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N,N-Dimethylformamide (DMF) is a universal solvent with wide applications across various industries.
Current industrial synthesis requires high temperature and high pressure, starting from fossil-based
carbon monoxide and dimethylamine (DMA). Herein, we report a green and electrochemical strategy to
produce DMF under ambient conditions through direct oxidation of trimethylamine (TMA), which is a
surplus chemical in DMA manufacturing. DMF production with 80% yield and >50% faradaic efficiency
was achieved in an H-cell reactor over a graphite anode, coupled with hydrogen production at the
cathode. Mechanistic investigations show that the reaction occurs through two-phase oxidation and that
an aminal serves as the key intermediate. To achieve continuous DMF production, we set up a mem-
brane-electrode assembly (MEA) flow reactor (2 cm x 2 cm), achieving a DMF productivity of 25 pmol h™*
and a faradaic efficiency of 40%. To further increase the productivity, we fabricated another membrane-
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free flow reactor (8 cm x 9 cm), delivering a high formation rate (550 umol h™%) with high selectivity
(>90%) at a constant current of 3 A in a 100-hour test. This study offers a unique opportunity to utilize
electricity to drive surplus chemical utilization under ambient conditions, contributing to the sustainability
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Introduction

Due to its high aprotic nature, wide liquid range, and low vola-
tility, N,N-dimethylformamide (DMF) is known as a universal
solvent with wide applications across various industries."* For
example, DMF is a major solvent used in the production of
acrylic fibres and the plastic industry. It also serves as a
solvent and crystallization agent in the manufacture of phar-
maceuticals, agrochemicals, adhesives and surface coatings. In
addition, DMF functions as a multipurpose building block
with diverse applications in organic synthesis.>* Because of its
widespread applications, the DMF market is predicted to grow
from $2.3 billion in 2022 to $2.7 billion by 2027.° Although
there is concern about the health and safety issues of DMF,"
the demand for DMF would continuously increase before a
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of the chemical industry in the future.

greener alternative is developed. Conventionally, DMF is pro-
duced via one-step synthesis using fossil-based carbon monox-
ide (CO) and dimethylamine (DMA) as the feedstocks, in
which DMA is provided by a methanol amination process over
a-Al,0; (Scheme 1a).>” Despite the high reaction efficiency
(e.g., productivity and product purity), this method requires a
high temperature (50-200 °C) and high pressure (0.5-11 MPa)
(Scheme 1b). Considering the large market demand, it is
highly desirable to develop less energy-intensive and safe
methods for DMF production starting from an economical
route.

Industrially, DMA is synthesized through methanol amin-
ation,® but monomethylamine (MMA) and trimethylamine
(TMA) are simultaneously generated with much lower market
values compared to DMA (Scheme 1a). It is feasible to recycle
MMA for DMA production; nevertheless, it is more difficult
and costly to recycle TMA. Moreover, TMA is thermo-
dynamically more favourable than the other two amines, with
an equilibrium ratio of MMA : DMA: TMA close to 17:21:62
(when the ammonia:methanol molar ratio is 1:1).>'°
Consequently, the large TMA distribution in the products
greatly limits the overall efficiency for DMA production.
Although advanced silica-alumina catalysts were reported to
suppress TMA formation via methanol animation to some

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Design concept. (a) Manufacture of methylamine products in industry. (b) Industrial DMF synthesis. (c) Electrochemical synthesis of DMF

from TMA.

extent,"™* the development of a cost-effective and less energy-

intensive method to directly channel TMA into DMF pro-
duction is desirable to enhance the synthetic efficiency of
DMA.

To fill this gap, we envisage that direct TMA oxidation to
DMF would be a green and economically promising route. The
direct oxidation of amines to amides is a particularly useful
process in organic synthesis due to the widespread occurrence
of amides across diverse organic molecules."* This oxidation is
usually  achieved  through  thermocatalytic’>™”  or
photocatalytic'®° approaches, where metal catalysts, hazar-
dous oxidants or special additives are usually necessary. More
importantly, this oxidation usually occurs preferentially at the
o secondary carbon instead of the primary carbon with few
exceptions,”** because of the stability of the corresponding
secondary carbon radical. As a result, due to the low boiling
point, stronger methyl C-H bonds and formation of side-pro-
ducts such as trimethylamine oxide,” the conventional
approaches have rarely been successfully applied to TMA

oxidation.”**®
Me. Me 40H  3H,0 o
~ l}l - ~ 7 » Me_ N )]\ H (1)
Me 3H* and 4e" are transferred |
Me

Electrosynthesis of value-added chemicals and fuels has
emerged as a green and sustainable method,** ™ for its
ambient conditions (e.g., room temperature and ambient
pressure) and the use of renewable electricity (e.g:, solar, wind,
hydro).** Based on our research interest in the electrosynthesis
of valuable chemicals from biomass- and plastic-derived
compounds,®>™” we recently questioned whether an electro-
chemical method can be developed to accomplish the direct
oxidation of TMA to DMF. If successful, this process will gene-
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rate value-added chemicals at the anode, with an additional
benefit of simultaneous hydrogen (H,) production at the
cathode, a green energy carrier with a large market
demand.?®*° Although the Shono-type reaction indicates that
amines and carbamates can be oxidized at the anode,*® addi-
tives (Lewis acids," aminoxyl mediators**™** and halide
ions®®) are necessary, in which the Lewis acid mediates the
generation of a reactive iminium ion intermediate, while ami-
noxyl mediators and halide ions serve as the redox mediators.
The use of these additives may increase the product separation
cost and feedstock cost, thus restricting the practical appli-
cations. In addition, the Shono-type reactions are often con-
ducted in organic solution, while aqueous solution is environ-
mentally more desirable. According to eqn (1), direct electro-
chemical oxidation of TMA to DMF is a multi-proton and
multi-electron process (4e~ and 3H" are transferred); thus the
challenge lies in the development of an efficient electro-
chemical system without any mediator and using only water as
the oxidant to achieve high selectivity of DMF at a moderate
potential.

Herein, we report an electrochemical oxidation strategy to
synthesize DMF directly from TMA, which was conducted at
ambient temperature and pressure in an aqueous medium
without any additives (Scheme 1c). DMF production with 80%
yield and >50% faradaic efficiency (FE) was achieved over cost-
effective graphite as the anode, coupling with hydrogen pro-
duction using platinum (Pt) or nickel (Ni) as the cathode.
Mechanistic investigations show that a two-phase oxidation is
involved, where an aminal serves as the key intermediate for
producing DMF. To achieve continuous DMF production, we
set up a membrane-electrode assembly (MEA) flow reactor
(2 cm x 2 cm), with a DMF productivity of 25 pmol h™ and a
faradaic efficiency of 40%. To further increase the productivity,
we fabricated a membrane-free reactor (8 cm x 9 c¢m) in a
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single module. In a 100-hour test, a high formation rate
(550 pmol h™") with high selectivity (>90%) at an absolute
current of 3 A was maintained. Moreover, a high DMF yield
(75%) was obtained in the flow reactor by circulating the elec-
trolyte, and the performance is recyclable without activity loss.
In addition, calculations of several important green chemistry
metrics—including atom economy (AE), environmental factor
(E-factor), and carbon efficiency (CE)—suggest that this
method represents a potentially green route to produce DMF.

Results and discussion
Optimization of the reaction conditions

We initiated the electrochemical investigations in a two-com-
partment, three-electrode H-cell reactor with an anion
exchange membrane (AEM). The products were quantitatively
analyzed by high performance liquid chromatography (HPLC,
Fig. S1-S41) and "H nuclear magnetic resonance (‘H NMR,
Fig. S5 and S6T). DMF, N-methylformamide (NMF), formal-
dehyde, and formic acid were detected as the products. It
should be noted that DMF was not observed at the cathode
compartment in the tests, ruling out the possibility that DMF
crosses over the membrane. Extensive studies were conducted
to identify a suitable electrochemical system, including anode
materials, electrolytes, concentrations, and pH (Table S11 and
Table 1). We first performed the reaction in 0.7 M K,CO; with
pH 12.2. The reaction did not occur without electricity,
suggesting that DMF generation in the following tests is rea-
lized by electrochemical oxidation. Several anode catalysts
were screened under a constant potential at 1.1 V vs. Hg/HgO
(Table S1t). With Pt plate as the anode, TMA oxidation barely
occurred (yield of 3% and FE of 5%, entry 1, Table S1t). We
then evaluated a nickel-iron layered double hydroxide (NiFe-
LDH) loaded carbon paper as the anode (synthesis see
Methods in the ESIT), considering its high activity in electro-
chemical oxidations.*® DMF was observed as the product, but

Table 1 Optimization of electrochemical oxidation of TMA to DMF?

o
Me._ _Me )
I + H0 Graphite (+) | Pt(-) Me\N)J\H M T
Me 1.1V vs. Hg/HgO, 2 h I
Me

1 2
Entry Catalyst Electrolyte Yield (%) FE (%)
1 Graphite flake 0.7 M KOH 16 2
2 Graphite flake 0.7 M K,CO; 80 56
3 Graphite flake 0.7 M KH,PO, 22 21
4 Graphite flake 0.7 M PBS 19 7
5 Graphite flake 0.7 M KCl 5 6
6 Graphite flake 0.1 M K,CO; 50 37
7 Graphite flake 1.5 M K,CO; 66 41

“Reaction conditions: graphite flake anode (1 cm x 1 cm), Pt cathode
(1 em x 1 ¢cm), TMA (0.1 mmol), water (5 mL), at 1.1 V vs. Hg/HgO for
2 h at room temperature in an H-type cell.

5938 | Green Chem., 2023, 25, 5936-5944

View Article Online

Green Chemistry

with a moderate yield (31%) and low faradaic efficiency (FE)
(6%, entry 2, Table S1}). Further anode material screening
includes Ni(OH),, Ni foam, commercial Pd/C, carbon paper,
carbon felt (entries 3-7, Table S1t) and graphite flake (entry 2,
Table 1), among which graphite flake shows the highest DMF
yield (80%) and FE (56%). In addition, DMA, NMF and formal-
dehyde were observed as the by-products (Fig. S4-S6+).

The electrolyte was further optimized using graphite flake
as the anode (entries 1-5, Table 1), and K,CO; delivers the
highest DMF yield (entry 2, Table 1). Although complete TMA
conversion was observed when KOH was used as the electro-
Iyte, DMF yield was only 16% for 2 h (entry 1, Table 1). With
the reaction time extended to 5 h, the DMF yield decreased to
1%, indicating that the use of KOH as the electrolyte probably
caused TMA overoxidation or decomposition (Fig. S71). Low
TMA conversions and DMF yields were observed in KH,PO,,
PBS and KCl (entries 3-5, Table 1). Based on K,CO; as the
optimal electrolyte, we found that either decreasing (entry 6,
Table 1) or increasing (entry 7, Table 1) the K,CO; concen-
tration reduced the DMF yield. We recognize that electrolyte
pH also greatly affects DMF selectivity. By adding 0.7 M KOH
into 0.7 M K,CO; (to increase pH), or adding 0.7 M KHCO;
into 0.7 M K,CO; (to decrease pH), lower selectivity and FE of
DMF were obtained compared with that in 0.7 M K,CO; with
pH 12.2 (Fig. S8f). Based on the above optimizations, using
graphite flake as the anode, Pt as the cathode, and 0.7 M
K,CO; with 20 mM TMA as the electrolyte, the efficient electro-
chemical oxidation of TMA to DMF was realized (DMF yield of
80% and FE of 56%, shown in entry 2, Table 1) in an aqueous
medium without any additives under ambient temperature
and pressure. These are set as the standard conditions for the
following evaluations.

Electrochemical studies

The linear sweep voltammetry (LSV) curves under the opti-
mized conditions are displayed in Fig. 1a. In the absence of
TMA, the current density increase is contributed by the OER,
and a high potential of 1.21 V vs. Hg/HgO is required to
achieve 10 mA cm™. In sharp contrast, in the presence of
20 mM TMA, a significant reduction of onset potential (0.73 V
vs. Hg/HgO) was observed to achieve the same current density.
In addition, concerning the reaction thermodynamics, the
standard electrode potential (¢?) of the TMA oxidation reaction
is 0.32 V vs. RHE (the electrode potential at pH 12.2 is —0.40 V
vs. RHE), while that of the oxygen evolution reaction (OER) is
1.23 vs. RHE (the electrode potential at pH 12.2 is 0.51 V vs.
RHE), indicating that TMA oxidation is more thermo-
dynamically favorable than the OER (Table S2t). Accordingly,
H, production at the cathode is also enhanced, with the reac-
tion rate increasing from 4.28 mL ecm™> h™" (without TMA) to
23.51 mL em™> h™" (with TMA) at 1.1 V vs. Hg/HgO with >99%
FE (Fig. 1b), which is an indication of the greater energy
efficiency of the whole process.*”

We then investigated the effect of applied potential on
product selectivity. According to the potential range shown in
the LSV curve, we performed the reaction at a constant poten-

This journal is © The Royal Society of Chemistry 2023
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tial from 0.9 to 1.3 V vs. Hg/HgO (Fig. 1c and Table S37). In the
potential range of 0.9-1.1 V vs. Hg/HgO, the DMF yield and FE
gradually increased with the increase of potential (Fig. S9at),
while formaldehyde’s FE decreased. It is speculated that a slow
reaction rate at lower potential may be caused by the accumu-
lation of formaldehyde as a reaction intermediate (discussed
later). The DMF yield and FE are the highest when the poten-
tial is increased to 1.1 V vs. Hg/HgO (entry 2, Table 1).
However, when the potential was further increased to 1.3 V vs.
Hg/HgO, both DMF yield and FE significantly decreased. The
yield continued to decline with the extension of reaction time,
indicating overoxidation of DMF (Fig. S9b¥) and the intermedi-
ates, as well as the competition of the OER at the high poten-
tial (Table S47). At the same time, it also caused a significant
decrease in the faradaic efficiency.

Mechanistic investigations

To gain insights into the reaction mechanism of the efficient
electrochemical oxidation of TMA to DMF, we monitored the
time course of the electrochemical oxidation process (Fig. 2a).
Complete TMA conversion and high yield of DMF (76%) were
achieved within 2 hours. DMA and formaldehyde were
detected during the reaction, which were probably generated
by TMA oxidation via C-N cleavage with subsequent oxi-
dations. We investigated whether formaldehyde is contributed
by the electrochemical reduction of CO;>~ (from the K,COj;
electrolyte) at the cathode followed by a crossover to the anode
chamber. No formaldehyde was detected in the cathode
chamber (Fig. S10t), thus formaldehyde is solely contributed
by TMA oxidation. In addition, the concentration of DMA
decreases at longer reaction times, which is likely due to the
C-N coupling between DMA and formaldehyde to yield
DMF.*®*° To verify this possibilityy DMA and formaldehyde
were used as the starting materials for the electrochemical
reaction (Scheme 2a). The results show that DMF was obtained
in a high yield (85%), demonstrating that DMA and formal-
dehyde are the reaction intermediates during the electro-
chemical oxidation of TMA to DMF.

To further understand the reaction mechanism of the
electrochemical oxidation of TMA to DMF, differential electro-

This journal is © The Royal Society of Chemistry 2023

chemical mass spectrometry (DEMS) experiments were carried
out to detect the reaction intermediates. The measurement
was carried out in the undivided cell, containing 0.7 M K,CO3
with 20 mM TMA, using carbon paper, Pt wire, and Hg/HgO as
the working, counter, and reference electrodes, respectively.
The DEMS was performed under the standard conditions, as
shown in Fig. 2b. The signal with a mass-to-charge ratio (m/z)
of 59 kept decreasing, which is assigned to TMA consumption
during the reaction. Another signal with a m/z of 45 first
increased and then decreased over time, which is assigned to
DMA, indicating its generation and then consumption during
the measurement. These results are consistent with the above
time course study (Fig. 2a). It is reported that during the oxi-
dation of amines to amides, aminal intermediates are
formed.’*”! However, the formation of DMF and other reac-
tion intermediates including aminal intermediates was not
observed, probably due to their low vaporization ability or
instability under the tested conditions. Furthermore, in situ
infrared reflection absorption spectroscopy (IRRAS) (Fig. 2c)
was conducted in 0.7 M K,CO; with 20 mM TMA at 1.1 V vs.
Hg/HgO for 1200 s. With the prolonging of the reaction time,
the peaks at 1670 cm ™" and 1755 cm ™" can be assigned to the
vibrational stretching of carbonyl (C=O), which could be
attributed to the formation of DMF and formaldehyde.>”

According to the above analysis that DMA and formal-
dehyde are formed during the electrochemical oxidation of
TMA to DMF, we speculate that TMA might be initially oxi-
dized to an aminal intermediate ((CH;3),NCH,OH), which is
then reversibly transformed to DMA and formaldehyde, or
further oxidized to DMF. Because the nucleophilic attack of a
hydroxide (HO™) to N,N-dimethylmethyleneiminium iodide
(namely, Eschenmoser’s salt) would generate a (CH;),NCH,OH
intermediate, an electrochemical test was performed using
Eschenmoser’s salt as the substrate in order to demonstrate
that an aminal could be the reaction intermediate. The results
show that DMF was obtained in 78% yield (Scheme 2b); there-
fore (CH3),NCH,OH is presumably involved as the reaction
intermediate. This also explains the higher FE of formal-
dehyde at lower pH, because the lower pH would promote
hydrolysis of the aminal (Fig. S87).

Green Chem., 2023, 25, 5936-5944 | 5939
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Fig. 2 (a) Time-dependent conversions of TMA in 0.7 M K,COs. (b) DEMS results at 1.1 V vs. Hg/HgO in 0.7 M K,CO3z with 20 mM TMA. (c) In situ
IRRAS of the reaction in 0.7 M K,CO3 with 20 mM TMA at 1.1 V vs. Hg/HgO. (d) EPR spectra of the reaction in 0.7 M K,CO3z with 20 mM TMA at 1.1V

vs. Hg/HgO.
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Scheme 2 (a) Electrochemical oxidation of DMA and formaldehyde at
1.1V vs. Hg/HgO under the standard conditions. (b) Electrochemical oxi-
dation of Eschenmoser’s salt at 1.1 V vs. Hg/HgO under the standard
conditions.

In order to gain more insights into the reaction mecha-
nism, radical trapping experiments were performed. A
decreased yield of DMF after adding 5,5-dimethyl-1-pyrroline
N-oxide (DMPO, 15% decrease in yield with 10 mM DMPO,
and 25% decrease in yield with 20 mM DMPO, Fig. S117) was
observed, indicating that a radical pathway through a single-
electron transfer (SET) process was involved. To further
confirm our conjecture, the possible formation of free radicals
during the reaction was detected by electron paramagnetic
resonance (EPR) study. The measurement was conducted in
0.7 M K,CO; with 20 mM mmol TMA using 100 mM DMPO as
the trapping reagent. Prior to the measurement of EPR, the
reaction solution was subjected to constant potential electroly-
sis (1.1 V vs. Hg/HgO) for 6 minutes to initiate the reaction.
The typical signals of 'C, ‘'OOH and 'O, were detected
(Fig. 2d). We speculate that "C is attributable to a dimethyl-

5940 | Green Chem., 2023, 25, 5936-5944

aminomethyl radical formed by TMA oxidation,>® and then di-
methylaminomethyl radical can be oxidized to an iminium ion
and finally to DMF. In addition, *OOH and 'O, radicals are
possibly formed by the electrooxidation of water, but they
exhibit an insignificant effect on DMF formation. To confirm
the role of "C radical in DMF formation, we conducted the EPR
experiment under reaction conditions with KCI as the electro-
Iyte, in which a much lower DMF yield was obtained (entry 5,
Table 1). The radical signal of "C with much weaker intensity
was observed (Fig. S127), indicating that the "C radical is an
intermediate during the electrochemical oxidation of TMA to
DMF.

Based on the above discussions and previous studies,
we propose that the electrochemical oxidation of TMA to DMF
proceeds through the following pathway (Scheme 3). TMA (1)
is initially oxidized to an amino radical cation (1a) via single
electron transfer (SET). 1a is then deprotonated to give an
a-amino carbon radical (1b). 1b is then oxidized to an
iminium intermediate (1c) via another SET process. Upon
nucleophilic attack by OH™ in the electrolyte, aminal (2a) is

54,55

aem
Me_,
<4 4H,0 2H, + 4OH" N+ Hewo
Me
2b 2c
T HY M OH~ i @
Me_, Me Me * Me - e N~ Me_t Me.
N N N 7 \,;‘) Me., JLH
-t Me Me Me Me Me Ve
1 1a 1b 1c 2a _ 2
- - 2¢, -2H*

Graphite flake

Scheme 3 Proposed reaction mechanism of electrochemical of TMA
to DMF.
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formed, with a reversible transformation to DMA (2b) and for-
maldehyde (2¢). Finally, 2a is oxidized to DMF (2) through 2e™
and 2 proton transfer processes. Overall, TMA is electrochemi-
cally oxidized to DMF via the above 4e~ and 3H' transfer
process without using any mediators.

Continuous electrosynthesis of DMF

Considering the large demand of DMF in practical scenarios,
it is important to achieve DMF electrosynthesis in a continu-
ous fashion. Therefore, we set up a two-electrode, zero-gap
membrane-electrode assembly (MEA) flow reactor with an
anion exchange membrane (AEM) based on our previous
experience,’® and evaluated the feasibility of continuous DMF
production. By using the AEM configuration, ohmic resistance
can be reduced, which is beneficial for energy efficiency
especially at high current densities. The flow reactor was inte-
grated using a graphite flake (2 cm x 2 ¢cm) as the anode and a
Pt plate (2 cm x 2 cm) as the cathode (Fig. 3a and b). Under
standard reaction conditions (0.7 M K,CO; with 20 mM TMA,
flow rate of 5.4 mL min~", Fig. S131), without introducing
TMA, the anodic current density increase is contributed by the
OER process which requires a high voltage of 2.0 V. In con-
trast, the TMA oxidation takes place at a cell voltage of 1.6 V
(Fig. 3c), suggesting that TMA oxidation is preferable to the
OER, consistent with the results in the H-cell reactor. However,
when the voltage increased above 2.7 V, the OER becomes pre-
ferable as shown by the higher current density, presumably
due to the limitation of TMA diffusion in the flow reactor that
makes TMA oxidation less competitive compared to the OER.
Similar to the results shown in the aforementioned H-cell
reactor, the applied voltage is a key factor influencing DMF
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productivity and FE. We thus varied the applied voltage from
2.0 V to 2.5 V (Fig. 3d) in the MEA flow reactor. The results
show that DMF productivity and FE are relatively low under a
lower voltage, and high selectivity of formaldehyde is obtained,
which is an indication of the slow oxidation of the aminal
intermediate at the lower voltage (Fig. S1471). The productivity
of DMF increased at increased voltages, but FE decreased due
to the competition of the OER. After preliminary optimization
of the applied voltage, we achieved continuous DMF electro-
synthesis with a productivity of 26 pmol h™" and FE of 40% at
2.2 V. Then a 20-hour i-t test was conducted to evaluate the
stability of this MEA flow reactor-based system. Under a cell
voltage of 2.1 V, the solution of 0.7 M K,CO; with 20 mM TMA
was circulated into the MEA flow reactor with a flow rate of
5.4 mL min~'. A relatively stable current density (ca. 2 mA
cm?) and FE of DMF (ca. 38%) were achieved in the 20-hour
test (Fig. S157), indicating high stability.

To further increase DMF productivity to meet more practi-
cal-relevant scenarios, a two-electrode, membrane-free flow
reactor was conceived (Fig. 4a) and set up (Fig. 4b and
Fig. S16%). By not using a membrane (AEM), although ohmic
resistance would increase, the reactor would be more cost-
effective, thus being conducive to scaling up the reactor in
more practical scenarios. Due to the high cost of Pt, and also
the comparable activity of Ni foam as the cathode (tested in a
membrane-free flow reactor with a smaller working electrode
area of 4 cm®, Fig. S177), Ni foam was used as the cathode in
the membrane-free flow reactor (8 cm x 9 cm). Compared with
MEA, the membrane-free flow reactor has one feed inlet and
one discharge outlet, so the resulting gas-liquid is mixed at
the discharge outlet. Optimization of TMA concentration and
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Fig. 3 Reaction evaluation in the MEA flow reactor. (a) Photograph of the MEA flow reactor. (b) Schematic illustration of the MEA flow reactor. (c)
LSV curves at a scan rate of 10 mV st in 0.7 M K,COz with or without 20 mM TMA at a flow rate of 5.4 mL min~t. (d) Productivity and faradaic

efficiency as a function of potential. Reaction conditions: 0.7 M K,COz with 20 mM TMA at a flow rate of 5.4 mL min™.
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flow rate was then performed (Fig. S181). The DMF pro-
ductivity was higher in 0.7 M K,CO; with 200 mM TMA at a
flow rate of 5.4 mL min~'. The LSV curve (Fig. S19at) shows
that TMA oxidation takes place from a cell voltage of approxi-
mately 1.9 V, and the current density reached 100 mA cm™ at
2.5 V. The voltage is lower than that in 0.7 M K,CO; without
TMA, suggesting that TMA oxidation is preferable to the OER.
This is consistent with the results in the aforementioned
investigations in the H-cell and MEA flow reactors. We then
demonstrated that DMF can be produced in a high yield using
this membrane-free flow reactor. The electrolyte passes
through the flow reactor with circulation, and the products
(and the unreacted TMA) were immersed in an ice-bath to
prevent TMA from evaporation considering its low boiling
point (ca. 3 °C). Eventually, DMF was obtained in a high yield
(75%) in a 24-hour test (Fig. 4c). Moreover, the system can be
reused three times without activity loss, demonstrating the re-
usability of the flow system.

We then evaluated the robustness of this flow system in a
long-term operation, which is a prerequisite for practical appli-
cations. The device was continuously operated for 100 hours

5942 | Green Chem., 2023, 25, 5936-5944

without a noticeable change in DMF selectivity (roughly 98%)
or cell voltage (roughly 2.6 V). During this stability test, the for-
mation rate of DMF was maintained relatively constant at
around 550 pmol h™" (Fig. 4d). Unfortunately, the FE of DMF
was low (approximately 2%, Fig. S19b¥), much lower than that
obtained in the H-cell or MEA flow reactors. This is not unrea-
sonable considering the large working area of the membrane-
free reactor, on which TMA diffusion would be more difficult,
which in turn results in intense OER. These results indicate
that the reactor design with a large working area may become
a decisive factor in determining the reaction efficiency, which
is worth investigating for scaling-up electrosynthesis. Further
optimizations of the MEA flow reactor and membrane-free
reactor are ongoing in our laboratory.

Eventually, we assessed green chemistry metrics and profit-
ability of electrochemical synthesis of DMF from TMA shown
in this work. Regarding green chemistry characteristics, we
performed calculations on several important green chemistry
metrics, including the AE, E-factor, and CE. The calculation
details of these green chemistry metrics are shown in the ESI
(Tables S5 and S6).1 The calculation results of the electro-

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc01406a

Published on 10 July 2023. Downloaded on 12/3/2025 8:13:04 PM.

Green Chemistry

chemical synthesis of DMF display high AE (94.8%), low
E-factor (4.62), and high CE (88%), indicating that the syn-
thetic method is potentially green and sustainable. Regarding
profitability, we conducted a preliminary techno-economic
analysis (TEA) (full details of the TEA are available in the ESI,
Fig. S207). The results suggest that the profitability of the
process depends on the cost of renewable electricity, operating
current density and FE of DMF. With the development of
renewable electricity in the future, its cost continues to
plummet to below 10 cents kW h™".>” In this context, the
electrochemical oxidation of TMA to DMF is economically
possible when the system achieves a certain FE (>30%) and
current density (>100 mA em™~>). While there is still a substan-
tial gap between the low FE we obtained and the desirable
profitability requirement, continuous DMF production with a
high current and long-term stability suggests the potential of
the electrochemical strategy.

Conclusions

In summary, we have developed an unprecedented electro-
chemical oxidation strategy to directly transform TMA to DMF
coupled with H, production. This electrochemical process pro-
ceeds at room temperature and ambient pressure in 0.7 M
K,CO;3; with 20 mM TMA without using any mediator. DMF
production with >50% FE and 80% yield was achieved in an
H-cell reactor. Mechanistic studies suggested that the reaction
occurs through an aminal intermediate which is further oxi-
dized to DMF. The productivity and robustness of this electro-
chemical oxidation were preliminarily demonstrated in a flow
fashion including in a MEA flow reactor and in a membrane-
free reactor. Furthermore, green chemistry metrics calculations
indicated that this method provides an atom-economical,
green and environmentally benign route to produce DMF from
TMA under mild conditions, which could find potential appli-
cations in the chemical industry towards renewable-electricity-
powered electrosynthesis. Further studies are ongoing in our
laboratory to promote the FE and selectivity of DMF and to
expand the generality of this strategy towards diverse amine
compounds of high value.
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