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Electrocatalytic reductive amination (ERA) offers an attractive way to synthesise organonitrogen chemicals
from renewable feedstocks. Here, we report carbon nanotubes (CNTs) as an effective catalyst for the ERA
of biomass-derivable a-keto acids into amino acids using NHsz as the nitrogen source. Through a facile
ball milling (BM) treatment, the intrinsic defects in the CNTs were increased while the electrocatalytic
activity of CNTs converting 2-ketoglutaric acid into glutamic acid was enhanced by approximately seven
times. A high faradaic efficiency (FE) of ~90% with a corresponding glutamic acid formation rate of up to
180.9 mmol g%, h™! was achieved, and ~60% molar yield of glutamic acid was obtained after 8 h of
electrolysis. Electrokinetic analyses indicated that the BM—CNT catalysed ERA exhibits a first-order depen-
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dence on the substrate and NHsz, with a rate-determining step (RDS) involving the first electron transfer.
Following this protocol, a number of amino acids were prepared with moderate to high FEs and formation
rates. Significantly, we synthesised long carbon chain amino acids, which are typically obtained in lower

rsc.li/greenchem yields using the existing methods.
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Introduction

Amino acids are essential compounds used in a myriad of
industrial applications, including human food, animal feed,
pharmaceutical products, bio-based polymer synthesis and so
on."” Currently, amino acid production mainly relies on
microbial fermentation processes, which suffer from a long
culturing time, complicated and energy intensive separation/
purification, and the need for single-use enzymes that can be
costly.*” Chemical methods such as the Strecker reaction,® the
Gabriel synthesis,” and the Miller experiment® may offer
higher space-time productivities, but they usually employ toxic
feedstocks or harsh reaction conditions, hindering practical
applications.
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The construction of the C-N bond through thermocatalytic
reductive amination provides amino acids from keto acids and
a nitrogen source under comparatively mild conditions.>"°
This pathway involves a two-step procedure as illustrated in
Scheme 1: a carbonyl compound and a nitrogen source (e.g.,
NHj;) first condense to form an imine intermediate which is
subsequently reduced to afford an amine product, while the
direct reduction of the carbonyl compound is usually the com-
peting side reaction. The selective reduction of imines can be
achieved by using reducing agents such as formates,'™"?
silanes,"® and hydrides,"*™® which generate organic waste and
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Scheme 1 The reaction pathway of reductive amination. Step 1: con-
densation of a carbonyl compound and a nitrogen source to form an
imine intermediate. Step 2: reduction of the imine intermediate to afford
an amine product. Side reaction: reduction of the carbonyl compound
to form a hydroxyl compound.
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require solvent clean-up. Molecular H, is also commonly used
for reductive amination in the presence of Ni-based
catalysts'”'® or noble metal-based catalysts, including Pt,*°
Pd,”® Ru,”"** Rh,>* and Ir.** Although more environmentally
friendly than other reductants, H, still has several disadvan-
tages of (1) needing to be generated from other energy sources;
(2) requiring relatively severe reaction conditions (e.g., 10 bar
H,, 80 to 150 °C), and (3) being able to hydrogenate other
functional groups such as carbonyl groups or aromatic rings
depending on the property of the catalysts.

In recent years, the electrochemical valorisation of biomass
derivatives to value-added chemicals has emerged as a new
frontier.”>' As an example, electrocatalytic reductive amin-
ation (ERA), occurring via the pathway shown in Scheme 1, has
several advantages. Similar to other well studied electro-
catalytic reactions including CO,/CO reduction,**™® N,
reduction®*° and O, reduction® ™ reactions, it proceeds
under environmentally benign conditions, using electrons as
reductants and water as the hydrogen source. Additionally, the
selectivity of ERA can be facilely controlled by altering the
applied potentials. As an early example, Meisters et al. pre-
pared several amino acids from the corresponding a-keto acids
in aqueous NH3/NH,Cl solution, with yields ranging from 24%
to 88% after long-time constant potential electrolysis.***>
Recently, Choi et al. investigated the ERA of 5-hydroxymethyl-
furfural (5-HMF) with methylamine, achieving high faradaic
efficiency (FE) and selectivity by using a high surface area Ag
electrode.*® In 2021, Palkovits and co-workers discovered that
Cu was a highly selective cathode material to convert levulinic
acid to 1,5-dimethyl-2-pyrrolidone in 78% yield through ERA
and dehydration.”” These works often relied on toxic and/or
expensive metals as the main component in the catalyst. For
metal oxide based catalyst, Yamauchi et al. synthesised seven
amino acids with FEs of 77-99% using TiO,, but hydroxyl-
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amine (NH,OH) was used as the nitrogen source, which is
more poisonous and costly than NH;.*®*° Interestingly, Sun
et al. demonstrated that ERA using the same catalyst could be
combined with alcohol oxidation to obtain amino acids
directly from alcohols.”

Carbon materials have been recognised as prospective cata-
lysts in diverse electrochemical processes including O,
reduction,” > CO, reduction,”*™ and organic electrosyn-
thetic reactions.”®*® The electrocatalytic reactivity of carbon
materials is tuneable by defect engineering, heteroatomic
doping, and surface functional group modification. Herein, we
have extended the electrocatalytic application of carbon nano-
tubes to convert biomass-derivable a-keto acids into the corres-
ponding amino acids with moderate to high formation rates
and FEs (Fig. 1). Ball milling (BM) treatment has been identi-
fied as an effective strategy to introduce intrinsic defects into
CNTs to substantially boost the activity of ERA. We also system-
atically investigated the influences of applied potentials and
substrate/ammonia concentrations on the FE and formation
rate of glutamic acid, as well as catalyst recycling.

Materials and methods

Chemicals and materials

Multi-walled carbon nanotubes (bulk CNTs,
MA-EN-CO-0R0113) were purchased from Canrd Co., Ltd.
N-doped multi-walled carbon nanotubes (N-CNTs, XFM63)
and amino-modified multi-walled carbon nanotubes (CNT-
NH,, XFM62) were purchased from Nanjing XFNANO
Materials Tech Co., Ltd. The specifications of the CNT
materials are provided (Table S37). Carbon paper (TGP-H-060)
was purchased from Suzhou Sinero Tech Co., Ltd. The Ag/AgCl
electrode (3 M KCl) and graphite rod were purchased from
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Fig. 1 Comparison of the amino acid synthesis protocols via bio-, thermal-, and electrocatalytic routes.
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Shanghai Jingchong Electronic Technology Development Pte.
Ltd. The Nafion 117 membrane (N117, DuPont) was purchased
from Xianfeng Instrument Tech Co., Ltd. Nitrogen gas (N,,
99.9995%) was supplied by Air Liquide. Sodium chloride
(NaCl, >99.0%), silver nitrate (AgNOj;, >99.0%), Nafion® per-
fluorinated resin solution (5 wt% in 45% water balanced with
lower aliphatic alcohols), ammonium sulfate ((NH,),SOy,
>99.0%), ammonia solution (~25 wt% NH; in water), pyruvic
acid (98%), glyoxylic acid solution (50 wt% in water), 2-ketobu-
tyric acid (97%), oxaloacetic acid (97%), 2-oxovaleric acid
(98%), 2-ketoglutaric acid (99.0-101.0%), phenylglyoxylic acid
(97%), sodium phenylpyruvate, 4-hydroxyphenyl pyruvic acid
(98%), L-glutamic acid (>99.0%) and 3-(trimethylsilyl)-1-propa-
nesulfonic acid sodium salt (97%) were supplied by Sigma-
Aldrich. Nitric acid (HNOj;, 65%) and absolute ethanol
(>99.7%) were supplied by VWR Chemicals. Acetone (HPLC
grade) was purchased from Fisher Chemical. Deuterium oxide
(D,O, D, 99.9%) was purchased from Cambridge Isotope
Laboratories. Except for bulk CNTs, N-CNTs and CNT-NH,,
commercially available chemicals were used as received
without purification. All aqueous solutions were prepared
using ultra-pure water (Milli-Q®, conductivity of 0.056 pS
em™).

Catalyst preparation

Bulk CNTs, N-CNTs and CNT-NH, were separately sonicated
in ultra-pure water and acetone (three times in each solvent) to
remove impurities. After the removal of the supernatant by
centrifugation, the precipitate was dried at 80 °C overnight. In
a typical fabrication procedure of ball-milled CNTs (BM-
CNTs), 0.1 g of bulk CNT powder together with 0.5 g of NaCl
and 10 g of zirconium oxide (ZrO,) balls was introduced to a
zirconium oxide ball-mill chamber (45 mL). Ball milling
(Pulverisette 7, Fritsch) was carried out at 300 rpm for 1, 2, 3, 4
and 5 hours. The ball milling process was paused for 10 min
after every 20 min of grinding to avoid overheating. After ball
milling, the powder mixture was separated from the balls
using a steel mesh. It was washed with ultra-pure water and
vacuum-filtered until there was no precipitate in the filtrate
when AgNO; was added. Then, the collected powder was oven-
dried at 80 °C overnight, resulting in the BMX h-CNT (where X
represents the number of hours of the ball milling process).

Electrochemical measurements

Carbon paper cut into 1.5 x 3 cm was pre-treated by immersing
it in 1 M nitric acid and sonicating for 30 min. Following this
step, the carbon paper was washed thoroughly with ultra-pure
water and absolute ethanol, and then dried at 80 °C overnight.
To prepare the catalyst ink, 4.5 mg of the prepared catalyst was
dispersed in a mixture of 1.2 mL of absolute ethanol and
10 pL of Nafion® perfluorinated resin solution and then soni-
cated for 1.5 hours to form a homogeneous suspension. The
working electrode was prepared by dropping the catalyst ink
onto both sides of a pre-treated carbon paper.

All the electrochemical measurements were performed with
an electrochemical workstation (CHI 760E, CH Instruments

This journal is © The Royal Society of Chemistry 2023
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Ins), except for the electrochemical impedance spectroscopy
(EIS) tests, which were carried out using a Gamry Reference
3000 potentiostat. The measurements were carried out in a
two-compartment (H-type) electrochemical cell with a three-
electrode configuration at room temperature under stirring,
except for the cyclic voltammetry (CV) tests which were con-
ducted without stirring. A graphite rod and an Ag/AgCl elec-
trode (3 M KCl) were used as the counter and reference electro-
des, respectively. NH;/(NH,),SO, buffers ([NH;]/[NH,'] = 1, pH
10) with and without organic substrates were used as the
cathodic and anodic electrolyte solutions, respectively. The two
compartments (50 mL each), each containing 40 mL of electro-
lytes, were sealed with Teflon caps and separated with a piece
of Nafion 117 membrane (Fig. S18%). In all cases, the cathodic
electrolyte solution was purged with purified nitrogen gas for
30 min at the start of each experiment to remove atmospheric
air. During the measurements, nitrogen gas was continuously
bubbled into the cathodic electrolyte. Every measurement,
except for the stability test, was carried out on a freshly pre-
pared working electrode. The potentials applied against the
Ag/AgCl reference electrode were converted to the iR-corrected
reversible hydrogen electrode (RHE) scale on the basis of the
following equation:

Egue (V) = Eagiagar (V) +0.210 V 4 0.059 V x pH — iR

R is the bulk electrolyte resistance between the working elec-
trode and the reference electrode, which was calculated based
on the potentiostatic EIS data fitted with a constant phase
element (CPE) circuit. The value of R was about 0.2 Q for all
experiments. Current densities were calculated according to
the detected currents and geometric area of the working elec-
trode (4.5 cm?).

The electrosynthesis of amino acids was carried out at a
constant potential and investigated systematically using
different working electrodes, potentials, substrate concen-
trations, ammonia concentrations and substrates. The linear
sweep voltammetry (LSV) measurements were conducted from
—0.6 V to —1.45 V versus Ag/AgCl at a scan rate of 20 mV s™*
with and without substrates with different working electrodes.
The CV measurements were performed from 0.2 V to —1.35 V
versus Ag/AgCl at scan rates ranging from 10 to 200 mV s
under various conditions. The potentiostatic EIS measure-
ments were performed at frequencies ranging from 10° to 0.1
Hz with an RMS amplitude of 10 mV at —1.1 V versus Ag/AgCl.

Product identification and quantification

The reaction solution collected from the cathodic compart-
ment was analysed by 'H nuclear magnetic resonance (NMR)
spectroscopy using a Bruker Ascend™ 400 (400 MHz) at room
temperature with water suppression. The anodic compartment
was also analysed, confirming that the Nafion 117 membrane
was in a good condition. Typically, 300 uL of the electrolyte
was mixed with 300 pL of deuterium oxide containing 20 mM
3-(trimethylsilyl)-1-propanesulfonic acid sodium salt, which
was used as an internal standard. The amino acids and corres-
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ponding hydroxy acids were identified from the signals at
approximately 3.4-3.8 ppm and 4.0-4.2 ppm assignable to the
proton on the a-carbon of the amino acids and hydroxy acids,
respectively (Fig. S11,1 all presented data are the average
results of 8 scans). For quantification, the concentration of
each compound could be calculated from the equation of the
calibration curve (Fig. S12} as an example) since the concen-
tration of amino acids or hydroxy acids exhibits a linear
relationship with the integral area of the characteristic peak.
More specifically, the integral value of the peak corresponding
to the product was obtained assuming that the integral value
of the internal standard peak was 1.0000.

The faradaic efficiency (FE) for each compound was calcu-
lated as follows:

FE(%) = nXCXVXE, 100
Q
where n is the number of electrons required for the formation
of the products (n = 2), C is the molar concentration of the pro-
ducts, V is the volume of the electrolyte (0.04 L), F is the
Faraday constant (96 485 C mol™"), and Q represents the total
charge passed during the electrolysis.

Material characterisation

The defective level of the CNT materials was determined using
a Raman microscope (HORIBA Jobin Yvon) with a 633 nm exci-
tation laser. The chemical environments of the CNT materials
were identified by X-ray photoelectron spectroscopy (XPS,
Kratos AXIS Ultra®"P, Kratos Analytical Ltd) with a mono Al Ka
X-ray source. All XPS data were calibrated to C 1s (C-C bond) at
284.80 eV and analysed using the Vision Processing and
XPSPEAK Version 4.1 software. X-ray diffraction (XRD) analysis
was performed using a diffractometer (Bruker D8 Advance),
where 26 ranged from 10° to 80° at a scan speed of 5° min™"
with a step size of 0.02°, to study the crystal structure of the
CNT materials. The surface morphology and microstructure of
the CNT materials were characterised using a field emission
scanning electron microscope (FESEM, JEOL JSM-7610F) oper-
ating at 5 kV and a field emission transmission electron micro-
scope (FETEM, JEOL JEM-2100F) operating at 200 kV. The
specific surface areas of different CNT materials were
measured by nitrogen adsorption/desorption based on the
Brunauer-Emmett-Teller (BET, NOVAtouch NT 4LX-1) method.
About 200 mg of samples were degassed in nitrogen at 150 °C
for 6 hours before analysis. The contact angles for carbon
paper and BM3 h-CNT covered carbon paper were measured
using a Kriiss G10 contact angle measurement system.

Results and discussion
Characterisation of the electrocatalysts

The surface morphology of CNTs was characterised before and
after the ball milling treatment by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). As
illustrated in the TEM image (Fig. 2a), most of the bulk CNTs
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Fig. 2 Characterisation of pristine and ball milled CNT. TEM images of
(@) bulk CNT and (b) BM3 h—CNT. The red circles and arrows highlight
the end tips and amorphous structure of the CNTs, respectively. (c)
Raman spectra of bulk CNT and BM3 h—CNT. The values of Ip/lg and
Ip/lg are averages calculated based on three independent measure-
ments. (d) XRD patterns of bulk CNT and BM3 h—-CNT. The peaks at
around 25.4° and 42.6° are attributed to the (002) graphite plane reflec-
tion and the (100) in-plane reflection, respectively. (e) XPS survey
spectra of bulk CNT and BM3 h-CNT. (f) XPS high resolution C 1s
spectra of bulk CNT and BM3 h—CNT.

were curved, entangled and twisted, together with the end tips
almost closed. After 3 h of ball milling (sample denoted as
BM3 h-CNT), a large portion of CNTs was cut shorter with open
ends, while plenty of individual CNTs were separated from the
agglomerates (Fig. 2b). It could also be observed that the
destroyed walls were kinked and discontinuous with a multilayer
polyaromatic carbon structure present in certain parts (Fig. 2b,
arrow and Fig. S1 and S37), implying structural defects and gra-
phitic disorder in the CNT sample. Consistent with the TEM
results, the SEM images show that the agglomeration of CNTs
was markedly reduced after ball milling, while amorphous carbon
was sporadically observed on the surface of CNTs (Fig. S27).

In the Raman spectra, four characteristic peaks were identi-
fied at around 1321 cm™, 1602 cm™, 1566 cm ' and
2620 cm™', which correspond to the disordered D and D’
bands, graphitic G band and graphene-layer-sensitive 2D
band, respectively (Fig. 2c). The intensity ratio of the D band
to the G band (Ip/lg), reflecting the defective level of carbon
materials,®® increased from 0.99 in bulk CNTs to 1.31 in
BM3 h-CNTs, demonstrating the existence of a more defective
structure and disordered phase in the latter. Additionally, the

This journal is © The Royal Society of Chemistry 2023
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declining 2D/G intensity ratios (I;p/Ig) from 0.64 to 0.39 after
ball milling suggests that there were less graphene layers in
BM3 h-CNTs compared with those in bulk CNTs,*" which is
consistent with the observation in the high resolution TEM
images (Fig. S37).

The XRD patterns of the samples exhibit two characteristic
peaks of CNT materials. There were no observable changes in
the XRD patterns after ball milling (Fig. 2d and Fig. S47), indi-
cating that the ball milling treatment has no significant effects
on the crystal structure of the CNTs. As displayed in the XPS
survey spectra (Fig. 2e), only C and a small amount of O
(oxygen contents of 0.42% and 1.07% in bulk CNTs and
BM3 h-CNTs, respectively) were detected, demonstrating that
the ball milling treatment does not introduce non-oxygen
heteroatom elements into CNTs. The high-resolution C 1s
spectra of BM3 h-CNTs and untreated CNTs are nearly identi-
cal, with similar Full Width at Half Maximum (FWHM) values
of 0.77 eV (Fig. 2f). The XPS spectra of CNTs after different
durations of ball milling treatment are provided in Fig. S5.F

Electrocatalytic reductive amination of 2-ketoglutaric acid to
glutamic acid

We initially examined the characteristics of electrocatalytic
reductive amination by linear sweep voltammetry (LSV) using
2-ketoglutaric acid as a model compound. The polarisation
curve in the absence of 2-ketoglutaric acid was ascribed to the
hydrogen evolution reaction (HER) (Fig. 3a, grey line). Upon
the addition of 2-ketoglutaric acid, there was a dramatic shift
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in the onset potential in the positive direction together with a
steep increase in the current density, indicating that the
electrocatalytic reductive amination is favoured over HER on
CNTs. Compared to bulk CNTs (blue line), BM3 h-CNTs
exhibited substantially enhanced electrocatalytic performance
reflected by the much higher cathodic current density (violet
line). It is also worth emphasising that two irreversible
reduction peaks, around —0.2 V vs. reversible hydrogen elec-
trode (RHE) and —0.5 V vs. RHE, were observed in the cyclic
voltammetry (CV) curves when 2-ketoglutaric acid was added
(Fig. 3b), attributable to the reduction of the 2-iminoglutaric
acid intermediate (forming the target compound, glutamic
acid) and 2-ketoglutaric acid (forming the side product,
2-hydroxyglutaric acid), respectively.*°>"®* This suggests that
the selectivity towards glutamic acid or 2-hydroxyglutaric acid
can be effectively tuned by altering the applied potentials
when ball milled CNTs are used as the electrode.

Next, the effects of different applied potentials, substrate/
ammonia concentrations and pH on the FE and glutamic acid
formation rate (GLU formation rate) were investigated (Fig. 3c-
e, Fig. S8 and S97). As the applied potential varied from —0.2
to —0.6 V vs. RHE, the formation rate of glutamic acid first
increased from 4.6 to 172.4 mmol ', h™" and began to level
off when the potential was more negative than —0.39 V vs. RHE
(Fig. 3c). In the range of —0.2 to —0.3 V vs. RHE, only glutamic
acid was detectable, with the FE showing an upward trend as
the potential became more negative and reaching its highest
value (93.1%) at —0.25 V vs. RHE. In agreement with earlier CV
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Fig. 3 Electrocatalytic reductive amination of biomass-derivable 2-ketoglutaric acid to glutamic acid. (a) LSV curves of bulk CNTs without (grey
line) and with (blue line) 100 mM 2-ketoglutaric acid, and BM3 h—CNTs with 100 mM 2-ketoglutaric acid (violet line) in a 3 M NHz/NH,* buffer (pH
10) at a scan rate of 20 mV s~! at room temperature. (b) CV curves of BM3 h—CNT without (blue line) and with (violet line) 100 mM 2-ketoglutaric
acid in a 3 M NHz/NH,* buffer (pH 10) at a scan rate of 10 mV s~ at room temperature. The FE and GLU formation rate in the BM3 h—CNT catalysed
room-temperature constant potential electrolysis of 2-ketoglutaric acid for 1 h at different (c) applied potentials (100 mM 2-ketoglutaric acid, 3 M
NHs, pH 10), (d) 2-ketoglutaric acid concentrations (—-0.39 V vs. RHE, 3 M NH3, pH 10) and (e) NH3z concentrations (-0.39 V vs. RHE, 100 mM 2-keto-
glutaric acid, pH 10). (f) Extended duration room-temperature electrolysis (violet dots) and recycling test (blue dots) over BM3 h—CNTs with 100 mM
2-ketoglutaric acid, 6 M NH3 (pH 10) at —0.39 V vs. RHE. For recycling experiments, the reaction time was 1 h.

This journal is © The Royal Society of Chemistry 2023

Green Chem., 2023, 25, 3117-3126 | 3121


https://doi.org/10.1039/d3gc00265a

Published on 18 March 2023. Downloaded on 2/21/2026 2:22:17 PM.

Paper

analyses, the FE towards glutamic acid declined sharply at
potentials more negative than —0.39 V vs. RHE, while the FE
for 2-hydroxyglutaric acid displayed a significant increase as
the keto acid reduction became more favourable.

The impact of reactant concentrations (Cy-ketoglutaric acid and
Cammonia) ON glutamic acid synthesis was investigated at —0.39
V vs. RHE (Fig. 3d and e). As the concentration of 2-ketogluta-
ric acid increased, the glutamic acid formation rate showed a
remarkable increase before increasing at a slower pace. The
plateau of the glutamic acid formation rate can be rationalised
by the possibility that the active sites on the cathode were satu-
rated by the reactants. There was a moderate decline of FE for
glutamic acid when the concentration of 2-ketoglutaric acid
was higher than 100 mM (Fig. 3d). Possible reasons for the
drop in FE include the formation of dimers or oligomers
which also participate in reduction reactions (Scheme Sia,}
electrons were utilised, but the products were not quantified)
and/or the condensation between the substrate and product
(Scheme S1bt), based on NMR analysis (Fig. $101).***® Due to
the shifted ketone-imine equilibrium to the imino acid side,
the FE for glutamic acid showed a sharp increase from 28.8%
to 91.2% when the ammonia concentration increased from 0.5
M to 5 M (Fig. 3e). The production of glutamic acid was found
to be favoured at high pH, which similarly promotes the shift-
ing of the ketone-imine equilibrium to produce more imino
acid (Fig. S8T). Altogether, a high FE of ~90% and a corres-
ponding formation rate of 180.9 mmol g™ ', h™" for glutamic
acid synthesis were achieved under the optimum reaction con-
ditions: 100 mM 2-ketoglutaric acid, 6 M ammonia and pH 10
at an applied potential of —0.39 V vs. RHE.
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An extended duration electrosynthesis was conducted on
BM3 h-CNTs under the optimised conditions; nearly 60%
molar yield of glutamic acid was obtained after 8 h of electroly-
sis (Fig. 3f, violet dots). In the recycling experiments, no
obvious performance loss was observed even after seven rep-
etitions (Fig. 3f, blue dots), highlighting the durability of the
catalyst. Overall, the BM3 h-CNT catalyst exhibited a high
current density, FE, GLU formation rate and yield achieved at a
relatively low overpotential in a relatively short reaction time,
which are comparable or superior to the those of catalysts
reported elsewhere***>4%4%2 (Taple S17).

Correlation of CNT structure and electrocatalytic reductive
amination reactivity

A series of CNTs prepared by varying the ball milling duration
and two types of N configurated CNTs (N-CNT and CNT-NH,)
were comparatively studied. As displayed in Fig. 4a, the specific
surface area (Table S2f) normalised GLU formation rate
(denoted as the GLU formation rateggr surface area) increased
substantially with increasing milling time between 0 and 3 h,
followed by a downward trend when the milling time exceeded
3 h. Decreased electrical conductivity (Fig. 4d) and clear struc-
tural deterioration of the CNTs (Fig. S1 and S2t) were observed
in the samples after long time ball milling treatment, which
are likely to be the reasons for their lower activity. The FE
towards glutamic acid increased after the ball milling treat-
ment and remained constant at around 85% with prolonging
milling time. No obvious relationships between the catalytic
performance and the CNT morphology (Fig. S1 and S21), crys-
tallinity (Fig. S4t) and functionality (Fig. S5t) were observed.
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Fig. 4 Correlation of glutamic acid synthesis activity and CNT structure.

Raman shift (cm™)

(a) FE and GLU formation rateger surface area Of room-temperature electroly-

sis of 100 mM 2-ketoglutaric acid and 3 M NHz (pH 10) at —0.39 V vs. RHE for 1 h with different CNT materials. (b) Raman spectra of various CNT

materials. (c) Correlation of CNT defective level Ip/lg and surface area

normalised glutamic acid formation rate. (d) Electrochemical Impedance

Spectra (EIS) Nyquist plots of various CNT materials at —0.29 V vs. RHE in 100 mM 2-ketoglutaric acid and 3 M NH3z/NH,4* buffer (pH 10) solutions.
The error bars denote the standard deviation of data from three independent experiments.
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On the other hand, the effect of the defective degree of the
CNTs was much more profound on the reaction. In accordance
with the trend of the electrocatalytic activity, the D band inten-
sity and the Ip/I; ratio of the BM-CNTs increased progressively
with increasing milling time (Fig. 4b); the GLU formation
rateger surface area Was linearly correlated with the Ip/Ig ratio of
the CNTs (R*> = 0.999, Fig. 4c), implying that the intrinsic
carbon defects in CNTs potentially serve as the active sites and
contribute to the high activity in ERA.

Despite having high Ip/I; ratios (Fig. 4b), interestingly, the
N configurated CNTs exhibited relatively low GLU FE and for-
mation rateger surface area cOmMpared with BM-CNTs (Fig. 4a).
N-CNTs even displayed a relatively higher FE towards the by-
product, 2-hydroxyglutaric acid, compared with BM-CNTs and
CNT-NH,. According to the characterisation results (Fig. S6
and S7t), we speculate that the causes for the inferior perform-
ance of the N configurated CNTs towards ERA are: (1) the low
charge transfer efficiency of N-CNTs and CNT-NH, (Fig. 4d)
owing to the graphene lattice distortion by N heteroatoms and
(2) the high amounts of pyridinic N and pyrrolic N in N-CNTs
(Fig. S6ff) that may be favourable for the reduction of the
C=O0 double bond®>"* rather than the C=N double bond. As
the high defective degrees for N-CNTs and CNT-NH, are due
to the incorporation of extrinsic N defects,”® these control
samples further highlight the important role of the intrinsic
defects in CNTs for the reductive amination.

Investigation of glutamic acid synthesis mechanism

The formation of glutamic acid followed first order depen-
dence with respect to both 2-ketoglutaric acid and ammonia at
low concentrations, but approached zeroth order dependence
at 2-ketoglutaric acid concentrations above 100 mM and
ammonia concentrations above 3 M (Fig. 5a and b). As dis-
played in Fig. 5c, the Tafel slope of BM3 h-CNTs in the region
of glutamic acid production was 113.2 mV dec™, implying that
the rate determining step (RDS) for the overall reaction is the
first electron transfer process. Kinetic modelling was also con-
ducted to verify the observed reaction orders and our proposed
RDS, showing a good agreement between the model predic-
tions and the experimental results (Fig. S1371). In the literature,
there are mainly two possible mechanisms for ERA in aqueous
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electrolytes. The first one, as previously found on mercury, is
characterised by an initial direct electron addition to the
imino acid** (Scheme S2af). The second mechanism involves
the initial formation of a hydride on the cathode surface, fol-
lowed by the addition of a hydrogen atom to the imino acid,
which often happens on metals with low HER overpotentials,
such as platinum and palladium*® (Scheme S2bf). In our
system, the CV curve of 2-ketoglutaric acid displayed in Fig. 3b
shows a peak at around —0.2 V vs. RHE, attributable to the
electron transfer to the imino acid.****"** Furthermore, the
observed Tafel slope of 113.2 mV dec™" rules out a pathway
through hydride formation as its RDS may involve the adsorp-
tion of the imino acid on the cathode surface,* resulting in a
theoretical Tafel slope of 60 mV dec™. Thus, the ERA on
BM3 h-CNTs is likely to occur through the direct electron
transfer pathway.

Taken together, the electrokinetic study suggests the follow-
ing BM3 h-CNT catalysed ERA mechanism (Scheme 2): firstly,
a nucleophilic attack by ammonia on a keto acid A results in a
2-amino-2-hydroxy acid B, followed by the elimination of a
water molecule to afford an imino acid intermediate C.
Subsequently, the in situ formed imino acid directly accepts an
electron at the electrode surface to form a radical anion D,
which extracts a proton from water to generate a radical E. E
then undergoes a fast proton-coupled electron transfer to form
an amino acid F at the cathode surface.
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Scheme 2 Proposed mechanism for the BM3 h—CNT catalysed ERA.
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Fig. 5 Kinetic analyses of BM3 h—CNT catalysed electro-reductive amination of 2-ketoglutaric acid to glutamic acid. The dependence of the gluta-
mic acid partial current density on the concentration of (a) 2-ketoglutaric acid (3 M ammonia) and (b) ammonia (100 mM 2-ketoglutaric acid) at
—0.39 V vs. RHE, pH 10. (c) Tafel plot of glutamic acid synthesis with 100 mM 2-ketoglutaric acid and 3 M ammonia at pH 10.
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