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Electrosynthesis of benzyl-tert-butylamine via
nickel-catalyzed oxidation of benzyl alcohol}

P. J. L. Broersen,i V. Paschalidoui and A. C. Garcia & *

The development of sustainable synthetic methods for converting alcohols to amines is of great interest
due to their widespread use in pharmaceuticals and fine chemicals. In this work, we present an electro-
chemical approach by using green electrons for the selective oxidation of benzyl alcohol to benzaldehyde
using a NiOOH catalyst, followed by its reductive amination to form benzyl-tert-butylamine. The number
of Ni monolayer equivalents on the catalyst was found to significantly influence selectivity, with 2 mono-
layers achieving up to 90% faradaic efficiency (FE) for benzaldehyde in NaOH, while 10 monolayers per-
formed best in a tert-butylamine solution (pH 11), yielding 100% FE for benzaldehyde. Reductive amin-
ation of benzaldehyde was optimized on Ag and Pb electrodes, with Ag achieving 39% FE towards the
amine product, though hydrogen evolution remained a competing reaction. In situ FTIR spectroscopy
confirmed the formation of benzaldehyde and its corresponding imine intermediate during oxidation,
while reduction spectra supported the formation of the amine product. These results demonstrate the
potential of paired electrolysis for alcohol-to-amine conversion, achieving an overall 35% FE for the syn-
thesis of benzyl-tert-butylamine. This work paves the way for more efficient and sustainable electro-
chemical routes to amine synthesis.

1. This work advances green chemistry by developing an electrochemical method for synthesizing benzyl-tert-butylamine,
replacing traditional methods that rely on stoichiometric reagents, high pressures, and noble metals. By utilizing nickel
oxyhydroxide (NiOOH) and silver electrodes, the approach integrates oxidation and reductive amination steps into a single
sustainable process, minimizing waste and improving energy efficiency.

2. The electrochemical system achieves up to 90% faradaic efficiency (FE) for benzaldehyde and 39% FE for the final
amine, resulting in an overall 35% FE for benzyl-tert-butylamine synthesis. This paired electrolysis strategy significantly
reduces the environmental impact compared to conventional routes, avoiding harmful oxidants, reducing catalyst depen-
dence, and operating under ambient conditions.

3. To further improve sustainability, research could optimize catalyst stability, enhance faradaic efficiency, and integrate
renewable electricity sources. Scaling up the process and exploring alternative electrode materials with higher selectivity
and durability could make this method more efficient and commercially viable.

Introduction

alkylation agents are needed in amine synthesis to drive reduc-
tive alkylation or Sy2 type reactivity.” This leads to harsh reac-

Organic amines are essential intermediates and final products
in industries such as pharmaceuticals, agriculture, and speci-
alty chemicals."” Traditionally, strong reducing (LiAlH,) or

Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park
904, 1098 XH, Amsterdam, The Netherlands. E-mail: a.c.garcia@uva.nl

tElectronic supplementary information (ESI) available: The authors have cited
additional references within the ESI®°". See DOIL: https://doi.org/10.1039/
d4gc05171h

1 Both authors contributed equally to the manuscript.

This journal is © The Royal Society of Chemistry 2025

tion conditions (e.g., strong stoichiometric redox reagents),
salt production or overalkylation byproducts."*” Additionally,
industrial production of amines rely on fossil fuel and
ammonia (NH;) as feedstock.® These methods often lead to
significant challenges, including the generation of stoichio-
metric waste, high energy requirements, and the production of
undesired byproducts. Additionally, industrial-scale amine
production typically relies on fossil-based feedstocks and
ammonia (NHj;), further contributing to environmental con-
cerns. Among the various pathways to amine synthesis, the
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conversion of alcohols to amines has garnered significant
attention due to the wide availability and functional diversity
of alcohols. Alcohols, easily accessible through oxidation of
biomass or petrochemical precursors, provide a versatile start-
ing point for sustainable amine synthesis.”

Traditional chemical routes for alcohol-to-amine conver-
sion, such as the Mitsunobu reaction or hydrogen borrowing
catalysis, have demonstrated considerable utility but are often
accompanied by limitations. The Mitsunobu reaction requires
toxic reagents and generates significant waste, while hydrogen
borrowing catalysis typically involves noble metal catalysts
under high temperatures and pressures, limiting its
scalability.>® Enzymatic pathways, although milder, are con-
strained by the availability and stability of biocatalysts, which
complicates their industrial implementation (Scheme 1).'*!

Whilst formally a redox neutral process, all mentioned strat-
egies to perform the alcohol to amine conversion rely on a
two-step reaction: one oxidation and one reduction step to
perform the amination reaction.®'' Oxidation of a suitable
alcohol to the aldehyde can be superseded by imine formation
in the presence of an amine.'” This imine can be further
reduced to form the amine, completing the catalytic circuit.
Since oxidation and reduction steps are involved, it should be
possible to perform the reaction in an electrochemical
fashion.

Compared to methods,
approach demonstrates significant improvements in sustain-
ability and efficiency. Unlike chemical oxidation processes that
rely on oxidants like chromium-based reagents, the NiOOH
catalyst enables selective oxidation under mild conditions,
minimizing waste and energy consumption. Similarly, the
reductive amination avoids the use of high-pressure hydrogen

traditional electrochemical
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gas or precious metal catalysts, which are standard in conven-
tional methods. By integrating these reactions into a single
electrochemical system, our approach highlights a pathway
towards more sustainable and scalable amine synthesis,
addressing key limitations of existing technologies."*"*

In this study, we explore benzylamines due to their superior
thermodynamic stability compared to aliphatic amines. This
enhanced stability makes benzylamines particularly attractive
from a synthetic perspective. Moreover, their broad applica-
bility, especially in the pharmaceutical and coatings indus-
tries, underscores their importance as a subject of study.">™*®

Most literature on electrochemical amination reactions to
benzylamine has focused on the electrochemical reductive
amination of benzaldehyde using inner or outer sphere elec-
trode materials such as Ag, Au, and carbon, respectively.'®™*
Benzaldehyde itself can be directly produced in situ via the
electrochemical oxidation of benzyl alcohol, a process invol-
ving a two-electron transfer reaction. However, a significant
challenge in alcohol oxidation is maintaining selectivity
towards the aldehyde and to prevent its further oxidation to
the corresponding carboxylic acid, in this case benzoic acid
(Scheme 2).*

Nickel-based catalysts have shown great selectivity for the
chemical oxidation of benzyl alcohol to benzaldehyde, reach-
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Scheme 2 Overoxidation of benzaldehyde to benzoic acid.
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Scheme 1 Prior work on alcohol to amine conversion reactions and the electrochemical alternative presented here.
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ing 95% selectivity in organic solvent and H,0.”
Electrochemically, Ni-based catalysts were used to explore
potential dependence for electrochemical oxidation of alcohols
to their corresponding aldehydes and carboxylic acids."**™’
For instance, Bender et al. showed that benzyl alcohol is oxi-
dized to benzaldehyde by following a potential-dependent oxi-
dation pathway (Scheme 3, top), with benzaldehyde being
further oxidized to benzoic acid when the indirect oxidation
pathway is favored (Scheme 3, bottom).>* This research hints
that the selectivity for the reaction can be tuned, even in an
electrochemical setup. Whilst there are many examples avail-
able that show full electrochemical alcohol oxidation to car-
boxylic acids using nickel, we believe it is possible to steer the
reactivity towards the corresponding aldehyde intermediate.

For the second step, which is the reductive amination of
benzaldehyde, many catalysts have been employed, like Ag and
Pb electrodes.’®>"*® In aqueous solvent, a Ag electrode
demonstrated better selectivity to the amine product compared
to other transition metal electrodes, however its overall
efficiency is limited by the competing hydrogen evolution reac-
tion (HER). Pb is a less efficient catalyst for hydrogen evolution
due to its high overpotential for HER, therefore it can also be a
good catalyst for the reaction.

Besides the catalyst and the applied potential, the pH also
plays an important role in the reaction, since the amine needs
to be unprotonated to form the aldimine.*’ When the pH is
lower than the pK, of the amine (ca. 10.5-11.0 for linear
amines), the aldimine is either not formed at all or it is hydro-
lyzed, which inhibits the imine reduction reaction.

Since both an oxidation and reduction step are involved in
the alcohol to amine conversion reaction in a so-called paired
electrolysis,*® optimization of both the anodic (oxidation) and
cathodic (reduction) processes are needed. Therefore, we opti-
mized the two-step electrochemical amination reaction using

potential dependent
-2e”
20H" * Ni(OH), — NiO, + 2H,0 1)
OH + RCHOH ==== RCH,0° + H0 (2)
RCH,0gqy === RCH,0 5¢s 3
. NiO hydride .
RCHpOggs * NiO2 ———- RCHOs + Ni(OH)O" (4)
NIOH)O™ + HO —2&» NiOp + HO (5)
indirect pathway
.e'
OH" + Ni(OH), === NiOOH +H,0 Q)]
fast
(RCH,0H)gq (RCH20H)46 @)
HAT i
(RCHZ0H)ags + NiOOH RCH,0"ags ®)
RCHO. +3 NiOOH + H,0 —-=-= RCOOHqy + 3 Ni(OH), )

Scheme 3 Mechanism for the alcohol oxidation on NiOOH through
both potential dependent and indirect pathways as suggested by Bender
etal.®®
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(i) a Ni oxyhydroxide (NiOOH) catalyst for the selective oxi-
dation of benzyl alcohol to benzaldehyde and (ii) Ag and Pb
catalysts for the electrochemical reduction of aldehyde to
amine. We tested an aqueous NaOH solution (pH 14) for the
oxidation reaction (i) and aqueous tert-butylamine (pH 11) for
the reductive process (ii). To streamline the process into a
single reaction, we found that 0.7 M tert-butylamine was the
optimal solvent condition for both steps.

Ni oxyhydroxide was prepared by electrodeposition of 2, 3, 5
and 10 nickel monolayer equivalents on a glassy carbon elec-
trode. We found that the FE to benzaldehyde increases as the
Ni monolayers decrease, reaching almost 90% FE for 2 Ni
monolayer equivalents. Whilst for the reductive amination
(step ii), in agreement with the literature,'®>" the Ag electrode
showed superior catalytic activity and selectivity to the final
amine product (39% FE) in comparison to a Pb electrode (26%
FE). Therefore, by multiplying the FE for both processes we
estimated that the theoretical FE for the full conversion from
benzyl alcohol to benzyl-tert-butylamine is 35%, which is
double that of previous research.**

Experimental section

All water used in this research was purified using a Milli-Q
Millipore system with a total organic carbon content lower
than 3 ppb and a resistivity higher than 18 MQ cm at room
temperature. Prior to electrochemical experiments, all glass-
ware was stored overnight in a large beaker containing an
aqueous 1 g L' KMnO, (VWR chemicals, GPR RECTAPUR)
and 0.5 M H,SO, (Sigma-Aldrich, ACS reagent) solution. Before
use, the KMnO, solution was removed from the beaker and the
glassware in the beaker was rinsed three times with Milli-Q
water. The glassware was then immersed in a dilute aqueous
H,S0,/H,0, (1:0.3 M) solution (so-called ‘piranha solution’)
to further oxidize the leftover organic and KMnO, residue.
After removing the piranha solution and rinsing the glassware,
the glassware was boiled in fresh Milli-Q water three times
before use.

All electrochemical experiments were performed at room
temperature. Unless stated otherwise, chemicals were pur-
chased from commercial companies and used as received.

Prior to all procedures, the solutions were purged with N,
gas (Linde Gas, 99.999%) for 15 min and subsequently kept
under inert atmosphere by passing a constant N, stream over
them.

For the nickel electrodeposition, the cyclic voltammetry
(CV), and the bulk electrolysis a circular glassy carbon (GC,
MaTecK, @ = 7 mm) electrode was used. Prior to each measure-
ment, the glassy carbon was mechanically polished with a
1.0 pm diamond suspension (Buehler) on a MicroCloth polish-
ing cloth (Buehler). For both CV and bulk electrolysis graphite
(MaTecK, @ = 6 mm, / = 90 mm) and a Hydroflex reverse hydro-
gen electrode (RHE, Gaskatel) were used as counter and refer-
ence electrodes (CE and RE), respectively.
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For the electrochemical impedance spectroscopy (EIS), a cir-
cular gold (MaTeck, @ = 5 mm) electrode was used as the sub-
strate for Ni electrodeposition. Prior to the electrodeposition,
the electrode was polished with a 1.0 pm, a 0.025 pm and a
0.005 pm diamond suspension on a MicroCloth polishing
cloth. Additionally, it was electropolished by cycling for 200
cycles from 0.05 V to 1.75 Vvs. RHE at 1 V s'in 0.1 M H,SO,
using a gold CE and RHE as RE."”

For the reductive amination process, a circular Ag (@ =
10 mm, MaTecK, 99.99+%) and a Pb rod (Asurface = 3.10 cm?,
MaTecK, 99.99+%) were used as electrodes. The Ag and the Pb
electrode were mechanically polished with 3.0 pm, 1.0 pm
diamond suspension on a MicroCloth polishing cloth. The Pb
electrode was subsequently electropolished in an aqueous 0.5
M H,SO, solution at —1.8 V vs. a Pt counter electrode for 500
seconds.

For the NaOH purification a process was adapted from
literature.”* First, 2.0 M NaOH (MaTecK, 99+%) was mixed
with Ni(NO3),-6H,0 (Sigma-Aldrich, >97.0%) to precipitate
high-purity Ni(OH), based on the following equation:

2Ni(NO3), + 4NaOH — 2Ni(OH), ) + 4Na(NO3),,

After that, the Ni(OH), was washed 3 times with 20 mL
Milli-Q H,O and 2 mL of 2.0 M NaOH by redispersing the solid
and subsequently centrifuging for 10 minutes. Finally, each
centrifugation tube was filled with 50 mL of 2.0 M NaOH. After
the final centrifugation, the purified NaOH supernatant was
collected in plastic bottles.

Procedure for NiOOH synthesis and electrochemical
characterization

The electrodeposition of Ni was performed by applying a
cathodic current of 10 pA on the GC working electrode which
was submerged in a 5 x 107> M Ni(NO;),-6H,0 (Sigma-Aldrich,
99.999%) solution using 0.1 M NaClO, (Sigma Aldrich, ACS
reagent, >98.0%) as the supporting electrolyte. The duration of
the electrodeposition was determined by assuming an imper-
fect sphere stacking of a Ni atom with a diameter of 0.124 nm,
leading to a Ni loading of 2.07 x 10" em™". Therefore, to
deposit 1 monolayer equivalent on a @ = 7 mm (0.385 cm?)
electrode, a total of 255.3 pC charge was required, so at a
cathodic current of 10 pA one monolayer equivalent of Ni
would be deposited in 25.5 seconds. Electrodeposition was
performed until the desired amount of monolayer equivalents
were deposited.

Subsequently, the GC electrode with the electrodeposited
Ni° was transferred to a plastic cell with 20 mL of purified 1.0
M NaOH. The graphite CE and the RHE RE were added. The
NiOOH formation and stabilization was performed by cycling
20 times from 1.01 V to 1.81 V at 50 mV s~ . Subsequently, for
the characterization the electrode was cycled 3 times from 1.01
V to 1.56 V starting from 200 mV s ' down to 25 mV s/,
decreasing the scan rate by 25 mV s each time. The peak
anodic currents from the characterization CVs. were plotted
against the scan rate (V s~*). Using eqn (1) the surface coverage
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(7) can be calculated, since the slope of the linear trendline (i,
vs. v) is equal to n*F*Az/4RT:
. n’F*Ar
ip = v
4RT

(1)

where n is the number of exchanged electrons (2 for a Ni**
salt), F is the Faraday constant (96 485.33 C mol "), A is the
geometric surface area of the electrode (cm?), 7 is the surface
coverage (mol Ni), v is the scan rate, R is the universal gas con-
stant (8.314  mol™" K™'), T is the temperature (K) and i, is the
anodic peak potential.

Bulk electrolysis

The preparative scale reactions were performed in a two-com-
partment electrochemical glass cell configuration divided by
an anion-exchange membrane (Fumatech, Fumasep FAA-3-
PK-130). Each compartment was filled with 30 mL 1.0 M puri-
fied NaOH. The catholyte compartment contained a graphite
CE. The anolyte compartment contained a RHE RE and the
NiOOH-deposited GC WE. The electrolysis was performed at
the selected potential for 3 hours, while stirring at ~500 rpm
in the anolyte compartment and with an unstirred catholyte
compartment, using an Autolab Potentiostat (Metrohm M204).

Electrochemical impedance spectroscopy (EIS)

The NiOOH catalyst was first synthesized and characterized via
the aforementioned procedures on a gold (MaTeck, @ = 5 mm)
electrode. Subsequently, the WE was transferred to a plastic
cell containing 10 mL 0.1 M purified-NaOH. The EIS was per-
formed at 1.6 V vs. RHE.

Reductive amination of benzaldehyde

Characterization of benzaldehyde. In an undivided cell, an
aqueous 0.7 M tert-butylamine (TCI, >98.0%) solution was pre-
pared. Using a digital pH meter (Metrohm 827 pH lab) we acid-
ified with H,SO, until the solution reached pH = 11. We used a
circular Ag and Pb (@ = 6 mm) electrode as WE, a graphite CE
and RHE RE. A CV was performed at 10 mV s . After that,
0.02 M benzaldehyde was added, and the solution was stirred
vigorously for ~30 minutes until the benzaldehyde was fully
dissolved. A second CV was performed to identify the benz-
aldehyde reduction potential.

Bulk electrolysis. The preparative scale reactions were per-
formed in a two-compartment electrochemical glass cell con-
figuration divided by a Nafion-117 membrane (FuelCellstore).
Each cell was filled with 10 mL of 0.7 M tert-butylamine in
H,0 which was acidified to pH = 11. In the catholyte compart-
ment we used a circular Ag WE and RHE RE. A graphite CE
was used in the anolyte compartment. 0.02 M benzaldehyde
were added in the WE compartment, and the solution was
stirred vigorously for ~30 minutes. After that, electrolysis was
performed for 20 hours at the selected potential using an
Autolab Potentiostat (Metrohm M204).

This journal is © The Royal Society of Chemistry 2025
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High-performance liquid chromatography (HPLC)

After performing the benzyl alcohol oxidation a 400 pL aliquot
was take from the working and counter electrode compart-
ments. The sample was diluted to 1 mL with acetonitrile and
water at known concentrations. For the reductive amination
process, after the bulk electrolysis was completed, 1 mL of the
WE and the CE compartment was collected in HPLC vials.

Analysis was done on an Agilent 1260 Infinity II system
equipped with an Agilent Technologies Inc. Poroshell 120
EC-C18 column (150 x 3 mm, 2.7 um) and an RID and VWD
detector. The column temperature was maintained at 35 °C.
The mobile phase was acetonitrile/5 mM H,SO,, which was
run in a gradient from 10/90 v/v to 80/20 v/v after 25 min at a
flow rate of 0.5 mL min~'. The benzaldehyde derivative was
detected via UV at 200 nm and the final concentration was
determined by fitting the results to a predetermined regression
line (Fig. S1 and S27).

In situ Fourier transform infrared spectroscopy

To investigate the mechanistic details of our reaction we per-
formed in situ Fourier Transform Infra-Red spectroscopy
(FTIR) experiments for the oxidation and the reduction pro-
cesses. FTIR spectroscopic measurements were carried out in a
Bruker Vertex 80-V IR spectrometer equipped with a liquid
nitrogen cooled MCT detector. A Veemax III (PIKE
Technologies) was positioned in the spectrometer, wherein a
home-made three electrode spectroelectrochemical cell with a
CaF, prism attached to the bottom was placed. We performed
the FTIR in both solvents used in bulk electrolysis, namely
NaOH (1 M) and tert-butylamine (0.7 M). The FTIR cell was
filled with approximately 5 mL of each solvent containing 0.1
M benzyl alcohol. Glassy carbon or Ag (MaTeck, @ = 5 mm)
was used as WE, RHE and Pt wire were used as reference and
counter electrodes respectively. On the GC electrode 10 mono-
layers of NiOOH were electrodeposited following the process
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described earlier. The cell was purged with argon for
15 minutes and subsequently kept under inert atmosphere.
The WE was pressed against the CaF, prism to obtain a thin
film configuration. For the oxidation, spectra were collected
over a potential range in 0.05 V increments from 1.0 V to 1.9 V
vs. RHE, or until oxygen evolution deteriorated the quality of
the data. For the reduction, spectra were recorded on the Ag
electrode from 0.0 to —0.65 V vs. RHE. FTIR spectra were col-
lected in a range of 4000-1000 cm™" at a resolution of 8 cm™
for 100 scans. The spectra are presented as absorbance,
according to A = —log (R/R,), where R and R, are the reflectance
corresponding to the single beam spectra obtained at the
sample and reference potentials, respectively. In these differ-
ence spectra, negative bands (pointing down) correspond to
the species that were present on or near the electrode surface
at the reference potential and that are “consumed” at the
sample potential. Positive bands (pointing up) correspond to
the formation of species at the sample potential. All the
spectro-electrochemical experiments were performed at room
temperature.

Results and discussion
Electrochemical oxidation of benzyl alcohol

The NiOOH catalyst was synthesized by electrodepositing a
precise amount of nickel onto a glassy carbon electrode,
according to the experimental procedure, followed by its
electrochemical cycling in a Fe-free purified 1.0 M NaOH solu-
tion to ensure the formation of the active catalyst (Fig. S37).
Subsequent cyclic voltammetry at various scan rates (Fig. 1A)
allowed us to quantify the catalyst weight loading, expressed in
monolayer equivalents. From the resulting voltammograms,
the monolayer equivalents can be determined by plotting the
peak anodic currents against the scan rate and adding the
slope to eqn (1) as further described in the Experimental

B
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(A) Cyclic voltammogram profile of the 5 monolayer equivalents NiOOH catalyst in 1.0 M purified NaOH at room temperature (scan rates

ranging from 200 mV s~ decreasing to 25 mV s™%; arrow indicates the scan direction) and (B) cyclic voltammogram of the 5 monolayer equivalents
NiOOH catalyst in 0.1 M benzyl alcohol and 1.0 M NaOH (scan rate = 50 mV s™%; arrow indicates the scan direction).
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section. During these experiments, conditions were main-
tained that mitigate the influence of Fe trace impurities from
the alkaline electrolyte, which can otherwise favor the oxygen
evolution reaction over alcohol oxidation®® and therefore
inhibit alcohol oxidation.>*>”

The CV profile in Fig. 1A shows the well-defined peaks
characteristic for the Ni(OH),/NiOOH (Ni**/Ni**) redox couple
at approximately 1.38 V and 1.3 V vs. RHE, which increase as a
function of the scan rate. The reductive currents are lower
than the oxidative currents due to the poor electrochemical
reversibility of NiOOH,** as evidenced by the increased peak-
to-peak separation with higher scan rates, indicating an elec-
trochemically quasi-reversible process.’”> The electrochemical
activity of the NiOOH -catalysts towards benzyl alcohol oxi-
dation was also investigated by cyclic voltammetry in a Fe-free
purified 1.0 M NaOH solution containing 0.1 M benzyl alcohol
(Fig. 1B). These initial investigations were performed at
5 monolayer equivalents of Ni coverage. We chose 5 monolayer
equivalents as a baseline to provide enough weight loading of
Ni to get adequate catalytic activity for easier product
quantification.

We observed three distinct regions in the CV profile. A
small peak at around 1.4 V vs. RHE related to the (Ni**/Ni*")
redox couple, which then overlaps with the benzyl alcohol oxi-
dation (A), resulting in a significant increase of the current
density up to 9.0 mA cm™ (peak potential B (E,)) at ca. 1.48 V.
This shows the high catalytic activity of NiOOH. Subsequently,
the current drops (C), likely due to carbonyl species blocking the
catalyst active sites. During the reverse scan, the current increases
again due to the reactivation of the electrode resulting in a
slightly higher current density at peak B (10 mA em™>), attributed
to an increased amount of nickel oxyhydroxide active phase and
the regeneration of active sites from the removal of adsorbed
intermediates and products formed during the forward scan.>®

The small cathodic peak at 1.3 V vs. RHE indicates the con-
sumption of NiOOH during benzyl alcohol oxidation, leading
to the formation of Ni(OH),. These results support both the
direct and indirect electron transfer mechanism proposed by
Bender et al. for alcohol oxidation on a Ni electrode in an alka-
line medium.>®

In Fig. 1B, points A, B and C refer to the half-peak potential
Epipp (ca. 1.45 V), the peak potential Ej, (ca. 1.48 V) and the
potential after the peak (ca. 1.58 V), respectively. Therefore, we
selected those potentials to perform chronoamperometric ana-
lysis of alcohol oxidation.

Fig. S41 shows the liquid products from the oxidation of
benzyl alcohol at three different applied potentials after
3 hours of bulk electrolysis using a 5 Ni monolayer equivalent
electrode. The electrolysis at 1.58 V vs. RHE (point C) achieved
an 81% faradaic efficiency (FE) for benzaldehyde, compared to
58% and 73% at points A and B, respectively. However, the
catalytic activity at this potential was five times lower than at
point B, which also maintained a higher carbon balance due
to the absence of oxygen evolution.

To explore the influence of Ni monolayers (2, 3, 5, and
10 monolayer equivalents) on benzyl alcohol oxidation, we con-
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Fig. 2 Faradaic efficiency towards benzaldehyde and benzoic acid in
relation to the number of NIOOH monolayer equivalents. All electrolysis
reactions were performed in a 1.0 M purified NaOH solution at E = 1.48
V vs. RHE for 3 hours at room temperature.

ducted electrolysis at 1.48 V vs. RHE, which provided an
optimal balance of activity and selectivity. Fig. S5t shows a
typical profile for the current over time for the electrolysis reac-
tions, showing a slight decrease due to catalyst leaching and
deactivation. Fig. 2 shows that benzaldehyde is the main
product of benzyl alcohol oxidation across all NIOOH mono-
layer equivalents, with benzoic acid forming as a secondary
product from its further oxidation. Interestingly, the FE for
benzaldehyde decreases as the number of monolayer equiva-
lents increase, thereby favoring the production of benzoic acid.

We propose that this effect is due to the three-dimensional
structure of the electrode material.>’>° NiOOH catalysts are
characterized by a highly porous, leaf-like geometry, where a
greater catalyst loading results in deeper pores, while lower
loading yields shallower pores. Benzyl alcohol trapped in deep
pores is more likely to undergo overoxidation to benzoic acid,
whereas shallower pores promote the diffusion of benz-
aldehyde into the bulk solution. The critical role of mass trans-
fer in Ni-catalyzed alcohol oxidation was previously observed
on a macroscopic scale, where Ni foam showed to better mass
transport due to its larger pore structure in comparison to flat
Ni electrodes.” In our study, we extend this understanding by
demonstrating that similar principles apply at the nanoscale,
where diffusion likely occurs within the confined nanopores of
NiOOH rather than through the larger macropores character-
istic of Ni foam. The relationship between the FE ratio of benz-
aldehyde to benzoic acid and the number of Ni monolayer
equivalents follows an exponential decay trend (Fig. 3A). The
intercept of this trend with the y-axis represents the theoretical
behaviour of an “ideal” single-atom catalyst*>*' which lacks
porosity and facilitates immediate mass transfer of the reac-
tion products to the bulk solution. Such a catalyst would mini-
mize overoxidation of benzyl alcohol, favoring benzaldehyde
formation. Based on eqn (2), which is the exponential decay fit
along the different NIOOH monolayer equivalents, we calcu-
lated that for an ideal catalyst (where x = 0 and diffusion of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Ratio of selectivity towards benzaldehyde and benzoic acid related to the NIOOH monolayer equivalents (equation = 4.14 x e!~*-2/1995
+ 1.453, R? = 0.9334) (B) representation of the deposited 2 (left) and 10 (right) monolayer NiOOH equivalents. For the 10 monolayer equivalents, two

deposition possibilities are shown, a close packed and a porous structure.

product to the bulk is assumed to be immediate), the selecti-
vity ratio of benzaldehyde to benzoic acid would be 12.7:1,
corresponding to a maximum achievable FE ratio of 93:7%.
This highlights the potential upper limit of selectivity for cata-
lysts optimized to minimize porosity and maximum product
diffusion.

y =414 x e"62/199) 4 4 453 (2)

To support our hypothesis regarding the relationship
between catalyst porosity and selectivity, we calculated the
roughness factor of our synthesized nickel catalysts using
Electrochemical Impedance Spectroscopy (EIS) at 1.6 V vs.
RHE in a 0.1 M purified NaOH electrolyte, following the
Armstrong-Henderson equivalent circuit model (Fig. $61).2*
The roughness factor is proportional to the electrochemical
active surface area (ECSA), which provides insight into the cat-
alyst’s surface characteristics.

Our measurements indicated capacitances of 11 pF cm™
for 2 monolayer equivalents and 296 uF cm ™ for 10 monolayer
equivalents, suggesting that the 10 monolayer equivalents are
approximately 27 times rougher than the 2 monolayer equiva-
lents. Fig. 3B illustrates the possible deposition structures for
2 (left, green box) and 10 (right, blue box) monolayer equiva-
lents. For the 10 monolayer equivalents, the catalyst crystals
can adopt either a close-packed structure (I) with a lower ECSA
and roughness factor, or a more open, porous structure (II)
with a higher ECSA due to a greater number of exposed nickel
atoms acting as active sites.

Structure (II) is characterized by longer, more porous
‘canals’ formed by the nickel atoms, which is consistent with
the significantly higher ECSA observed for the 10 monolayer
equivalents. These results support the case for structure (II),

2

This journal is © The Royal Society of Chemistry 2025

suggesting that the nickel atoms create porous pathways in
which benzaldehyde can become trapped and potentially
undergo overoxidized to benzoic acid, in agreement with the
results showed in Fig. 2. These findings align with the work by
Deng et al., who demonstrated that NiOOH material recon-
structs into a stacked configuration, creating longer pores
when the applied potential exceeds 1.41 V vs. RHE.*?

To obtain more information on the structure of the NiOOH
catalyst, we attempted XRD spectroscopy. However, because of
the low weight loading that was used for these experiments,
the amount of NiOOH present was too low to obtain an XRD
spectrum. However, we can compare our electrode material
structure with previous study by Laan et al. who performed
benzyl alcohol oxidation using NiOOH chemically syn-
thesized.”® From their XRD and XPS spectra, it is clear that
upon reaction with benzyl alcohol, NiOOH (in both p- and
y-phase) are converted to B-Ni(OH),. Despite their electrode
contained higher quantities of NiOOH we therefore expect
similar behavior of our catalytic material after electrochemical
reaction with benzyl alcohol.

After optimization of the anodic benzyl alcohol oxidation
reaction using the NiOOH electrocatalyst in 1.0 M NaOH solu-
tion, we investigated its behavior in the same conditions
required for the reductive amination reaction (0.7 M tert-buty-
lamine, pH = 11). tert-Butylamine was chosen for its lack of
B-hydrogens, to avoid major byproduct formation from its
oxidation.*?

The blank CV profile (red line) in Fig. 4, shows significantly
lower current densities in pH 11 than in pH 14 (Fig. 1A), in
accordance with the literature.** The peak related to the Ni
(OH),/NiOOH couple shifts to higher potentials, which is
expected, since the pH was decreased by 3 compared to the
normal oxidation conditions (1.0 M NaOH). Additionally, we

Green Chem., 2025, 27,1475-1487 | 1481
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Fig. 4 Cyclic voltammograms of 2 NIOOH monolayer equivalents in 0.7
M tert-butylamine before (red line) and after (blue line) the addition of
0.1 M benzyl alcohol (pH = 11; scan rate = 50 mV s~%; arrow indicates
the scan direction).

observe an increase in current density at approximately 1.63 V
vs. RHE, which is not observed at the same potential in pH 14
(Fig. 1A). While this increase could be attributed to the oxygen
evolution reaction (OER), Diaz-Morales et al. have demon-
strated that the OER on NiOOH catalyst is less prominent at
pH 11 compared to pH 14.** Therefore, we propose that this
current increase is likely caused by oxidation of the amine in
solution, which may also account for the small cathodic peak
observed at 1.4 V.

The addition of benzyl alcohol to the tert-butylamine solu-
tion resulted in significant changes in the CV profile (blue line
- Fig. 4) compared to both its blank profile (red line - Fig. 4)
and the CV profile at pH 14 (Fig. 1B). At 1.53 V, the current
increases, and a small peak appears at approximately 1.55 V,
which is associated with the Ni(OH),/NiOOH redox couple. As
the potential becomes more positive, the current further
increases, resulting in a large wave due to the oxidation of the
alcohol. The absence of reactivation of the electrode in the
reverse scan (blue line) suggests that in the tert-butylamine
solution, regeneration of NiOOH active sites is less pro-
nounced than at pH 14. This means that either the removal of
adsorbed species happens less readily in amine solution, or
that less adsorbed species are present on the electrode, poss-
ibly through sequestration by the amine to form imine
species.

The selectivity of the reaction towards benzaldehyde at pH
11 was investigated by long-term electrolysis at 1.63 V vs. RHE
for 20 hours. In comparison to the previous condition (pH 14
- Fig. 2), in Fig. 5 we observe that the FE% for 2 Ni monolayers
remains almost the same, while for 10 Ni monolayers, there is
an increase to 100% FE of benzaldehyde. For these experi-
ments, the final concentration of benzaldehyde was approxi-
mately 2 mM. The activity of the catalyst was substantially
lower than in 1.0 M NaOH.

Both the increased product selectivity and lower catalyst
activity in these experiments can largely be attributed to the
change in pH. At lower pH, the activity of NiOOH is signifi-
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Fig. 5 Faradaic efficiency towards benzaldehyde when the oxidation
was performed in 0.7 M tert-butylamine (pH = 11) for 2 and 10 Ni mono-
layer equivalents. E = 1.63 V vs. RHE for 20 hours at room temperature.
The resulting solution contains approximately 2 mM benzaldehyde.

cantly lower. When it comes to selectivity, previous studies on
NiOOH-catalyzed oxidation reactions indicate that for the oxi-
dation of aldehydes to benzoic acid, the aldehyde must first be
converted to its geminal diol form.>® However, this diol form
is only significantly present at higher pH levels. At pH 11,
most of the benzaldehyde remains in its carbonyl form, which
protects it from further oxidation. Furthermore, due to the
excess of amine in the system, the benzaldehyde can quickly
react with the amine to form an imine, thereby providing
additional protection against overoxidation.® Because of the
lower pH and presence of the amine provide an inherent pro-
tection against overoxidation of the benzyl alcohol, the effect
of the amount of monolayers that was present in the NaOH
electrolyte is no longer seen.

Reductive amination of benzaldehyde

Once the anodic reaction has been optimized, we performed
optimization of the reductive amination reaction on Ag and Pb
electrodes. Fig. 6A compares the CV profiles of a Ag electrode
in 0.7 M tert-butylamine solution (pH = 11) in absence and
presence of 0.02 M benzaldehyde. The blank CV (red line)
shows an increase in current density at approximately —0.4 V
vs. RHE which is indicative of HER on a Ag catalyst.’® When
benzaldehyde is added into the solution (blue line), a broad
irreversible redox peak gives rise between —0.25 V and —0.6 vs.
RHE, which is likely related to the reduction of the imine
formed from benzaldehyde and tert-butylamine, although HER
is a competing reaction. At potentials more negative than —0.6
V vs. RHE, HER prevails over imine reduction.

Different profiles are obtained for a Pb electrode (Fig. 6B).
In the blank solution (red line), a well-defined irreversible
redox process is observed at approximately 0.1 V and 0.45 vs.
RHE. The anodic peak is associated with the oxidation of Pb to
form PbSO,, while the cathodic peak is associated with the de-
sorption of the PbSO, layer.”’~*° An increase in current density
is observed from —0.75 V vs. RHE due to HER. Upon addition
of benzaldehyde (blue line), the peaks associated to the Pb/

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Cyclic voltammograms for (A) a Ag electrode and (B) a Pb elec-
trode in 0.7 M tert-butylamine after acidification to pH = 11 before (red
line) and after (blue line) adding 0.02 M benzaldehyde (scan rate =
10 mV s% arrow indicates the scan direction).

PbSO, redox process significantly decreases because of inter-
action of the organic substrates with the metal surface, similar
to previous work reported in our group.”® In addition, a new
cathodic peak at —0.44 V, with a small shoulder at approxi-
mately —0.58 V vs. RHE is observed, which are associated with
the reduction of imine and benzaldehyde, respectively.
Afterwards, bulk electrolysis on both Ag and Pb electrodes was
carried out for 20 hours to investigate their catalytic activity
towards benzyl-tert-butylamine.

On the Ag electrode, electrolysis was performed at —0.37 V
vs. RHE and not at the peak potential (—0.5 V vs. RHE), to
avoid HER as much as possible, whereas on the Pb electrode,
electrolysis was performed at both —0.44 V and —0.58 V vs.
RHE.

Fig. 7 shows the FE for the two electrodes. On the Pb elec-
trode, we found that the optimal potential is —0.44 V vs. RHE.
This resulted in 26% FE towards benzyl-tert-butylamine and
only trace amounts of benzyl alcohol from the reduction of
benzaldehyde. In contrast, on the Ag electrode the FE% to the
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Fig. 7 Faradaic efficiency towards benzyl-tert-butylamine and benzyl
alcohol for the two tested electrodes. Electrolysis was performed in 0.7
M tert-butylamine (pH 11) with 0.02 M benzaldehyde at E = —0.37 V vs.
RHE (Ag) and —0.44 V vs. RHE (Pb) for 20 hours at room temperature.

amine product is higher than on Pb, reaching almost 40%,
although benzyl alcohol is also detected in higher amounts.
These results suggest that even though the Ag electrode con-
sumes part of the benzaldehyde via a hydrogenation reaction
to the corresponding alcohol, it simultaneously promotes the
amination reaction, with the last one being favorable. Fig. S77
shows a current profile of the electrolysis reaction. After an
initial current decrease, a steady state is reached with only
minor deactivation of the catalyst for the 20 hour reaction
time, showing that the Ag electrode is stable for these reaction
times. The remaining FE for this electrode is likely due to
HER. On the Pb electrode, HER is unlikely, since the onset for
HER is at a much later potential as discussed previously. We
searched for typical side products of benzaldehyde reduction
on a Pb electrode, such as hydrobenzoin, but could only detect
them in trace amounts. Possibly, corrosion processes of the
electrode could partially explain the remaining FE.

In situ Fourier transform infrared spectroscopy

We further studied the mechanism for the oxidation and
reduction reactions through in situ FTIR spectroscopy. Fig. 8
shows the spectra obtained as function of the potential for the
oxidation of benzyl alcohol on a 10-monolayer equivalent Ni
catalyst. We can identify several negative bands, which grow in
intensity as the potential becomes more positive, related to
species being consumed near the electrode surface.

The bands at 1225 and 1252 cm™ "' are attributed to the
C;C-N antisymmetric stretching and the CC, skeletal stretch-
ing vibrations of the tert-butylamine,” respectively, whereas
the band at 1370 cm™" is assigned to the O-H bending of
benzyl alcohol.>® This band could also be associated with the
CH; symmetric deformation of tert-butylamine.>® At higher
wavenumbers, two more consumption bands associated with
benzylic C-H stretching frequencies of benzyl alcohol at 2875
and 2969 cm™" are identified.>*>*
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Fig. 8

In situ FTIR spectra of benzyl alcohol oxidation on a 10-monolayer equivalent NIOOH catalyst. Aqueous 0.7 M tert-butylamine (pH = 11) was

used as solvent and electrolyte. Reference spectra were taken at 1.0 V vs. RHE.

The spectra also present a series of positive bands related
to the product formation as a function of the potential. The
bands at 2740 and 2830 ecm™' are associated with the C-H
bond of the carbonyl group of benzaldehyde, confirming the
oxidation of alcohol to the aldehyde, in agreement with our
results showed in Fig. 5.>° The formation of protonated imine
is evidenced by the positive band at 2525 cm™,”® which
appears at potentials where both tert-butylamine and benz-
aldehyde are consumed. The presence of protonated imine can
be the result of the added H,SO,.

The spectra for the reductive step, which involves that
reduction of the imine on Ag electrode is shown in Fig. 9. At
less negative potentials, we observe a small positive band at
1383 cm™* and 2630 cm™', which are associated with benz-

aldehyde (Fig. S87).>” At more negative potentials, these peaks
shift from positive to negative, showing that the surface has
affinity for benzaldehyde, until an appropriate potential is
reached at which it can be reduced, at approximately —0.35 V
vs. RHE. At this potential, a small positive band becomes
visible at 1370 cm™", assigned to the O-H bending frequency
of benzyl alcohol.”” At slightly less negative potentials (—0.20 V
vs. RHE), another positive peak appears at 2850 cm™~". When
looking at the IR spectrum of the final product, benzyl-tert-
butylamine, the benzylic C-H stretching peaks are found at
2964 cm~ " and 2861 cm™".°® Whilst these positive bands are
present in the IR spectra, they are highly similar to the C-H
stretching vibrations of benzyl alcohol. Therefore, these peaks
can be assigned to both alcohol and amine species. However,
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Fig. 9 Insitu FTIR spectra of benzyl-tert-butylimine reduction on a Ag catalyst. Aqueous 0.7 M tert-butylamine (pH = 11) was used as solvent and

electrolyte. Reference spectra were taken at 0.0 V vs. RHE.
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since benzyl-tert-butylamine is a base and benzyl alcohol is
not, the presence of the H,SO, can protonate the amine
product. This causes a redshift of the C-H stretching vibration,
so that it is now visible at 2850 em™', confirming the for-
mation of the desired amine product under these conditions
(Fig. S91). Additional peaks at 2969 cm™', 2916 cm™ ' and
2875 cm™' are associated with the production of benzyl
alcohol or production of the unprotonated amine product,
both of which are synthesized during the reaction.’*>® At
lower wavenumbers a new positive peak at 1252 cm ™" is associ-
ated with the C-N stretching frequency of benzyl-tert-butyla-
mine, also starting at approximately —0.20 V vs. RHE.
Consumption of the protonated imine can only be seen at
potentials lower than —0.55 V vs. RHE by a consumption band
at 2525 cm™", although the presence of the product bands at
2850 cm™" and 1252 cm™" shows imine consumption must be
happening earlier than this.

The results of the FTIR experiments show that during the
oxidation reaction, benzyl alcohol is oxidized to form benz-
aldehyde and benzyl-tert-butylimine, whilst overoxidation to
benzoic acid is not observed in the presence of tert-butyla-
mine. These results are in accordance with the results
obtained from the bulk electrolysis, where high selectivity for
benzyl alcohol oxidation was reached in the presence of tert-
butylamine. The reduction reaction tells a slightly different
story. At approximately —0.20 V vs. RHE, the benzyl-tert-butyla-
mine product can be identified. Only at —0.35 V vs. RHE benz-
aldehyde reduction to benzyl alcohol is observed. Combined
with the results obtained from the electrolysis, it is clear that
imine reduction is preferred on the Ag catalyst, but benz-
aldehyde reduction to benzyl alcohol still occurs. The imine
reduction is therefore less selective than the benzyl alcohol oxi-
dation, and a point of future improvement.

The research provided here shows that there is a possibility
to improve traditional alcohol to amine transformation reac-
tions through electrochemistry. This avoids the use of stoichio-
metric redox reactions, high pressures or temperatures. In a
direct comparison with the state of the art in hydrogen borrow-
ing catalysis (see Table S1t), it is apparent that the reaction
conditions are significantly milder. When compared to the
work by Appiagyei et al.,® the only other example of an electro-
chemical alcohol to amine conversion reaction, the lower
temperature, avoidance of platinum group metals and higher
FE are clear improvements on the sustainability of the process.

Conclusion

This study highlights the successful electrochemical oxidation
of benzyl alcohol to benzaldehyde using a NiOOH catalyst,
where the number of Ni monolayer equivalents plays a crucial
role in tuning the selectivity. A thinner layer of 2 Ni mono-
layers achieves up to 90% faradaic efficiency (FE) in NaOH,
favoring benzaldehyde formation, while thicker layers lead to
overoxidation to benzoic acid due to increased catalyst poro-
sity. However, when the conditions were shifted to a solution

This journal is © The Royal Society of Chemistry 2025
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of tert-butylamine (pH 11), 10 Ni monolayers demonstrated
the best performance, achieving 100% FE towards benz-
aldehyde. This result highlights the protective role of tert-buty-
lamine against overoxidation and underscores the influence of
solution conditions on catalyst performance.

For the reductive amination step, Ag electrodes outper-
formed Pb, with a 39% FE towards benzyl-tert-butylamine,
though hydrogen evolution remained a competing reaction.
The overall electrochemical process, optimized at pH 11 with
tert-butylamine as the solvent, yielded a 35% FE for the conver-
sion of benzyl alcohol to benzyl-tert-butylamine.

In situ FTIR measurements further supported these find-
ings, revealing the sequential formation of benzaldehyde and
its corresponding imine during oxidation on the NiOOH cata-
lyst. The data showed no overoxidation to benzoic acid in the
presence of tert-butylamine, which correlates with the bulk
electrolysis results. During the reductive step on Ag electrodes,
the FTIR spectra confirmed the formation of the desired
amine product at potentials that favored imine reduction over
benzaldehyde reduction. These spectroscopic results align
with the electrolysis outcomes, reinforcing the mechanistic
understanding of both oxidative and reductive processes.

This work presents a promising pathway for -electro-
chemical amine synthesis, with potential for further catalyst
optimization to enhance the overall process efficiency.
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