were fixed while all other atoms were allowed to relax until the Hellman–Feynman
force on each ion was smaller than 0.01 eV/Å. The binding energy (BE) of
adsorbate was calculated as:

BE adsorbateð Þ ¼ E slabþ adsorbateð Þ � E slabð Þ � E adsorbateð Þ ð6Þ

where E(slab+ adsorbate), E(slab), and E(adsorbate) are the total energy of slab
with adsorbate, clean slab, and adsorbate in the gas phase, respectively. For the
calculation of hydrogen binding energy, E(H) is taken as one-half of the total
energy of the H2 molecule. The Gibbs free energy (G) is calculated as38

G ¼ E þ ZPE� TS ð7Þ

where E is the total energy obtained from DFT calculations, and ZPE and S are the
zero-point energy and entropy of a species, respectively, at T= 298 K.

Data availability
The data that support the findings of this study are available from the authors on
reasonable request, see author contributions for specific data sets.

Received: 16 November 2020; Accepted: 24 February 2021;

References
1. Downing, R., Kunkeler, P. & Van Bekkum, H. Catalytic syntheses of aromatic

amines. Catal. Today 37, 121–136 (1997).
2. Meng, X. et al. An effective medium of H2O and low-pressure CO2 for the

selective hydrogenation of aromatic nitro compounds to anilines. Green.
Chem. 13, 570–572 (2011).

3. Pohlki, F. & Doye, S. The catalytic hydroamination of alkynes. Chem. Soc. Rev.
32, 104–114 (2003).

4. Lawrence S.A. Amines: Synthesis, Properties and Applications (Cambridge
University Press, 2004).

5. Roose P., Eller K., Henkes E., Rossbacher R., Höke H. Amines. Aliphatic. In:
Ullmann’s Encyclopedia of Industrial Chemistry (ed. Ley C.) (Wiley–VCH:
Weinheim, 2015).

6. Bähn, S. et al. The catalytic amination of alcohols. ChemCatChem 3,
1853–1864 (2011).

7. Das, K. et al. Platinum-catalyzed direct amination of allylic alcohols with
aqueous ammonia: selective synthesis of primary allylamines. Angew. Chem.
Int. Ed. 51, 150–154 (2012).

8. Gomez, S., Peters, J. A. & Maschmeyer, T. The reductive amination of
aldehydes and ketones and the hydrogenation of nitriles: mechanistic aspects
and selectivity control. Adv. Synth. Catal. 344, 1037–1057 (2002).

9. Hahn, G., Kunnas, P., de Jonge, N. & Kempe, R. General synthesis of primary
amines via reductive amination employing a reusable nickel catalyst. Nat.
Catal. 2, 71–77 (2019).

10. Tokmic, K., Jackson, B. J., Salazar, A., Woods, T. J. & Fout, A. R. Cobalt-
catalyzed and lewis acid-assisted nitrile hydrogenation to primary amines: a
combined effort. J. Am. Chem. Soc. 139, 13554–13561 (2017).

11. Bagal, D. B. & Bhanage, B. M. Recent advances in transition metal-catalyzed
hydrogenation of nitriles. Adv. Synth. Catal. 357, 883–900 (2015).

12. Acrylonitrile. Ullmann’s Encyclopedia of Industrial Chemistry (Langvardt, PW,
2000).

13. Gluhoi, A. C., Mărginean, P. & Stănescu, U. Effect of supports on the activity
of nickel catalysts in acetonitrile hydrogenation. Appl. Catal. A 294, 208–214
(2005).

14. Yu, C. et al. CuNi nanoparticles assembled on graphene for catalytic
methanolysis of ammonia borane and hydrogenation of nitro/nitrile
compounds. Chem. Mater. 29, 1413–1418 (2017).

15. Aguirre, A. & Collins, S. E. Insight into the mechanism of acetonitrile
hydrogenation in liquid phase on Pt/Al2O3 by ATR-FTIR. Catal. Today 336,
22–32 (2019).

16. Iwasa, N., Yoshikawa, M. & Arai, M. Selective hydrogenation of acetonitrile to
ethylamine using palladium-based alloy catalysts. Phys. Chem. Chem. Phys. 4,
5414–5420 (2002).

17. Huang, Y. & Sachtler, W. M. Catalytic hydrogenation of nitriles over
supported mono-and bimetallic catalysts. J. Catal. 188, 215–225 (1999).

18. Hartung, W. H. Catalytic reduction of nitriles and oximes. J. Am. Chem. Soc.
50, 3370–3374 (1928).

19. Huber, W. Hydrogenation of basic nitriles with Raney nickel. J. Am. Chem.
Soc. 66, 876–879 (1944).

20. Jouny, M., Hutchings, G. S. & Jiao, F. Carbon monoxide electroreduction as an
emerging platform for carbon utilization. Nat. Catal. 2, 1062–1070 (2019).

21. Haegel, N. M. et al. Terawatt-scale photovoltaics: trajectories and challenges.
Science 356, 141–143 (2017).

22. Chu, S., Cui, Y. & Liu, N. The path towards sustainable energy. Nat. Mater. 16,
16–22 (2017).

23. Davidson, D. J. Exnovating for a renewable energy transition. Nat. Energy 4,
254–256 (2019).

24. Tackett, B. M., Gomez, E. & Chen, J. G. Net reduction of CO2 via its
thermocatalytic and electrocatalytic transformation reactions in standard and
hybrid processes. Nat. Catal. 2, 381–386 (2019).

25. Foley, J. K., Korzeniewski, C. & Pons, S. Anodic and cathodic reactions in
acetonitrile/tetra-n-butylammonium tetrafluoroborate: an electrochemical and
infrared spectroelectrochemical study. Can. J. Chem. 66, 201–206 (1988).

26. Batanero, B., Barba, F. & Martín, A. Preparation of 2,6-dimethyl-4-
arylpyridine- 3,5-dicarbonitrile: a paired electrosynthesis. J. Org. Chem. 67,
2369–2371 (2002).

27. Angerstein-Kozlowska, H., MacDougall, B. & Conway, B.
Electrochemisorption and reactivity of nitriles at platinum electrodes and the
anodic H desorption effect. J. Electroanal. Chem. Interfac. Electrochem. 39,
287–313 (1972).

28. Szklarczyk, M. & Sobkowski, J. The behaviour of high polar organic solvents at
platinum electrode—II. Adsorption and electrode reactions of acetonitrile.
Electrochim. Acta 25, 1597–1601 (1980).

29. Wasmus, S. & Vielstich, W. Electro-oxidation and electroreduction of
acetonitrile in aqueous acid solution: a DEMS study. J. Electroanal. Chem. 345,
323–335 (1993).

30. Morin, S., Conway, B. E., Edens, G. J. & Weaver, M. J. The reactive
chemisorption of acetonitrile on Pt(111) and Pt(100) electrodes as examined
by in situ infrared spectroscopy. J. Electroanal. Chem. 421, 213–220 (1997).

31. Reshetenko, T. V. & St-Pierre, J. Study of the acetonitrile poisoning of platinum
cathodes on proton exchange membrane fuel cell spatial performance using a
segmented cell system. J. Power Sources 293, 929–940 (2015).

32. Child, S. N. et al. Cobalt-based molecular electrocatalysis of nitrile reduction:
evolving sustainability beyond hydrogen. Dalton Trans. 48, 9576–9580 (2019).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22291-0 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:1949 | https://doi.org/10.1038/s41467-021-22291-0 |www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


33. Segobia, D. J., Trasarti, A. F. & Apesteguía, C. R. Hydrogenation of nitriles to
primary amines on metal-supported catalysts: highly selective conversion of
butyronitrile to n-butylamine. Appl. Catal. A 445-446, 69–75 (2012).

34. Li, H., Wu, Y., Luo, H., Wang, M. & Xu, Y. Liquid phase hydrogenation of
acetonitrile to ethylamine over the Co–B amorphous alloy catalyst. J. Catal.
214, 15–25 (2003).

35. Varela, A. S., Kroschel, M., Reier, T. & Strasser, P. Controlling the selectivity of
CO2 electroreduction on copper: the effect of the electrolyte concentration and
the importance of the local pH. Catal. Today 260, 8–13 (2016).

36. Dinh, C.-T. et al. CO2 electroreduction to ethylene via hydroxide-mediated
copper catalysis at an abrupt interface. Science 360, 783–787 (2018).

37. Hasa, B., Jouny, M., Ko, B. H., Xu, B. & Jiao, F. Flow electrolyzer mass
spectrometry with a gas-diffusion electrode design. Angew. Chem. Int. Ed. 60,
3277–3282 (2021).

38. Nørskov, J. K. et al. Origin of the overpotential for oxygen reduction at a fuel-
cell cathode. J. Phys. Chem. B 108, 17886–17892 (2004).

39. Hohenberg, P. & Kohn, W. Density functional theory (DFT). Phys. Rev. 136,
B864 (1964).

40. Kohn, W. & Sham, L. J. Self-consistent equations including exchange and
correlation effects. Phys. Rev. 140, A1133 (1965).

41. Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953
(1994).

42. Perdew, J. P. & Wang, Y. Pair-distribution function and its coupling-constant
average for the spin-polarized electron gas. Phys. Rev. B 46, 12947 (1992).

43. Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci.
6, 15–50 (1996).

44. Kresse, G. & Hafner, J. Ab initio molecular dynamics for open-shell transition
metals. Phys. Rev. B 48, 13115 (1993).

45. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188 (1976).

Acknowledgements
R.X. would like to acknowledge the financial support from the China Scholarship Council
(CSC). The authors at Tianjin University thank the financial support from the National
Natural Science Foundation of China (21325626) and Tianjin Key Science and Tech-
nology Project (19ZXNCGX00030). The authors at Columbia University acknowledge
support from the US Department of Energy, Office of Basic Energy Sciences, Catalysis
Science Program (Grant no. DE-FG02- 13ER16381). DFT calculations were performed
using resources of the Center for Functional Nanomaterials, which is a U.S. Department
of Energy (DOE) Office of Science Facility, and the Scientific Data and Computing

Center, a component of the BNL Computational Science Initiative, at Brookhaven
National Laboratory under Contract no. DE-SC0012704.

Author contributions
F.J., J.G.C., and X.M. supervised the project. R.X. designed the experiments and con-
ducted the electrochemical measurements. D.T. and S.K. conducted the DFT calculation.
B.H. performed the FEMS study. H.S. conducted the SEM measurements. All authors
discussed the results and contributed to manuscript preparation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22291-0.

Correspondence and requests for materials should be addressed to X.M., J.G.C. or F.J.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22291-0

8 NATURE COMMUNICATIONS |         (2021) 12:1949 | https://doi.org/10.1038/s41467-021-22291-0 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-22291-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Electrochemical reduction of acetonitrile to ethylamine
	Results
	Catalyst screening and performance analysis
	Influence of acetonitrile concentration and pH value on acetonitrile electroreduction
	Product distribution of acetonitrile electroreduction
	DFT calculations

	Methods
	Preparation of electrodes
	Material characterization
	Flow cell electrocatalysis
	Flow electrolyzer mass spectrometry
	Computational methods

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


