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Direct electrosynthesis of methylamine from
carbon dioxide and nitrate

Yueshen Wu'?4, Zhan Jiang®#4, Zhichao Lin*%, Yongye Liang ©3* and Hailiang Wang ®12X

The electrochemical reduction of carbon dioxide is an appealing technology that stores renewable electricity in the chemical
form and has the potential to transform the way carbon fuels are utilized today. While there have been successes in the elec-
trosynthesis of alkanes, alkenes and alcohols, access to organonitrogen molecules such as alkylamines remains largely beyond
the reach of current electrocatalysis. Here we report the first electrochemical reaction that converts carbon dioxide and nitrate
to methylamine in aqueous media under ambient conditions catalysed by a cobalt -tetraaminophthalocyanine molecular cata-
lyst supported on carbon nanotubes. The overall reaction, involving the transfer of 14 electrons and 15 protons to form each
methylamine molecule, is an eight-step catalytic cascade process enabled by the coupling of two reactive intermediates near
the catalyst surface. The key C-N bond-forming step is found to be the spillover of hydroxylamine from nitrate reduction and
its subsequent condensation with formaldehyde from carbon dioxide reduction. This study provides a successful example of
sustainable alkylamine synthesis from inorganic carbon and nitrogen wastes, which could contribute to greenhouse gas mitiga-

tion for a carbon-neutral future.

reactants such as carbon dioxide (CO,) and nitrate (NO,~) is a

promising approach to the sustainable production of valuable
chemicals'~. Existing examples include CO, reduction to alcohols*”
and NO;™ reduction to ammonia (NH,)'’-"*. Both CO, and NO,~ are
chemical species of environmental concern: the former is respon-
sible for climate change and ocean acidification'*", and the latter
causes eutrophication and poses a health risk to drinking water'.
Developing electrocatalytic reactions based on CO, and NO,~ could
recycle these inorganic wastes as synthons and convert them into
useful products under mild conditions. These reactions can also be
coupled with electricity generated from renewable energy sources to
reduce the carbon footprint.

While CO, and NO,~ reduction reactions have largely been
studied separately thus far, occasional co-reduction experiments
have yielded urea as a product'”'¥, demonstrating the potential for
generating organonitrogen compounds. However, more advanced
catalytic processes are still needed to expand the scope of this reac-
tion to more valuable products such as alkylamines. As the simplest
of these, methylamine, which is produced from fossil-fuel-derived
methanol (CH,OH) and NH; under high-temperature high-pressure
conditions in the chemical industry (Fig. 1a), is an important build-
ing block for valuable chemicals including pharmaceuticals and
agrochemicals'. The electrochemical reduction of CO, and NO,™ as
C and N sources may afford a greener process to produce methyl-
amine and other related organonitrogen compounds. One big chal-
lenge along the route of synthesis is the design of a C-N coupling
step to interconnect the separate reduction pathways of the two pre-
cursors, which has not been resolved to date.

Here we report a game-changing step on the way to this goal
with the discovery of a cascade electrochemical reaction that yields
methylamine from the co-reduction of CO, and NO,~ in aqueous
media catalysed by a molecular cobalt catalyst heterogenized on car-
bon nanotubes (Fig. 1b). Under ambient conditions, methylamine is
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generated in a highly cooperative one-pot process that involves the
transfer of total of 14 electrons and 15 protons per product mole-
cule. The process has an overall Faradaic efficiency (FE) of 13% and
shows no performance decay for at least 16 h of continuous opera-
tion, giving a total turnover number (TON) larger than 5,500. We
further show that the methylamine is formed in an unprecedented
cascade of eight reaction steps on a single electrocatalyst, where the
key C-N coupling step is the migration of hydroxylamine (NH,OH)
from NO,~ reduction to spontaneously condense with formalde-
hyde (HCHO) from CO, reduction to form formaldoxime as a key
intermediate on the way to methylamine.

Results

Recently, we developed a cobalt p-tetraaminophthalocyanine/carbon
nanotube (CoPc-NH,/CNT) hybrid material as the first molecular
electrocatalyst that can stably reduce CO, first to carbon monoxide
(CO) and then to CH,OH in substantial yield®. The same catalyst is
also found to be active for the electroreduction of NO,~ to NH, with
nitrite (NO,") and NH,OH as intermediate products (Extended Data
Figs. 1 and 2), consistent with the reported reactivity of metal phtha-
locyanines towards electrochemical NO,™ reduction'’. This result not
only indicates the potential of electrochemical NO,~ decomposition
or removal from water, which could mitigate the related health and
environmental issues, but also implies the possibility of further uti-
lizing the NO,~ reduction process to access more complex and valu-
able products than NH,. Considering that both reactions involve the
transfer of multiple electrons and protons to the reactants and that
the reduction processes both go through a series of intermediates,
we thought that deeply reduced products having C-N bonds can be
formed if the reduction of CO, and NO," catalysed by CoPc-NH,/
CNT is performed together in the same reaction mixture.

Co-reduction of CO, and NO;~ to methylamine. Using carbon
fibre paper coated with CoPc-NH,/CNT as working electrodes
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Fig. 1| Cascade electrocatalytic synthesis of methylamine from CO, and NO,
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. a, Industrial synthesis of methylamine from fossil fuel feedstocks at high

temperature and high pressure. b, One-pot electrosynthesis of methylamine from inorganic wastes at ambient temperature and pressure.

and a CO,-saturated aqueous solution containing 0.1 M KHCO,
and 0.5M KNO; as electrolyte, 30 min electrolyses were carried
out at various electrode potentials where both CO, reduction to
CH,OH and NO;" reduction to NH; occur. Gaseous products in
the headspace of the electrochemical cell were quantified by gas
chromatography (Extended Data Fig. 1). The electrolyte solution
was analysed after each electrocatalysis using nuclear magnetic
resonance (NMR) and colorimetric methods for quantifying
products dissolved in the liquid phase. Interestingly, methylamine
is identified as a product, in addition to the common CO, or NO,~
reduction products such as CO, CH,0OH, NO,~, NH,OH and NH,.
Both the singlet at ~2.61 ppm in the '"H NMR spectrum and the
peak at ~24.8 ppm in the *C NMR spectrum of the electrolyte
solution after electrolysis (Fig. 2a) match those of methylamine
(Extended Data Fig. 3). The production of methylamine is fur-
ther confirmed with gas chromatography-mass spectrometry
(GC-MS) measurement of a toluene extract of the electrolyte
solution that has been treated with pivalic acid anhydride to con-
vert methylamine to organophilic N-methylpivalamide (Fig. 2a
and Extended Data Fig. 4a)*. At —0.92V versus the revers-
ible hydrogen electrode (RHE), methylamine is produced at
the optimal overall FE of 13% with a partial current density of
3.4mA cm™ (Fig. 2b and Extended Data Fig. 5). This is the first
time that methylamine has been synthesized by the electrocata-
Iytic co-reduction of CO, and NO,™. In prior work, C-N coupling
during the electrochemical reduction of inorganic reagents has
only formed amides, such as urea from CO, reacting with NO;~
or N, reduction intermediates'”'*?! or acetamide from NH; react-
ing with CO reduction intermediates. The probable precursors
to methylamine, formaldoxime and N-methylhydroxylamine, are
also generated in our system (Extended Data Fig. 3), albeit with
FEs lower than 6% and 1%, respectively. Control experiments
using *C-labelled CO, and *N-labelled NO,~ further confirm
that CO, and NO,;™ are indeed the C and N sources of these orga-
nonitrogen products (Extended Data Fig. 4b,c). Prolonged elec-
trolysis shows that the catalytic performance of CoPc-NH,/CNT
for the electrosynthesis of methylamine can be maintained for at
least 16 h without notable decay, affording an average FE of 12%
and a total TON of 5,600 (counting all the CoPc-NH, molecules
loaded on the electrode as active sites; ~18 nmol cm=2) or 10,000
(based on the number of electrochemically active CoPc-NH,
molecules determined from cyclic voltammetry; ~10nmolcm™%
Extended Data Fig. 6).

Identification of reaction pathway. To elucidate the mechanistic
reaction pathway in which 14 electrons and 15 protons are trans-
ferred to CO, and NO;™ to form methylamine, we first examined
the possibility of NH; reacting with CO, reduction intermediates on
the basis of the following considerations: (1) NH, is the major prod-
uct of NO,™ reduction (Extended Data Fig. 2) and is also produced
with substantial selectivity in the present co-reduction (Fig. 2b);
(2) HCHO is probably an active reaction intermediate in the elec-
trochemical reduction of CO, to CH,OH catalysed by CoPc (ref. »*);
(3) methylamine can be synthesized from the reaction of HCHO
with NH,CI (ref. **); and (4) a recent study has shown that NH, can
couple with a proposed ketene intermediate from CO electroreduc-
tion on Cu to form acetamide”. We first carried out CO, reduc-
tion in the presence of NH," as the N source (50 mM where NH,*
is the dominant form of ammonia in the CO,-saturated KHCO,
solution). No methylamine was detected after the electrolysis (Table
1, Entry 1 and Extended Data Fig. 7a). Electrolysis using CO and
NH, (2M NH,OH) in a 0.1 M KOH solution also failed to produce
any methylamine, whereas the co-reduction of CO and NO;™ in
0.1M KOH did result in methylamine formation (Table 1, Entries
2 and 3 and Extended Data Fig. 7b). Note that CO reduction in
alkaline electrolytes is known to occur at considerably more posi-
tive potentials on the RHE scale than that in neutral electrolytes*.
These experiments rule out any direct involvement of NH; in the
C-N bond formation step that eventually leads to the formation of
methylamine and indicate that the reaction pathway in our system
is demonstrably different from the reported C-N coupling cases
resulting in the formation of urea or acetamide'”'%>,

We then performed more systematic control experiments to iden-
tify the reaction intermediates responsible for the C-N coupling.
Since the co-reduction of CO, and NO;~ in a phosphate buffered
solution (PBS) (0.1 M, pH =6.8) can also form methylamine (Table 1,
Entry 4 and Extended Data Fig. 7c), PBS was used in the subsequent
control experiments to exclude any potential C or N source from
the supporting electrolyte. We used NO,~, NO or NH,0OH, all of
which have been identified as reaction intermediates in the elec-
trochemical reduction of NO,~ to NH, (refs. >**"), as the N source
for co-reduction with CO,. The three experiments all produced
methylamine (Table 1, Entries 5-7 and Extended Data Fig. 7c).
Among all the N species that can result in methylamine formation
when co-reduced with CO,, NH,OH is the most reduced interme-
diate along the reaction pathway of NO;~ reduction to NH, as well
as being the most nucleophilic species of those plausibly formed.
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Fig. 2 | Electrocatalytic performance of CoPc-NH,/CNT for the co-reduction of CO, and NO;™. a, Detection of methylamine by '"H NMR, *C NMR and GC-
MS. b, Potential-dependent product distribution (FE) and total current density. €, Product distribution and total current density during 16 h electrolysis at
—0.94V versus RHE. The liquid products were quantified after the electrolysis was completed, and their average FE was calculated.

Table 1| The list of control experiments carried out to elucidate the mechanistic pathway towards methylamine

Entry C source N source V versus RHE (duration) CH,;NH,? Electrolyte solution

1 co, NH,* —0.90 (1h) No 50 mM NH,HCO, + 0.1M KHCO,

2 co NH, -0.64 (1h) No 2M NH,OH+ 0.1 M KOH

3 co NO;- —0.64 (1h) Yes 0.5M KNO;+0.1M KOH

4 co, NO,- —-094 (1h) Yes 0.5M KNO,+0.1M PBS

5 co, NO,- -0.92 (1h) Yes 30mM NaNO,+0.1M PBS

6 co, NO —0.92 (10h) Yes 0.1M PBS

7 co, NH,OH -0.90 (1h) Yes 10 mM NH,OH+0.1M PBS

8 co NO;- —0.96 (1h) Yes 01M PBS+0.5M KNO,

9 HCHO NO;- —0.90 (1h) Yes 50 MM HCHO + 0.1M PBS + 0.5 M KNO,
10 CH,OH NO,- -0.92 (1h) No 0.1M CH;OH+ 0.1M PBS +0.5M KNO,
n CH,=NOH -0.93 (3h) Yes 2.5mM CH,=NOH + 0.1M PBS

12 CH;NHOH —-0.92 (3h) Yes 5mM CH;NHOH + 0.1 M PBS

It is therefore likely to be the N species involved in C-N bond for-
mation. A similar set of co-reduction experiments were also carried
out with CO or HCHO, which are intermediates along the reaction
pathway of CO, reduction to CH,OH catalysed by CoPc (refs. **),
as the C source. Methylamine was detected in both cases, whereas
using CH;OH as the C source did not yield methylamine (Table 1,
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Entries 8-10 and Extended Data Fig. 8c). This suggests that HCHO
is the intermediate that reacts with NH,OH to form the C-N bond.
As is well known, hydroxylamines can readily react with aldehydes
or ketones to form oximes®. The fact that formaldoxime and its
reduced product N-methylhydroxylamine are also detected in the
reaction mixture supports the proposed pathway. Further control
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Fig. 3 | The proposed reaction pathway of the eight-step cascade electrosynthesis of methylamine from CO, and NO;~ catalysed by CoPc-NH,/CNT. All
the reaction intermediates shown here have been confirmed by experiments. The inset shows the fast kinetics and favourable thermodynamics of the C-N

coupling step.

experiments reveal that the electrochemical reduction of formal-
doxime or N-methylhydroxylamine without other C or N sources
can yield methylamine (Table 1, Entries 11 and 12 and Extended
Data Fig. 9), consistent with these two co-reduction products being
on the reaction pathway to methylamine.

As the C-N coupling step, the spontaneous condensation®>** of
NH,OH with HCHO to form formaldoxime is the key to the entire
catalytic cascade to form methylamine from CO, and NO,~. In a
simple test, we mixed 50mM NH,OH and 25mM HCHO in the
electrolyte at room temperature and took 'H NMR spectra of the
mixture after 1 min, which revealed that ~84% of the HCHO had
already reacted with NH,OH to form formaldoxime (Fig. 3 and
Extended Data Fig. 10a). The fast kinetics and favourable thermo-
dynamics of this reaction ensures effective C-N coupling before
the intermediates are further reduced or diffuse into the solution.
While only a modest amount of NH,OH is found among the final
products, no trace at all of HCHO can be detected by the bisulfite
derivatization method (Extended Data Fig. 10b). This leads us to
believe that the coupling step results from the spillover of NH,OH.

Discussion

Taken together, the overall reaction scheme can be best described
as an unprecedented eight-step electrocatalytic cascade (Fig. 3).
Electrochemical CO, reduction and NO,~ reduction first proceed
independently until HCHO and NH,OH are formed. Adsorbed
HCHO then quickly undergoes nucleophilic attack by NH,OH,
yielding formaldoxime, which is further electrochemically reduced
to N-methylhydroxylamine and then to methylamine.

This reaction demonstrates the direct electrosynthesis of methyl-
amine from CO, and NO,™. It provides an example of the valoriza-
tion of chemical species in the atmosphere and water that are of
environmental concern. NO,™ and nitrogen oxides, which are also
known pollutants, can replace NO;™ as the N source. Methylamine
is a feedstock for more complex organic compounds, and this

reaction could therefore be utilized to benefit the sustainable syn-
thesis of many valuable chemicals. The electrochemical method
affords not only mild reaction conditions but also the potential for
carbon-neutral operation.

The mechanistic understanding of this cascade catalysis will
allow us to further optimize the catalytic efficacy by balancing the
reaction kinetics of different steps. More excitingly, it will allow us
to electrochemically synthesize other, more complex organonitro-
gen compounds from cheap inorganic source materials by exploit-
ing the key hydroxylamine-carbonyl C-N coupling reaction. For
example, we predict that ethylamine and propylamine can be gen-
erated from CO, and NO,~ co-reduction catalysed by Cu-based
materials; we may also replace NO;~ with the cheaper and more
abundant N, as the N source if we find appropriate catalysts that
can effectively reduce N, to coupling-active intermediates such
as NH,OH.

Methods

Materials. All chemicals were purchased and used as received without further
purification unless otherwise stated. CO, (99.99% or 99.999%), CO (99.3%

or 99.999%), Ar (99.999%) and NO (99.9%) were purchased from Airgas and
Huashidai Gas. KHCO, (99.7%) and paraformaldehyde (powder, 95%) were
purchased from Sigma-Aldrich. KNO, (99%) and NaNO, (99%) were purchased
from Alfa Aesar. PBS (0.1 M) and KOH (99.999%, trace metal basis) were
purchased from Aladdin. Ammonium hydroxide solution (30 wt%), ammonium
bicarbonate (99%) and hydroxylamine hydrochloride (>99%) were purchased from
Acros. Formaldoxime hydrochloride (>95%) and N-methylhydroxylamine (>98%)
were purchased from Accela. Deionized water used throughout all experiments
was purified through either a Pall or a Millipore water purification system to reach
a resistivity of 18.2MQcm (at 25°C).

Characterization. UV-Vis absorption measurements were carried out with a
Shimadzu UV-Vis spectrophotometer 3600. Inductively coupled plasma-mass
spectrometry (ICP-MS) was performed with an Agilent Technologies 7700 series
instrument. 'H and *C NMR were recorded on a Bruker 400M NMR instrument.
GC-MS was measured on an Agilent 5977A mass spectrometer with an Agilent
Technologies 7890B GC system.
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Preparation of CoPc-NH,/CNT electrodes. The purification of as-received
multiwalled CNTs (FT 9100, C-Nano), the synthesis of CoPc-NH, and the
hybridization of CoPc-NH, with purified CNTs were all carried out as detailed in
our previous work, where complementary structural characterization results of the
catalyst are available®. The weight percentage of CoPc-NH, in the hybrid material
is ~2.9%, as derived from ICP-MS measurements. Catalyst ink was prepared by
dispersing 2 mg of CoPc-NH,/CNT in 2 ml of ethanol with 6 pl of 5wt% Nafion
solution followed by sonication for 1 h. Then, 200 ul of the ink was drop-casted
onto a 3x0.5cm? polytetrafluoroethylene-treated carbon fibre paper (Toray 030,
Fuel Cell Store) to cover a 0.5 1 cm? area (catalyst mass loading, 0.4 mgcm™).
The prepared electrodes were dried using an infrared lamp.

Preparation of electrolyte solutions. The supporting electrolyte solutions used
in this study (KHCO;, KNO,, PBS and KOH) were purified through a column
containing jion-exchanged Chelex 100 Resin (sodium form, Sigma-Aldrich)
following the manufacturer’s protocol with some modifications*™. To prepare

the purification column, 25g of the as-received resin was dispersed in 100 ml of
deionized water, poured into the sand column (inner diameter, 20 mm; height,
300mm) and then washed with another 100 ml of deionized water. The Na* in
the resin was exchanged with K* by sequentially running the column with 100 ml
of 1 M HCI, 200 ml of deionized water, 100 ml of 1 M KOH and finally an ample
amount of deionized water until the eluent was pH neutral. For purification, the
electrolyte solution was run through the resin-packed column. The first 100 ml
was used to displace the residual water in the column and was discarded. The
subsequent eluent was then collected as purified electrolyte solution. C sources,
N sources and C-N compounds (if in liquid or solid form) in all the control
experiments were added to the purified electrolyte solution. For the co-reduction
of HCHO and NO,", paraformaldehyde was dissolved and hydrolysed in the
purified electrolyte solution (60°C, 1 h) to generate HCHO.

Electrochemical measurements. Electrolyses were performed using a CHI 660E or
a Biologic VMP3 potentiostat and a custom-designed gas-tight two-compartment
electrochemical cell. Graphite rod counter electrodes (99.999%) and Ag/AgCl
reference electrodes (3 M KCl, 0.210V versus RHE; saturated calomel electrodes
were used instead in KOH) were purchased from Alfa Aesar and Gaoss Union.
The cathode compartment and the anode compartment were separated by an
anion exchange membrane (Selemion DSV). Each compartment contained 13 ml
of electrolyte solution. Before each electrolysis, the electrolyte was presaturated
with reactant gas or Ar by bubbling the gas for at least 15 min. In all cases, gas
was continuously bubbled into the electrolyte during electrolysis at a flow rate of
20 standard cubic centimetres per minute. Before the start of each electrolysis,
the ohmic drop between the working electrode and the reference electrode was
determined using potentiostatic electrochemical impedance spectroscopy at
—0.5V versus Ag/AgCl between 200kHz and 1 Hz with an amplitude of 10mV.
The resistance value was then determined by the intersection of the curve with
the Re (€2) axis in the Nyquist plot. iR correction was performed after electrolysis
for all measurements. Every measurement was performed on a freshly prepared
electrode. Current densities were calculated on the basis of the catalyst-covered
geometric area of the working electrode. All potentials were converted to the
RHE scale using the following formula: V (versus RHE) = V (versus Ag/AgCl) +
0.210V+40.0592V x pH.

TON calculation. TON was reported as the number of methylamine molecules
produced in the 16h electrolysis at —0.94 V (Fig. 2¢) per active CoPc-NH,
molecule. The total number of active CoPc-NH, molecules on the electrode was
determined using two different methods: (1) counting all the CoPc-NH, molecules
loaded on the electrode from ICP-MS measurements, and (2) calculating the
number of electrochemically active CoPc-NH, molecules on the electrode from
integrating the one-electron reduction peak’** near —0.70 V versus Ag/AgCl in the
cyclic voltammogram (Extended Data Fig. 6). Both TON values were reported.

GC-MS measurements. Prior to the GC-MS measurement, methylamine in the
electrolyte solution after electrolysis was first derivatized into N-methylpivalamide.
Then, 1g of potassium carbonate (Aladdin), 3 g of sodium chloride (Aladdin),
0.5ml of pivalic acid anhydride (Aladdin) and 0.5 ml of toluene (HPLC grade,
Sigma-Aldrich) were sequentially added into 10 ml of the electrolyte solution,
which was kept at 40 °C in a water bath. The mixture was then subject to vortex
mixing (IKA Lab Dancer) for 40 min and rested until phase separation. The top
toluene layer was then sampled and injected into the GC-MS system for analysis.

Product quantification. The gas products of electrocatalysis were analysed by a
gas chromatograph (SRI 8610 C) equipped with a flame ionization detector and
a thermal conductivity detector. High-purity Ar was used as the carrier gas. The
peak areas of the products (H, and CO) were converted to gas volumes using
calibration curves that were obtained using a standard gas diluted to different
concentrations with CO,. The FEs of the gas products were reported as the
averages of two or three measurements.

The organic products in the reaction mixture were quantified after
electrocatalysis by "H NMR with solvent (H,O) suppression. For electrolysis
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without CO,, CO, was bubbled into the reaction mixture after the electrolysis for
at least 10 min to adjust the pH to near neutral prior to all 'H NMR measurements
(except for KOH electrolyte samples). Then, 400 ul of electrolyte was mixed with
100 pl of 10 mM potassium benzoate (99%, Alfa Aesar) in D,O (99.8 atom%, Acros)
as the internal standard for "H NMR (parameter: d1=20s; scan number, 32) or
*C NMR analysis. The concentration of the analyte was calculated on the basis of
the area ratio of the analyte peak (methylamine, ~2.61 ppm; CH,OH, ~3.35ppm;
formaldoxime (trans H), ~7.10 ppm (ref. *°); N-methylhydroxylamine, ~2.72 ppm)
to that of the internal standard (2,6-H of benzoate, ~7.80 ppm).

NO,~, NH,OH and NH; were quantified by long-established colorimetric
methods with some modifications. NO,™ was quantified through the Griess
test, where NO,™ reacts with 4-aminobenzenesulfonamide and N-(1-naphthyl)
ethylenediamine in two steps to form a pink-coloured azo compound™. In this
test, 100 pl of a 4-aminobenzenesulfonamide aqueous solution (10gl™ in 10 wt%
HCI, Dongjiang Chemical Reagent) was added into 2 ml of the sample and allowed
to react for 8 min; 100 pl of a N-(1-naphthyl)ethylenediamine dihydrochloride
aqueous solution (1g1~, Aladdin) was subsequently added and allowed to
further react for 10 min. The sample was then taken for UV-Vis absorption
measurement within 2h. A series of standard samples with known [NO,"]
(in the KHCO, + KNO,; electrolyte) was prepared and measured to establish
the calibration curve (Extended Data Fig. 1b) on the basis of the maximum
absorbance at 540 nm. The [NO,"] of an unknown sample was calculated using
its absorbance at 540 nm and the calibration curve. The quantification of NH,OH
is based on its reduction of Fe** to Fe?*, which then forms an orange complex
with 1,10-phenanthroline”. 100 pl of an aqueous acetate buffer (1 M sodium
acetate + 1 M acetic acid, TCI), 100 pl of a 4 mM ammonium ferric sulfate aqueous
solution (Macklin) and 100 pl of a 10 mM 1,10-phenanthroline ethanolic solution
(Rhawn) were sequentially added into 3 ml of the sample. A series of standard
samples with known [NH,OH] (in the KHCO;+ KNO,; electrolyte) was prepared
and measured to establish the calibration curve (Extended Data Fig. 1d) on the
basis of the maximum absorbance at 510 nm. The [NH,OH] of an unknown sample
was calculated using its absorbance at 510 nm and the calibration curve. NH, was
quantified using the salicylate method, where NH, is converted into indophenol
blue via reaction with salicylate and hypochlorite*. In this method, 500 pl of an
aqueous solution containing 0.4 M sodium salicylate and 0.32 M sodium hydroxide
(Aladdin), 50 pl of a sodium hypochlorite aqueous solution containing ~4.5%
active chlorine (Aladdin) and 0.75M sodium hydroxide, and 50 pl of a sodium
nitroferricyanide aqueous solution (10 mgml~', Aladdin) were sequentially
added to 3 ml of the sample. A series of standard samples with known [NH,*]
(in the KHCO, + KNO,; electrolyte) was prepared and measured to establish the
calibration curve (Extended Data Fig. 1f) on the basis of the maximum absorbance
at 675nm. The [NH,] of an unknown sample was calculated using its absorbance
at 675nm and the calibration curve. A blank sample prepared from a fresh
electrolyte solution was measured before every UV-Vis measurement to ensure
no major contamination of the electrolyte solution and to serve as the baseline.
These colorimetric methods were found to be orthogonal; the presence of any one
of the three species does not have a colorimetric response to the quantification
methods for the others. Formaldoxime was found to slightly interfere with the
quantifications of NH,OH and NH,. To correct for this minor interference, a series
of standard formaldoxime hydrochloride solutions with known concentrations
was used to establish the calibration curve (absorbance versus concentration):
As0nm=0.0031 X [formaldoxime] (pM) in the quantification method of NH,OH
and A, =0.0006 X [formaldoxime] (pM) in the quantification method of NH,.
The concentration of formaldoxime present in the sample (as determined by 'H
NMR) was used to calculate the absorbance contribution from formaldoxime,
which was then subtracted from the total absorbance value for quantifying
NH,OH or NH,.

The dataset shown in Fig. 2b was selected to represent the catalytic
performance of methylamine production (1) near the onset potential, (2) near
the optimal potential and (3) at more negative potentials where FE,.yjamine and
Jmethylamine decline. Extended Data Fig. 5 shows the distributions of quantified
methylamine selectivity (FE,.pyamine) and methylamine partial current density
(Jmethylamine) @Cross the potential range of interest for 27 independent co-electrolyses
of CO, and NO;™. The entries with ‘Yes’ in Table 1 signify that the concentration
of methylamine in the corresponding cases are at least 0.05 mM after reaction.
The entries with ‘No’ in Table 1 signify that no methylamine peak is present in
the "H NMR spectra of the reaction mixture.

Detection of HCHO. The detection of HCHO in the electrolyte solution after the
reaction was performed according to an established method®'. Freshly prepared
aqueous sodium bisulfite (1M, Aladdin) was vigorously mixed with the sample (50:50,
v/v). 'H NMR measurement of the mixture was then performed. A standard sample
of HCHO (in the CO,-saturated KHCO, + KNO; electrolyte) reacts with bisulfite

to form sodium formaldehyde bisulfite, which has a singlet peak at ~4.39 ppm. In
comparison, a mixture of formaldoxime with bisulfite in the same electrolyte gives a
singlet peak at ~4.00 ppm (Extended Data Fig. 10b). The post-electrolysis solution of
the CO,+NO,™ co-reduction mixed with sulfite shows the singlet peak near 4.00 ppm
but not the one near 4.39 ppm (Extended Data Fig. 10b), ruling out the presence of
free HCHO in the product stream.
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Chemical reaction between NH,OH and HCHO. A CO,-saturated electrolyte
solution (0.1 M KHCO, + 0.5 M KNO,) containing 25 mM HCHO (from 37 wt%
formaldehyde solution, JT Baker) and another CO,-saturated electrolyte solution
containing 50 mM hydroxylamine hydrochloride were prepared in two separate
vials. Then, 225 pl of each solution was sequentially added to an NMR tube
containing 50 pl of D,O with 10mM potassium benzoate as the internal standard.
The NMR tube was rested for 1 min before "H NMR measurement, which took
approximately 10 min in total.

Data availability
The data supporting the findings of this study are available from the corresponding
authors upon reasonable request.
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and h, the thermal conductivity detector, showing the presence of CO, CO, and H,. Calibration curves for i, CO and j, H,.
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Extended Data Fig. 2 | Electrochemical NO,~ reduction catalyzed by CoPc-NH,/CNT. a, Potential-dependent product selectivity and current density of
electrochemical NO,~ reduction catalyzed by CoPc-NH,/CNT. 24 min electrolyses were carried out in an Ar-saturated aqueous solution containing 0.1M
PBS and 0.5M KNO;. b, 'H NMR spectrum of the catholyte solution after electrochemical NO5~ reduction at —0.94 V.
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catholyte solution after co-reduction stacked together with standard spectra of methylamine, N-methylhydroxylamine and formaldoxime dissolved in fresh
CO,-saturated electrolyte solutions.
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Extended Data Fig. 4 | Further confirmation of methylamine formation and its C, N sources. a, Standard mass spectrum of N-methylpivalamide from
NIST Mass Spectral Library. b, 'H NMR spectrum of methylamine after electrolysis in 0.1M PBS + 0.5 M KNO, under *CO, for 30 min at —0.95V vs RHE.
¢, 'H NMR spectrum of formaldoxime, N-methylhydroxylamine and methylamine after electrolysis in 0.1M KHCO; + 0.5 M K®*NO; under CO, for 5h at
—0.91V vs RHE. The green traces show the '"H NMR spectra of formaldoxime, N-methylhydroxylamine and methylamine from co-reduction of unlabeled
CO, and NO;~.
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Extended Data Fig. 7 | Identification of key N intermediates. 'H NMR spectra of catholyte solutions after reduction of a, CO, in the presence of NH,HCO,
and b, CO in the presence of NH,OH. Stacked together are spectra of CH;OH and methylamine co-dissolved in 0.1M KOH and electrolyte solution after
co-reduction of CO and NO5™. ¢, 'H NMR spectra of catholyte solutions after co-reduction of CO, in 0.1M PBS with different N sources: KNO;, NaNO,, NO

and NH,OH. The peaks pertaining to methylamine are highlighted in green.
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Extended Data Fig. 8 | Identification of key C intermediates. 'H NMR spectra of catholyte solutions after co-reduction of KNO, with different C sources in

0.1M PBS: a, CO, b, HCHO and ¢, CH,0H. The peaks pertaining to methylamine are highlighted in green.
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in green.
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Extended Data Fig. 10 | Condensation between formaldehyde and hydroxylamine to form formaldoxime. a, '"H NMR spectra of 25 mM HCHO dissolved
in electrolyte solution before and after adding 50 mM NH,OH. Peaks pertaining to formaldoxime are highlighted in purple. b, 'H NMR spectrum of the
catholyte solution after co-reduction mixed with TM NaHSOs. Stacked together are spectra of HCHO and formaldoxime mixed with 1M NaHSO;. Only the
reaction product between formaldoxime and NaHSO, (~4.00 ppm) but no reaction product between HCHO and NaHSO, (~4.39 ppm) can be found.
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