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Abstract

Variations to a Bio-electrochemical Nitro-reduction Catalyst for the Production of
Amines
A thesis submitted for the degree of Doctor of Philosophy
Maya Landis, Jesus College, Michaelmas 2024
This thesis aims to unite materials and catalysis research to establish new directions for a
biocatalytic nitro-reduction system developed by the Vincent group, consisting of hydrogenase
enzyme immobilised on conductive carbon particles. In this system, the nitro-group can be
reduced on the carbon surface using the electrons provided by the hydrogenase through H»
oxidation. In the first part of the thesis, the carbon support is varied while the second part of

the thesis focuses on replacing the enzyme with a synthetic H, oxidation catalyst.

In the first part, a set of nitrogen-doped carbon nanotubes (NCNTSs), along with comparable
pristine CNTs, are synthesized through chemical vapour deposition and their nitro-reduction
activity is electrochemically assessed. The NCNTSs lead to the nitro-reduction occurring at a
significantly milder potential as opposed to the CNTs or any other trialled carbon-based
electrode material. This electrocatalytic effect is then used to both electrosynthesize amines
using milder conditions and to tune the hydrogenase-on-carbon (Hyd/C) catalyst system to

hydrogenate more difficult to reduce nitro-groups.

In the second part of the thesis, an established Ni-based biomimetic Hz-oxidation catalyst is
employed. The complex on carbon constitutes a highly selective, active, and recyclable catalyst
system for the production of amines from nitro-groups in agueous media, room temperature,
and at atmospheric H» pressure. Interestingly, the complex in solution is found to catalyse the

clean synthesis of the partially reduced product, hydroxylamine.
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Figure 34 Cyclic voltammograms of PGE WE modified with Fe-CNTs (red trace) or CNTs
(green trace) immersed in 4-nitrophenol (1 mM) in sodium phosphate electrolyte (pH 6.0, 100

MV), SCAN AL 0.0L V/S. .ottt esre e enes 85

Figure 35 Sequential HCI washing of NCNT900 lowers the total Fe content measured by TGA
to 1% while N-content measured by XPS and approximate onset potential for 4-nitrophenol

FedUCTION FEMAIN TN SAME. ...ttt et e e et e e e et e e e e e e e e e e e eeeeeenaeaenes 86

Figure 36 A Scanning electron micrograph of commercial NCNTACS. B Transition electron
micrograph of commercial NCNTacs showing nano-scale carbon dust on the TEM grid. C
TGA traces comparing CNT850, NCNT900, and commercial NCNTacs showing very similar

EOLAL B CONLENT. ... ettt e e e e e e e et e e e e e e e e e et eeeeeeeeeeeenaeeeeeeeeeans 87

Figure 37 Cyclic voltammograms on PGE WE (grey trace) or modified with commercial
NCNTAacs (red trace) immersed in nitrohexane (1 mM) in sodium phosphate electrolyte (pH

6.0, 200 MM) At 0.01 V/S. ...iiieiieieieee et 88

Figure 38 A Cyclic Voltammograms recorded on a carbon paper electrode only or modified
with NCNTSs, immersed in 4-nitrophenol (5 mM) containing sodium phosphate electrolyte (pH
6.0, 100 mM) at 0.01 V/s. Dashed line indicating potential used during chronoamperometry. B
Chronoamperometry traces recorded on a carbon paper electrode only or modified with NCNTs
at -0.26 V vs SHE, immersed in 4-nitrophenol (5 mM) containing sodium phosphate electrolyte

(pH 6.0, 100 mM) under stirring at room tEMPEratUre. ........ccccveeeerieiie e 97

Figure 39 A Raman spectra of carbon felt only (left), carbon felt modified with NCNTs
(middle), and carbon felt modified with CNTs (right), averaged from 10 points of analysis and
normalised. B SEM micrographs obtained on a Merlin-60 SEM of carbon felt only (left),

carbon felt modified with NCNTs (middle), and carbon felt modified with CNTSs (right). ....99
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Figure 40 SEM micrograph obtained on a Carl Zeiss Merlin HR FEG SEM of carbon felt

MOAITIEA WITN N CIN TS, ettt ettt ettt e e e e e e e e ettt e e e e e e e e e e e eeeeeeeeaaeees 100

Figure 41 A Chronoamperometry traces recorded using CF, CNT/CF, or NCNT/CF WEs at -
0.26 V vs SHE, under stirring, RT, 5 mM 4-nitrophenol in sodium phosphate electrolyte (pH
6.0, 100 mM). B Chronoamperometry traces recorded using CF, CNT/CF, or NCNT/CF WEs
at -0.36 V vs SHE, under stirring, RT, 5 mM 4-nitrophenol in sodium phosphate electrolyte
(pH 6.0, 100 mM). C Cyclic voltammograms recorded on PGE WE modified with CNTs or
NCNTSs, immersed in 4-nitrophenol (1 mM) containing sodium phosphate electrolyte (pH 6.0,
100 mM) at 0.01 V/s, with dashed lines corresponding to the two potentials used for
chronoamperometry experiments. D Conversion of 4-nitrophenol to 4-aminophenol at the two
potentials on CF, CNT/CF, or NCNT/CF. Bars correspond to conversion measured through
relative integrals in the *H NMR spectra, scatter plot to conversion measured through UV/Vis
spectroscopy. Error was established by running each experiment in triplicate. E Faradaic

efficiency calculated at the for the two trialled potentials and three electrodes. ................... 101

Figure 42 Example *H NMR (400 MHz, 298 K, DMSO-d6) traces of reaction products after
chronoamperometry at -0.36 V vs SHE on CF only, CNT on CF, and NCNT on CF electrodes
(from top to bottom), in 5 mM 4-nitrophenol in sodium phosphate electrolyte (pH 6.0, 100
mM) under stirring, RT. NMR spectra of standards 4-nitrophenol and 4-aminophenol shown

(DOLEOM tWO SPECIIA). .veevveivieiteeie ettt ettt s e e e b e be et e snaesaeeaesreesteebeeneenres 102

Figure 43 A UV/Vis data collected for calibration curve demonstrating absorbance of mixtures
of 4-aminophenol and 4-nitrophenol in aqueous base. B UV/Vis spectra of electrolyte after 22
h chronoamperometry experiment using CF only, CNT on CF, or NCNT on CF as WE at -0.26
V vs SHE, and C at -0.36 V vs SHE. Conditions: 5 mM 4-nitrophenol in sodium phosphate

electrolyte (pH 6.0, 100 mM) under stirring at RT, held at potential for 22 h. ................... 104
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Figure 44 A Example chronoamperometry traces recorded on CNT on CF and NCNT on CF
WEs at -0.36 V vs SHE in nitrohexane (5 mM) in sodium phosphate electrolyte (pH 6.0, 100
mM), under stirring, at RT. B Cyclic voltammograms recorded on PGE WE modified with
CNTs or NCNTSs, immersed in nitrohexane (1 mM) containing sodium phosphate electrolyte
at 10 mV/s, with the dashed line corresponding to the potential used for chronoamperometry
experiments. C Conversion of 4-nitrophenol to 4-aminophenol at the two potentials on
CNT/CF or NCNT/CF measured through relative integrals compared to DSS as internal

standard in the *H NMR spectra (columns) and calculated Faradaic efficiency (scatter plot).

Figure 45 Comparison of the CV showing H> oxidation catalysed by Hyd-1 immobilised onto
a PGE WE (rotating at 3000 RPM in sodium phosphate buffer (pH 6.0, 100 mM) saturated
with Hy), scan rate 0.001 V/s — top panel — and cyclic voltammograms showing nitrohexane
reduction on a PGE WE (black) or NCNT-modified PGE WE (blue) immersed in nitrohexane
(2 mM) in sodium phosphate buffer (pH 6.0, 100 mM), scan rate 0.01 V/s — bottom panel.

Dashed line indicates thermodynamic E(Hz, 2H*) of -0.355 V VS SHE...........cccceeivirernnnan. 108
Figure 46 Variation in E(H*/H.) with pH and pH>, based on the Nernst equation................ 110

Figure 47 Graphic representation of Hyd1/NCNT catalyst and *H NMR (400 MHz, 298 K, 10%
D20 in PB, 100 mM, pH 6.0) spectra of reaction mixtures of hydrogenation performed using
Hyd1/NCNT or Hyd1/C catalyst systems, with characteristic amine or nitro peaks marked in
blue or red, respectively. Conditions: 10 mM nitrohexane, sodium phosphate buffer (pH 6.0,

100 mM), Buchi vessel filled to 1 bar Ha, RT, 24 N. ...ooviiiiiiice e 111

Figure 48 *H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of reaction

mixture of hydrogenation of nitrocyclohexane using Hyd1/NCNT acs catalyst system, 24 h, RT,

Xiii
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30 mL/min H; flow, 10 mM nitrocyclohexane. *H NMR spectra of starting material and product

standards. See appendix equivalent data for the hydrogenation of nitrohexane.................... 112

Figure 49 Structure of the [Ni(P®Y2P2A),]?* complex, referred to in this chapter as NiArg,

where Arg = arginine (structure ShOWn in BIUE). ........cccevveiiiiii i 120

Figure 50 Comparison of the CV showing H: oxidation at the NiArg complex immobilised
onto a PGE WE (rotating at 3000 RPM in sodium phosphate buffer (pH 6.0, 100 mM) saturated
with Hz, 0.001 V/s) — top panel — and a CV showing nitrobenzene reduction on a clean PGE
WE immersed in nitrobenzene (1 mM) in sodium phosphate buffer (100 mM, pH 6.0) at 0.01

VIS — DOLEOM PANELL ... e 121

Figure 51: Time points showing the relative conversion of nitrobenzene 1A to hydroxylamine
1B or aniline 1C, respectively. A — using NiArg/C and B - using NiArg only as the catalyst.
Conditions: 10 mM starting material, NiArg loading of 0.5 mol% and 40:1 carbon to complex
ratio for A, room temperature, Hz gas flow of approximately 30 mL/min, PB (pH 6.0, 100 mM),
24 h reaction time. Conversion at the time points was estimated from the relative intensity of
the integrals under the appropriate signals in the *H NMR (400 MHz, 298 K, 10% D20 in PB,

100 mM, pH 6.0) spectra of the reaction MIXtUre. .........c.cccveiieieiicie e 124

Figure 52 Conversions to hydroxylamine for a selection of substituted nitroarenes from
hydrogenations performed in water using NiArg only, estimated from relative integrals from
1H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra. Conditions: 10 mM
starting material, 0.5% NiArg loading, room temperature, H> gas flow 30 mL/min, H,O pH 6.0

WITh 10U0 VIV ACETONTTIIIE. ... e 128

Figure 53 'H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of standards
nitrohexane and hexylamine and the reaction mixture of the hydrogenation of nitrohexane

using NiArg/C after 24 h. Conditions: 10 mM starting material, 0.5% NiArg loading, 40:1
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carbon to complex ratio by weight, room temperature, H2 gas flow 30 mL/min, PB pH 6.0.

*unidentified IMPUIItY (ACELONET) .....cui i 129

Figure 54 A CVs showing the H2 oxidation feature using NiArg-modified WE (rotating at 3000
RPM in sodium phosphate buffer (pH 6.0, 100 mM) saturated with H», scan rate 0.001 V/s),
repeat data from Figure 51 — top panel — and the nitro-reduction features of nitrocyclohexane
(2 mM in in sodium phosphate buffer (pH 6.0, 100 mM), scan rate 0.01 V/s) on commercial
carbon black or the synthesised NCNTs on a PGE WE (bottom panel). *H NMR (400 MHz,
298 K, 10% D20 in PB, 100 mM, pH 6.0) B Spectra of starting material and product standards
as well as the reaction mixtures resulting from NiArg/NCNT and NiArg/C catalysts.
Conditions: 10 mM starting material, 0.5% NiArg loading, 40:1 carbon to complex ratio by

weight, room temperature, 1 bar Ho, PB pH 6.0, Reaction time 4h............cccccocvvviniininnnnnnn, 130

Figure 55 Product distribution for five cycles of 24 h nitrobenzene hydrogenation reactions.
Catalyst particles were collected by centrifugation after each cycle and reused immediately.
Conditions: 10 mM starting material, 0.5% Ni complex loading, 40:1 carbon to complex ratio
by weight, room temperature, Hz gas flow 30 mL/min, PB pH 6.0, 24 h reaction time per cycle.
Product distribution estimated from relative integrals from 1H NMR (400 MHz, 298 K, 10%

D20 in PB, 100 MM, PH 6.0) SPECIIA.......ccviiiiiieiiecie et 132

Figure 56 Ni concentration detected in reaction mixtures after hydrogenation using either
NiArg/C, NiArg and C added separately to the reaction mixture, NiArg only, or NiPyr/C.
Conditions: 10 mM starting material, 0.5% Ni complex loading, 40:1 carbon to complex ratio
by weight where appropriate, room temperature, H> gas flow 30 mL/min, PB pH 6.0, 24 h
reaction time. Solids were removed by centrifugation and subsequent filtration before samples

were provided to the University of Sheffield for ICP/OES analysis. ........cc.ccccevviviiiieennnen, 134
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Figure 58 *H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of aniline
standard (top), nitrobenzene standard (middle), and the reaction mixture of the hydrogenation
of nitrobenzene performed using the catalyst prepared ‘in situ’ using Ni salt and the carbon
black modified with the appropriate ligand. Conditions: 10 mM starting material, 0.5% Ni

complex loading, room temperature, H> gas flow 30 mL/min, PB pH 6.0, 24 h reaction time.

Figure 59: 'H NMR spectra of starting material and product standard in DMSO-d6. .......... 145

Figure 60 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after
chronoamperometry, performed on CF only electrode at -0.26 V vs SHE, 5 mM 4-nitrophenol

in PB (pH 6.0, 100 mM), 24 h, RT, three repeats SNOWN. ..........cccccoveveiieiicie e, 146

Figure 61 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after
chronoamperometry, performed on CF only electrode at -0.36 V vs SHE, 5 mM 4-nitrophenol

in PB (pH 6.0, 100 mM), 24 h, RT, three repeats SNOWN. ..........cccccoveieiieeiicie e, 147

Figure 62 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after
chronoamperometry, performed on NCNT/CF electrode at -0.26 V vs SHE, 5 mM 4-

nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT, three repeats Shown. ...........cccccccevvevveeienen. 148

Figure 63 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after
chronoamperometry, performed on NCNT/CF electrode at -0.36 V vs SHE, 5 mM 4-

nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT, three repeats Shown. ...........cccccccevvevveeienen. 148

Figure 64 'H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after
chronoamperometry, performed on CNT/CF electrode at -0.26 V vs SHE, 5 mM 4-nitrophenol

in PB (pH 6.0, 100 mM), 24 h, RT, three repeats SNOWN. ..........cccevviiieiiieiie e 149

Figure 65 H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after

chronoamperometry, performed on CNT/CF electrode at -0.36 V vs SHE, 5 mM 4-nitrophenol
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in PB (pH 6.0, 100 mM), 24 h, RT, three repeats shown. Top spectrum contains unidentified

1] LU =PRSS 149

Figure 66 'H NMR spectra of reaction mixture after chronoamperometry, performed on
NCNT/CF electrode at -0.36 V vs SHE, 5 mM n-nitrohexane in PB (pH 6.0, 100 mM), 24 h,
RT, three repeats shown, samples contain 1 mM DSS internal standard. Cp — concentration of

0100 1ot SRRSO 150

Figure 67 'H NMR spectra of reaction mixture after chronoamperometry, performed on
CNT/CF electrode at -0.36 V vs SHE, 5 mM n-nitrohexane in PB (pH 6.0, 100 mM), 24 h, RT,
three repeats shown, samples contain 1 mM DSS internal standard. Cp — concentration of

0100 1ot SRRSO 151

Figure 68 'H NMR spectra of reaction mixture of hydrogenation of nitrocyclohexane using
Hyd1/NCNTacs catalyst system, 24 h, RT, 30 mL/min Hz flow, 10 mM nitrocyclohexane. *H

NMR spectra of starting material and product standards.............cccccveveiieeiieieiieece e, 152

Figure 69 'H NMR spectra of reaction mixtures of hydrogenation of nitrohexane using
Hyd1/NCNTacs catalyst system, 24 h, RT, 30 mL/min H; flow, 10 mM nitrohexane. *H NMR

spectra of starting material and product standards (10p) ........ccceevveveiieeiierciieceee e 153

Figure 70 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
acetonitrile) of substrate 1 and reaction mixture after hydrogenation using NiArg only (middle),

and product after hydrogenation using NiArg/C catalyst SyStem. .........ccccvveveevieiieieciiennnn, 154

Figure 71 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
acetonitrile) of substrate 2 and reaction mixture after hydrogenation using NiArg only (middle),

and product after hydrogenation using NiArg/C catalyst SyStem. ........cccccevvvevieiiiecieevneene 155
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Figure 72 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
acetonitrile) of substrate 3 and reaction mixture after hydrogenation using NiArg only (middle),

and product after hydrogenation using NiArg/C catalyst SyStem. ........cccccovvevveveiieeneciiennn, 156

Figure 73 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
acetonitrile) of substrate 4 and reaction mixture after hydrogenation using NiArg only (middle),

and product after hydrogenation using NiArg/C catalyst SyStem. ........cccccovvvevveveiieeieciiennnn 157

Figure 74 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
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and product after hydrogenation using NiArg/C catalyst SyStem. ........ccccccovvevivivieieeieciennn, 158
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Figure 79 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
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Figure 80 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
acetonitrile) of substrate 10 and reaction mixture after hydrogenation using NiArg only
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Figure 84 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v
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amine SPECrUM SNOWN (TOP). ..oveeiiiieiie ittt e et e e e sree s 169
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1 Introduction

The reduction of nitro-groups to amines is a reaction of immense industrial importance, both
historically and today. Indeed, the largest chemical producer in the world, BASF, still clings to
the name ‘Badische Anilin und Soda Fabrik’— Baden Aniline and Soda Factory - that harkens
back to the dye industry of the 19" century that grew dramatically through the development of
nitro-reduction methods for the production of anilines.! This thesis explores the nitro-
reduction reaction through an interdisciplinary lens by first evaluating carbon nanomaterials as
electrocatalysts, subsequently employing them in a bio-hybrid hydrogenation system, and
finally exploring alternative inorganic biomimetic hydrogenation catalysts, with the goal of
elucidating the role of the carbon support and further tuning a green and selective biocatalytic

nitro-reduction method developed in the Vincent group.

1.1 Production of amines

1.1.1 Importance of the nitro-to-amine transformation

A 2011 survey of reaction types used to pursue novel drug candidates found that the R-NO- to
amine transformation was the most common of all reductions at 19.2%.* Indeed, many of the
essential medicines listed by the World Health Organisation (WHO) are synthesized from

nitrated building blocks that are transformed into the corresponding amine, including notably

NO NH
2 2 F
H

Midazolam
anticonvulsant

Scheme 1 Anticonvulsant midazolam is synthesized from 4-chloroaniline, which in turn is produced in large
volume from p—nitrochlorobenzene. Adapted from reference 5.



the pain reliever paracetamol, the anaesthetic midazolam (Scheme 1),> and the anticonvulsant
carbamazepine, among many others.® Besides their crucial importance for the synthesis of
active pharmaceutical ingredients (APIs), amines produced from nitrated precursors also
feature commonly in the polyurethane industry, the production of fertilizers and explosives, as
well as the production of dyes.”® Today, aryl amines are produced at large scale through
heterogeneous hydrogenation over precious metal catalysts, a process that is well-established
but can suffer from low functional group selectivity and cements the chemical industry’s

continuing reliance on rare and expensive elements as catalysts.’
1.1.2  Pathways and intermediates in the nitro-to-amine transformation

The full reduction of the nitro-group to the amine consists of the transfer of six electrons and
six protons, and is understood to follow the pathways shown in Scheme 2 — a mechanism first
described by Haber in 1900.!° Sequential 2 electron reduction steps produce the nitroso (1D,
N=0), then the hydroxylamine (1B, PHA, NHOH), and finally the amine (1C). Condensation
of the nitroso-compound and PHA leads to the formation of the azoxybenzene (1E), which can
be reduced to the amine via the azobenzene (1F).!! Over-hydrogenation, which can occur under

some conditions when using palladium on carbon catalysts, for example, can produce a wide

NHOH NH,
c

NO, NO
1A 1D 1B 1

?
Q/(j Ne/(]

1E 1F

J

Scheme 2 Nitro-reduction pathways for the aromatic nitrobenzene. Adapted from reference 11.



range of by-products (Scheme 3) including cyclohexanone (1G), cyclohexanol (1H),
cyclohexylamine (1I), N-cyclohexylaniline (1J), and dicyclohexylamine (1K).!? Catalytic
systems for the production of amines from nitro-groups must not only show good functional
group selectivity, but must be highly selective towards the fully reduced amine as there are

multiple possible intermediates for this reaction.

HO
NHOH

N 0 OH
1B 16 1H
Ha NH, H H
N N
—O—0 U—0T 0
1 1J 1K

1C

N

Scheme 3 Over-reduction pathways for PHA and aniline. Adapted from reference 12.

1.1.3 Nitro-to-amine: Current heterogeneous and stoichiometric methods

Heterogeneous hydrogenation using platinum group metals (PGMs) can activate many nitro-
groups and is well established in industry; however, achieving selectivity for nitro-group
hydrogenation in the presence of sensitive functional groups requires modification of the
catalyst or addition of modifying reagents, which complicates catalyst preparation and
increases waste. For example, Mao et al reported in 2017 that introducing lattice strain to a
ruthenium catalyst particle improved selectivity for nitro-styrene to vinylamine hydrogenation
from 66% to 99%.'3 Other approaches in literature include the use of an intermetallic Pd-Pb
system to establish polar catalytic active sites to tune activity'* or the addition of reagents

capable of partially poisoning the catalyst, such as diphenylsulfide as a poison to Pd/C'.



Apart from heterogeneous catalytic hydrogenation, a historically relevant approach to the nitro-
reduction reaction has been the use of stoichiometric reductants — note, for example, the
Bechamp Reduction using hydrochloric acid and iron, first reported in 1854 (Scheme 4).'°
Other possible stoichiometric reducing agents include tin chloride!”, siloxanes'®, sodium
borohydride!®, and sodium hydrosulfide?’. While these reagents negate the need for pressurized
H: gas, they introduce significant waste and complexity to the process and can themselves add

chemical hazards.
4 CeHsNO, + 9 Fe + 4 H, O ——— 4 CgHsNH, + 3 Fe30Oy

Scheme 4: Bechamp reduction of nitrobenzene. Adapted from reference 16.

1.1.4 Nitro-to-amine: Molecular catalysts

As opposed to the heterogeneous catalytic and stoichiometric systems described above,
molecular, homogeneous catalysts are more defined and more readily tuneable through their
ligand scaffold. Nevertheless, molecular catalysts for the nitro-to-amine hydrogenation are
only rarely reported, and typically still suffer from their need for harsh conditions. In 2013,
Wienhoefer et al reported the use of a defined iron-phosphine complex able to activate
hydrogen, at 20 bar pressure and elevated temperature, and hydrogenate a range of substituted
nitroarenes.’! Sun et al have reported a nickel-catalysed hydrogenation using
polymethylhydrosiloxane as the reductant.!® The reported use of a molecular manganese
complex as a hydrogenation catalyst of a wide range of nitroarenes is also interesting —
however, this system requires high pressures of hydrogen gas (80 bar), as well as a temperature

of 130 °C, introducing significant safety and energy-efficiency concerns.??



1.1.5 Nitro-to-amine: Biocatalytic methods

Nature, ‘herself a brilliant chemist and by far the best engineer of all time’,?* has developed
enzymes as efficient catalysts for countless chemical reactions. These natural catalysts rely on
affordable metals, most commonly magnesium, zinc, or iron, are biodegradable, and often

highly selective as well as tuneable.?* 2> Applying enzymes to industrial processes can;

o Decrease the toxicity associated with the chemical reaction

o Decrease energy and solvent usage

o Improve chemo- and regio-selectivity

o Decouple the process from expensive and environmentally degrading rare element

mining.2°

However, even with the above benefits of biocatalysis, its possible positive impact can be
diminished by the conditions required for an individual reaction. While the use of water as the
solvent is often described as a benefit of biocatalysis because of its safety and availability, the
low solubility of many chemically interesting species forces the use of low starting material
concentrations near the tens of millimolar range; consequently, a typical biocatalytic reaction
produces large amounts of waste water as compared with the amount of product.?’ In addition,
nearly half of all enzymatically catalysed reactions require cofactors — chemical species that
are required for the enzyme’s activity, by, for example, supplying a reducing equivalent.®
These species (e.g., nicotinamide adenine dinucleotide (phosphate), NAD(P)H), are
prohibitively expensive, necessitating a cofactor recycling system as part of the overall

reaction, which introduces process complexity and diminishes atom economy.?% 30



Biocatalytic nitro-reduction systems reported in literature have required both cofactor-
recycling systems and the addition of metal cocatalysts to reach the fully reduced amine
product. Bornadel and coworkers, for example, reported a system based on the use of vanadium

oxide as a disproportionation catalyst, and glucose as the terminal reductant (Figure 1).*!

NO, NO NHOH OH /@ NH,
N3
© Nitroreductase © © ©/@ N V205 @
ﬁ H
NADPH NADP*

OH Glucose OH
dehydrogenase )
HO o < ydrog HO
HO HO
OH Yo OH
OH

Figure 1 A nitro-to-amine process relying on a nitroreductase enzyme for partial reduction of the nitrogroup with
a following disproportionation catalysed by V>0s and using a glucose-based cofactor recycling system. Adapted
from reference 31.

The Vincent group studies the use of hydrogenase enzyme to fuel biocatalytic transformation
using hydrogen gas. By linking hydrogenase, capable of oxidising dihydrogen, and an NAD-
reductase on a conductive carbon support, the electrons gained through hydrogen oxidation can
be used to regenerate the NADH cofactor, greatly improving the atom economy associated with
the reaction.’? Interestingly, the hydrogenase enzyme was also found to directly regenerate
flavin cofactors FMN and FAD under hydrogen gas — a non-native activity that was then
employed to establish a nitro-reduction method based on a flavin-containing nitroreductase and
the vanadium oxide co-catalyst, but avoiding the use of the waste-intensive glucose recycling

system.?3 34

1.1.6 Electrochemical nitro-to-amine transformation

Many nitro-aromatic compounds are acutely toxic, carcinogenic, and relatively stable, meaning
that nitroarene contaminated wastewater can have significant negative effects on people and

the environment.’®> Indeed, many of these compounds are listed on the US Environmental



Protection Agency Priority Pollutant List.>® The need for cheap and effective detection and
remediation of these contaminants has inspired much of the previous research into the
electrochemical reduction of the nitro-group. Electrochemical reduction of contaminants is
energy-efficient, requires only a simple set up and no other chemical reagents; however, the
reduced products, hydroxylamines and amines, remain highly toxic.3” To completely remove
the contaminants, the resulting amines can be subsequently polymerized leading to a
precipitate, or can be adsorbed by cation exchangers.’®3° Aside from its possible use for
wastewater treatment, the study of the electrochemical nitro-reduction could lead to novel
electro-synthetic methods for the production of amines and could provide valuable insights into

the reduction mechanism of relevance to more traditional chemical hydrogenation systems.
1.1.7 Bio-electro-catalytic nitro-to-amine transformation

Recently, the Vincent group has reported a cofactor-free biocatalytic nitro-reduction method
employing hydrogenase enzyme on a carbon black support, in which the hydrogenase enzyme
oxidises dihydrogen, supplying electrons that are then available to reduce the nitro-group
electrochemically at the conductive carbon surface.? The enzyme employed in this system,
hydrogenase 1 (Hyd-1, see 1.3.1) from Escherichia Coli (E. coli), is robust, oxygen-tolerant,

and can activate low concentrations of hydrogen gas.** The thermodynamic potential of the

Carbon Particle

Figure 2: Hyd-1 on carbon (Hyd/C) catalyst for cofactor free, biocatalytic nitro-reduction towards amine. As
described in reference 2.



2H*/Ha couple lies at -0.355 V at pH 6 and 1 bar hydrogen, while Hyd-1 operates with a mild
overpotential and provides electrons at -0.296 V at the same conditions.? Any nitro-reduction
that occurs on a carbon electrode at a more positive potential than -0.296 V should be accessible
to the Hyd1/C catalyst, and indeed, the group has demonstrated the applicability of this system
to a wide range of substituted nitro-arenes while at room temperature and atmospheric
pressures of H».2 Because the nitro-reduction is thought to occur electrochemically on the
carbon support, methods such as cyclic voltammetry and bulk electrolysis can be used to reach
a deeper understanding of this catalytic system. This catalyst system will be referred to as

Hyd/C, or if specifically Hyd-1 is relevant, as Hyd1/C throughout this thesis.

1.2 Electrosynthesis and -catalysis

1.2.1 Fundamentals behind electrochemical reactions: Current and Potential

In electrochemistry, a given redox couple of oxidized species 4 and reduced species B (Eq. 1)

is described based on a measured current and/or potential at a solution-electrode interface.

A+ ne” s B Eq. 1

For a given reduction reaction, the flow of electrons (i.e., the current I) from the cathode to
species A4 is influenced by the concentration of A at the electrode surface (and, it follows, by
the mass transport of 4 to the electrode), and by the rate of the heterogeneous electron transfer
reaction (kred). In turn, kred is governed by the relevant free energy of activation AG* and by the

interfacial potential difference between electrode and solution.*!

Under equilibrium conditions, the potential of the electrode (as measured relative to a suitable
reference electrode RE) reaches a steady value E., which can be described according to the
Nernst equation (Eq. 2) as depending on the concentration of the relevant species as well as the

standard reduction potential £° of 4.%!



RT [B]
E,=E°——In— Eq. 2
¢ nF " [A]

Where R is the gas constant, T the temperature in K, n the number of electrons passed, and F the Faraday
constant.

In order to shift the reaction away from the equilibrium, a potential £ unequal to E. must be
applied to the electrode (Figure 3). Many electrochemical transformations are only observed at
a harsher potential E than the relevant £°. The potential difference between the experimentally

observed redox potential and the thermodynamic potential is known as the overpotential 1:*?

n=E-E Eq. 3

1.2.2  Electrosynthesis

Despite its long history — Faraday reported his electrolysis of sodium acetate in 1834 -
electrosynthesis has been greatly underutilized by synthetic chemists. ** There are, nonetheless,
some examples of electro-synthetic processes that are important to the chemical industry. One
of the earliest examples of industrial electrosynthesis is the Kolbe reaction, in which a C(sp?)-
C(sp?) bond is formed through the electro-oxidative radical coupling of two carboxylic acids.**
Today, adiponitrile (ADN), a precursor to Nylon-6,6, is produced through electro-reductive
coupling on large scale — around 100,000 tonnes annually* — by BASF, Soluta, and Asahi

Chemical. The reaction is carried out using a reduction potential of -0.56 V in aqueous
A

S)

Electrode A Electrode A
AN
= n|
'g LUMO R LUMO
= homo = Homo

S

Figure 3: Graphic representation of electron transfer from the electrode to species A as an overpotential 1 is
applied.




electrolyte, at mild temperatures, and atmospheric pressures (Figure 4). These mild conditions
stand in stark contrast to the other well-known chemical method towards AND, which rely on
elevated temperatures and pressures as well as the highly toxic hydrogen cyanide for the
hydrocyanation of 1,3 butadiene. >4’ Recently, electrosynthesis has gained attention by virtue
of being a relatively safe and cost-effective method that can be designed to be environmentally
benign, depending on the choice of solvent and electrolyte, as well as the source of electricity

in its role as the most fundamental reductant. 4% 4°

It Il
: 7 Z
J A e
Cathode +H,0,5 7%
Anode 2 OH'

v H20+1/202+26—

Figure 4 Pathway for the electrochemical synthesis of adiponitrile (ADN). Adapted from reference 46.

Electrochemical proton/electron transfer mechanisms can also be relevant to traditional
hydrogenation catalysis. A recent publication by An et a/ has investigated the mechanism of
aqueous 4-nitrophenol hydrogenation using unbiased two-compartment electrochemical cells
(H-cells). The H» oxidation on a Pd/C catalyst is separated in one half of the H-cell, while the
nitro-reduction can occur both on metal sites and on the carbon support in the other half of the
cell using the electrons from the H» oxidation and solvent protons.*® This result underlines that
electrochemical research of the nitro-reduction reaction could also lead to the thoughtful design

of novel hydrogenation catalysts.
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1.3 Bio- and chemo- catalysts for the hydrogen oxidation reaction (HOR)

Catalysts capable of facilitating the 2H*/H transformation are of great interest because of their
possible application in hydrogen fuel cells and electrolysers — technologies thought by many
to be central to the transition towards a carbon-free energy system.’! In addition, the Vincent
group has already successfully coupled H, oxidation to the nitro-reduction reaction, as
described in 1.1.7, warranting a closer look at current H> oxidation catalysts reported in
literature. Today, the interconversion of water and hydrogen generally relies on the use of
platinum-based catalysts, a rare element that renders the resulting technologies prohibitively
expensive.>? Catalysts that rely on more common metals can be found in nature: hydrogenases,
enzymes that catalyse the reversible cleavage of H», contain either a di-iron, nickel-iron, or
mono-iron metal-carbonyl active site.’! Many microorganisms contain some form of
hydrogenase, whether they be endemic to volcanic extreme environments or the mammalian
intestines, in which Ha is produced through the fermentation of carbohydrates.> Indeed, the
enzyme most relevant to this thesis, hydrogenase-1 (Hyd-1), is synthesized by the

enterobacterium Escherichia coli (E. coli).

11



1.3.1 Escherichia coli hydrogenase 1

Hyd-1 is a membrane-bound hydrogen-uptake enzyme that is one of at least three [NiFe]-
hydrogenases expressed by E. coli. Like all [NiFe]-hydrogenases, Hyd-1 consists of a large
subunit housing the bimetallic active site and a small subunit capable of shuttling electrons to
the protein surface through a series of iron sulphur clusters.>® The active site contains a
cysteine-bound Ni with another two bridging cysteine residues linking it to the Fe, which itself
is ligated to two cyanides and one carbonyl — unusual ligands in biology, that have been
exploited as spectroscopic handles in infrared absorption studies probing the catalytic cycle of

the enzyme, shown in Figure 5.* Hyd-1 is known to have a strong catalytic bias towards H
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oxidation and can activate H> even under aerobic conditions, a quality that sets it apart from

other hydrogenases that typically require strictly anaerobic conditions. 4°
1.3.2  Biomimetic catalysts for H> oxidation and proton reduction

The oxygen sensitivity of many hydrogenases is only one disadvantage that might make them
less attractive for possible industrial application. Another important barrier to their widespread
use is that their production in the active form remains challenging and a scale-up to meet
industrial demand for fuel cell purposes is currently not achievable. 3% 3° Inorganic complexes
that are designed to mimic the active site chemistry found in hydrogenases could offer a
promising alternative, because the technology needed to produce such synthetic complexes at
large scale is well established. A variety of inorganic complexes that are structurally inspired
by hydrogenase active sites has been reported. Notably, Ogo et al have reported both [NiRu]
and [NiFe] complexes with similar structural features as the [NiFe] hydrogenase active site that
can activate H in water and at room temperature. > 7 Structural models have also been useful
in the elucidation of the active site chemistry because specific oxidation and protonation states
can be targeted synthetically. Eilers et a/, for example, were able to study the protonation of

metal or ligand sites on a diirion complex which mirrors the [FeFe] hydrogenase active site. 5

Another approach is to target the design of functional models, rather than structurally identical
models, of the hydrogenase active sites.>! Several characteristics of the natural active sites have
been identified to produce such functional models. First, the unique cyanide and CO ligands
found in hydrogenase active sites are strong field ligands that cause low-spin states, resulting
in open sites for the coordination of hydride ligands during the heterogeneous cleavage of H,.>°
Accordingly, the work of DuBois, Shaw, and others, has tuned low-spin [Ni(diphosphine),]**
complexes for heterogeneous H, cleavage. By increasing the bulk of the phosphine
substituents, the square planar geometry is distorted towards a tetrahedron, introducing

conformational strain, and the complex becomes a better hydride acceptor.>®- ¢ Indeed, initial
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work had found that a [Ni(Et.PCH,CH>CH>PEt,)2]*>" complex was capable of cleaving H> in
the presence of an external base. ® To mimic the pendent amine in [FeFe]-hydrogenase that
can act as a proton acceptor while the metal centre accepts the hydride, an amine was
introduced to the six-membered ring of the diphosphine ligand. Finally, to force at least one
amine to remain in immediate proximity to the metal centre, which requires the ring to assume
the boat conformation, complexes containing four such rings were synthesized
([Ni(PR2NR,),]>"), as illustrated in Figure 6.% This family of complexes can be further designed
by carefully choosing R’* which can tune the amine pKa. H> oxidation activity can be further
enhanced by choosing amino acid substituents as R” which improve proton movement in the
outer coordination sphere. ® Indeed, a [Ni(P<Y2NS,),]>* complex (where Cy = cyclohexyl and
Gly = glycine) was shown to outperform a [NiFe]-hydrogenase from Desulfovibrio vulgaris at
low pH or in the presence of CO. % This family of complexes has been immobilised on

graphene oxide or carbon nanotubes to form electrodes for possible fuel cell applications. 6% 63

T -

boat boat
{ ROR D

CyS'—S S \\\\S:
ock '\ ~wCN \{ \\\P/
Fe ANy N N AN
e N\ o R P\ P R"
8 chair R' R chair

Figure 6 Structure of the [FeFe] hydrogenase active site (left) and the general structure of the ‘DuBois-type’ Ni
complexes following the general formula [Ni(PR:N®3)2]?*, with chair and boat conformations labelled.
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1.4 Production methods and applications of carbon nanotubes

1.4.1 Carbon nanotube discovery and impact

1,5 sparking

The first synthesis of carbon nanotubes (CNTs) was reported by Iljima in 199
decades of research into the production, properties, and applications of these materials. CNTs
can be thought of as sheets of graphene rolled up into cylindrical shape, and are categorized by
their number of walls into single-walled, double-walled, or multi-walled CNTs (SW-, DW-, or
MW- respectively). Depending on their diameter, wall number, and structural characteristics,
the properties of these materials will vary widely, and the term ‘carbon nanotube’ should be
thought of as an umbrella for many different, if related, materials. ¢’ Today, CNTs are applied

68,69 catalyst supports, 7° for sensing applications, ’! for the development

as electrode materials,
of flexible electronics, > and have already been used as supports for hydrogenase enzyme

immobilisation in the Vincent group and beyond. 7> 74
1.4.2  Synthesis of carbon nanotubes

Several methods for the production of carbon nanotubes have been developed, including
chemical vapour deposition (CVD), arc discharge, and laser ablation. Many types of CNTs are

now commercially available.

The arc discharge method relies on a constant high current between two electrodes in a
pressurized chamber, filled with a mixture of inert and carbon precursor gas, with the plasma
between the electrodes reaching temperatures of 4000-6000K. The catalyst needed to initiate
CNT growth can be supplied by simply placing a small piece of iron onto the anode, which
vaporizes to interact with the decomposing precursor when a high current and voltage is applied
between the electrodes.” Arc discharge has been used since the 1980s for the production of
fullerenes,’® with Tijima employing this method in 1991 for the first reported synthesis of

SW-CNTs.% Specifically, Ijima’s method relied a reactor was filled with argon and methane
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before applying a current of 200 A at 20 V between the electrodes, where a piece of elemental
iron was placed onto the cathode to provide the nucleation catalysis for the CNT growth. The
SW-CNTs were found not on the cathode but deposited in the reactor chamber, indicating that
the material was formed in the gas phase. Current research using arc discharge to produce
CNTs includes, for example, the production of mixed SnO/CNT composites for battery

applications. ”’

A second among the most well-known methods for the synthesis of CNTs is the laser ablation
of bulk graphite. The possible use of laser ablation for the production of CNTs was first
discovered in the group of Richard Smalley in the 1990s: A control experiment, in which a
pure carbon rod was exposed to a pulsed 532 nm laser in a high-temperature furnace,
surprisingly yielded MW-CNTs. 7® Notable is that laser ablation allows for a catalyst-free
synthesis of CNTs, while metal contamination of CNTs produced through other methods
remains an important concern in the analysis of their proposed chemical or electronic

behaviours.”® 80

In the first reported production of CNTs through chemical vapour deposition (CVD), published
in 1993, iron nanoparticles were prepared on a graphite support prior to the CNT growth
process and placed into a quartz reactor. Acetylene was then pyrolyzed at 700 °C over the pre-
prepared catalyst, leading to the formation of CNTs whose diameter corresponded to the
catalyst particle diameter, and whose length depended on reaction time.}! Current CVD
methods still follow this general procedure: A precursor carbon source and a metal catalyst are
fed into a furnace, the catalyst decomposes and forms nanoparticles on which the CNTs can
nucleate. CVD offers a myriad of possible parameters for fine tuning of the produced material,
including temperature, flow rate of the precursor mixture, catalyst and precursor concentration
and identity, synthesis time, and substrate or possible template identity. 82 In addition, CVD as

a one-step scalable technique is employed in industry for the large-scale production of CNTs %3
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1.4.3  Substitutional heteroatom doping of carbon materials

The introduction of heteroatoms into the sp2 lattice of carbon materials causes structural
defects, changes in charge density distribution, and altered chemical behaviour, offering a route
of modifying the structure and properties of the material. # 8> Elements near carbon in the
periodic table are the most likely choices for heteroatom doping, with boron and nitrogen being
most common, but with many others (such as phosphorous® and silicon®’) also being reported.
Different dopants will lead to different structural and electronic effects. Boron dopants are
known to enhance conductivity by increasing the number of hole-type charge carriers because
of their three valence electron electronic configuration. 3% Boron dopants can easily substitute
for a carbon atom in the material’s lattice, while phosphorous, for example, has a significant
distortive effect and can increase the d-spacing of the material — a quality that can lead to easier
interlayer ion storage, making the material more interesting in battery applications. 3° The
general effect of different heteroatom dopants is summarised in Figure 7 in terms of the

possible battery or supercapacitor application of the resultant material %’

While many possible dopants have been demonstrated in literature, nitrogen is thrown into

relief due to the methodological ease of nitrogen doping, the relative chemical stability of the
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Figure 7 Generalised effects of different heteroatom dopants in carbon nanomaterials for use in batteries (a) or
supercapacitors (b). Reproduced from reference 87 with permission.
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C-N species formed, and the similar size of carbon and nitrogen. 34 Nitrogen heteroatoms
introduce significant defects into the sp2 lattice, with the possible NC bonding environments
being defined as graphitic, pyridinic, or pyrrolic. °° These defects could act as active sites, can
lead to easier adsorption of other species in gas sensing or protein immobilisation applications,
°1.92 and increase the surface wettability of the material through the introduction of permanent
dipoles. ?* Interestingly, the activity of metal catalysts such as metal nanoparticles on carbon
may be tuned by the introduction of heteroatom dopants into the carbon support, with nitrogen
being one of the most widely studied cases. For example, nitrogen-doped carbon black was
shown by Yang et al to improve dispersion of Pt-M nanoparticles on carbon, while inducing a
positive shift of the onset potential of the oxygen reduction reaction (ORR) as compared to the

control Pt-M on undoped carbon black. **

The heteroatom dopant is either introduced directly during the material synthesis (i.e., by
enriching the precursor species with the desired element) or post-synthesis by chemical and
thermal treatment of the existing sp2 material. For the synthesis of nitrogen-doped CNTs by
CVD, the precursor molecule can simply be chosen to contain a nitrogen-based functional
group, for example by exchanging benzylamine for toluene. > A typical post-synthesis doping
method involves treatment of the carbon nanomaterial with a precursor — such as sodium

dodecyl sulphate as a sulphur source’® — and subsequent calcination at high temperature.
1.4.4 (Doped) CNTs in electrocatalysis

CNTs have since their discovery garnered the interest of electrochemists due to their large
electrochemically active surface area, their excellent conductivity, and reported electrocatalytic
effects on depletion of overpotential or increases in current densities. °’ Xiong ef al use
vertically aligned nitrogen-doped CNTs as the anode in the oxygen reduction reaction (ORR),
showing high current densities and a small anodic shift of the onset potential, a result with

possible implications for fuel cell research. *® Similarly, NCNTs have been used in a composite
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material alongside nitrogen-doped graphene in order to boost the electrochemically active
surface area by preventing re-stacking of the individual graphene layers; a paper that also
includes interesting examples of post-synthesis doping: Graphene oxide and MW-CNTs are
combined and only then treated with either urea (material NC-1) or dicyandiamide (material
NC-2) at 800 °C. Electron microscopy was used to demonstrate that while some restacking of
graphene nanosheets was observable, larger scale agglomeration was prevented. This
composite material was found to be highly active as an ORR electrocatalyst in alkaline media,
while doping with urea versus dicyandiamide led to materials with differing electrocatalytic
behaviour, an observation that is not fully explained but indicates a possible tuning of the

catalysis through slight differences in the bonding environment of the nitrogen heteroatoms.”

While literature may sometimes describe CNT-based electrocatalysts as ‘metal-free’, metal
contamination could play an important role in at least some of the reported electrocatalytic
behaviour ascribed to the materials. Metal contamination is to be expected in CNTs stemming
from production processes (vide supra) that rely on iron, cobalt, or nickel-based catalyst for the

growth mechanism.®

1.5 Towards green chemistry? Electrosynthesis and bio-electrocatalysis

1.5.1 Motivation for the pursuit of green chemistry

The chemical industry has an important and global impact on the environment, human health,
and climate change, and concrete examples of such impacts are easy to find. Infamously, five
survey regions around a chloroprene production plant in Louisiana, built by DuPont and now
run by the Japanese chemical company Denka, have the highest cancer risk in the United States,
hundreds of times the national average, with pollutant numbers still trending upwards in
2018.1% Zavarsky and Duester have shown that the temperature of the river Rhine in southern

Germany fluctuates with the turnover of BASF, whose largest production facility utilizes river
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water for cooling purposes.'®! Chemical companies feature prominently on the U.S.-based Top
100 Polluter Indexes published by the University of Massachusetts Amherst, with a selection

shown in Table 1 (based on 2021 Data from the U.S. Environmental Protection Agency).!*

Rank in...
COunEaton . . Greenhouse 100 Toxic 100 Water
Toxic 100 Air
Polluters
LyonellBasell 1 74 33
Industries
BASF 3 157
Indorama Ventures 4
Dow Inc. 8 = 125
) 95
Westlake Chemical 12
Evonik Industries 33
Solvay 38

Table 1 Chemical companies feature prominently on the U.S.-based Top 100 Polluter Indexes published by the
University of Massachusetts Amherst.

With the concurrent and connected crises of biodiversity loss and global heating threatening
every aspect of (human) life, a transition towards green practices is long overdue and only
increasing in urgency.!® While the United Nations Environment Programme advises that the
current scale of manufacture of some of the products of the chemical industry should be
lowered to reach environmental sustainability,!* many are essential to human quality of life,
necessitating the development and application of green production methods.!% Biocatalysis as
well as electrosynthesis are two methodologies explored in this thesis that can help lower the
environmental impact of chemical production, through milder conditions and greater material

efficiency (with caveats introduced above).
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1.6 Aims and overview of this thesis

The Hyd/C catalyst system for the hydrogenation of nitro-groups towards the production of
amines can be separated into the two half-reactions: First, H> oxidation catalysed by
hydrogenase enzyme and second, nitro-reduction occurring on a carbon particle. The feasibility
of the overall reaction is governed by the potentials associated with the two half reactions. At
pH 6, the thermodynamic potential of the 2H"/H» couple lies at -0.355 V vs SHE — depending
on the catalyst used, there may be an additional overpotential (as with Hyd-1, where the onset
for dihydrogen oxidation lies at -0.296 V vs SHE at pH 6). In the combined system, where the
half reactions are linked through a conductive carbon, any nitro-compound with a reduction
potential (under the relevant conditions) that is more positive than the 2H*/H, couple should
be within the substrate scope of the system. It follows that this hydrogenation system can be
modified if the potentials of the respective half reactions are shifted. This thesis will attempt to
tune the nitro-reduction reaction by varying the carbon particle used as the enzyme support.
For this purpose, a set of NCNTs is synthesized and an electrochemical study of the nitro-
reduction on these NCNTs as well as other commercial carbon nanomaterials is undertaken.
After an electrocatalytic effect is observed on the NCNTs in Chapter 3, they are employed for
the electrosynthesis and biocatalytic synthesis of amines in Chapter 4. Finally, Chapter 5 will
focus on the H» oxidation reaction and will establish a chemo-catalytic nitro-hydrogenation
catalyst system inspired by Hyd/C using a Ni(bisdiphosphine) complex known for its excellent

H; oxidation catalysis, introduced above.
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2 Analytical Techniques and Characterisation Methods

A wide range of characterisation methods was needed throughout the research for this thesis.
Electrochemical techniques play a key role throughout the results chapters. The carbon
nanomaterials that were used throughout the project were characterised by microscopic
(transmission and scanning electron microscopy) and spectroscopic means (Raman
spectroscopy and X-ray photoelectron spectroscopy (XPS)). The execution of the
hydrogenation of small molecules necessitated the use of nuclear magnetic resonance
spectroscopy to identify organic products and inductively coupled plasma — optical emission

spectroscopy to investigate possible catalyst leaching.
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2.1 Electrochemical methods

All electrochemical experiments were performed in inert atmosphere (N2 atmosphere of an
anaerobic glovebox by Glove Box Technology) to prevent the appearance of oxygen-mediated

electrochemical features.
2.1.1 Cyclic voltammetry

To record a cyclic voltammogram, the potential applied to the working electrode (WE) as
compared to the potential measured at some stable reference electrode (RE) is swept between
a start potential Ex and end potential E, while the current output at the WE is recorded. ! To
complete the electrical circuit and enable the current flow, a counter electrode (CE) and a
sufficiently concentrated electrolyte, serving as a charge carrier, are required. The observed

current can be separated into two distinct portions, the capacitive current Ic and the Faradaic

current Ig. !
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Figure 8 A Illlustration of the double layer forming through electrostatic interactions between the charged
electrode and the ions in solution, adapted from reference 2 and B Cyclic voltammogram recorded on a clean
carbon electrode in pure sodium phosphate buffer (100 mM) illustrating capacitive current.

As the WE surface is polarized with regard to the bulk solution, electrolyte ions are attracted
or repulsed from the charge of the WE and form a so-called double layer. If the surface is

polarized positively, negatively charged ions in solution will be selectively attracted to the
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surface (and vice-versa for a negatively polarized electrode), resulting in a concentration (and
electrical potential) gradient towards the bulk solution. As the WE potential is varied, a double
layer charging current or capacitive current Ic is observed. This phenomenon leads to the
typical appearance of the voltammogram in the shape of a parallelogram in the absence of

electron transfer or Faradaic current Ir (Figure 8).2

The Faradaic current Ir results from electron-transfer events occurring at the electrode surface
and depends on the concentration of redox active species near the electrode. For a given
reduction reaction, the flux of oxidized species to the electrode plays an important role in
determining the magnitude of Ir. Possible migration, or the movement of species in response
to the electric field, is minimized by the presence of excess concentration of electrolyte.
Convection can be applied through stirring, rotation of the electrode, or heating of the solution
in specific experiments if desired, though cyclic voltammetry is often performed under
conditions in which diffusion is the only form of mass transport. > Assuming fast electron
transfer, the consumption of species A to form species B near the electrode surface and the
diffusion of species to and from the bulk solution results in the well-known ‘duck’ shape of the
CV wave of a reversible redox process. The diffusion layer is defined as the area near the
electrode in which the concentrations of A and B differ from the bulk concentrations®, and
diffusion to and from an electrode with a diameter significantly larger than the diffusion layer

is treated as linear.
2.1.2 Electrodes used for cyclic voltammetry measurements

Cyclic voltammetry was performed using a glass electrochemical cell (made in house by
academic glass blower Terri Adams) equipped with a water jacket, which was used to stabilise
the temperature at 25 °C, and with side arms designed to hold the three required electrodes —

working, reference, and counter - in the electrolyte solution.
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The main prerequisites for suitable working electrodes are that they be chemically inert in the
potential range to be studied and that they be clean. Most of the electrochemistry presented in
this thesis is recorded using a pyrolytic graphite electrode manufactured in house using a
pyrolytic graphite rod (2 mm diameter) that was attached to a Delrin rotating disk electrode
case using a small amount of silver-loaded epoxy resin (from RS Components), and then sealed
to a cylindrical shape using insulating epoxy resin (from Robnor Resin Lab). The disk of
pyrolytic graphite is exposed on the edge-plane; hence, this type of electrode will be referred
to as a pyrolytic graphite edge, or PGE electrode. The PGE WE surface can be prepared before
each experiment by manual polishing on increasingly fine abrasive paper to achieve a clean
surface. A counter electrode is required to close the electrical circuit and accept any equal and
opposite current to or from the working electrode. To ensure that the current flow between WE
and CE is never limited by the CE, the surface area of the CE should always exceed that of the
WE. For the purposes of this project, the WE is most often experiencing reducing potentials,
and it follows that some oxidation event must occur at the CE to complete the electrical circuit.
As gas was sometimes observed at the CE, it can be assumed that some amount of the aqueous
media is oxidised to produce O. For any cyclic voltammetry experiments involving low
Faradaic currents, a counter electrode (CE) consisting of a small piece of platinum wire was
simply dipped into the solution. For any experiments involving longer time periods or higher
currents, the Pt electrode was separated from the bulk solution using a fritted compartment to

avoid re-oxidation of the reduced product.

A saturated calomel electrode (SCE, ItalSens) was used as the reference electrode in all
electrochemical experiments in this thesis. The SCE consists of a platinum pin connected to
volume of Hg, which is surrounded by a layer of mercuric chloride (Hg2Cl (s)) and dipped into
a saturated KCI solution. * The potential of the SCE is set by the redox reactions between

elemental Hg, Hg?*, and Hg2Cl, and can, at 25 °C, be corrected to the standard hydrogen
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electrode (SHE) using Eq. 1.* Because the solubility of CI- is a variable in determining the
potential of the SCE, and is in turn influenced by temperature, use of the water jacket of the
electrochemical cell is key to ensure reproducibility. In addition, the validity of the SCE was
regularly scrutinized by using it to determine the half point potential in the redox chemistry of

ferrocenemethanol, which can be compared to a literature value.

ESHE = ESCE + 0242V Eq 1

2.1.3 Chronoamperometry

In cyclic voltammetry, only the species close to the working electrode are converted while the
concentration of starting material in the bulk solution remains essentially unchanged.! To
convert a sufficient amount of starting material to then be able to use other analytical methods
to identify possible products, for example through nuclear magnetic resonance (NMR)
spectroscopy, a different electrochemical technique known as chronoamperometry or bulk
electrolysis is needed. Two different versions of electrolysis are commonly featured in the
chemical literature: Either, a controlled measure of current is passed through the working
electrode into the solution (galvanostatic electrolysis), or a controlled potential is applied at the
working electrode (potentiostatic electrolysis).®> As described in detail in the results chapters,
for the purposes of this thesis, bulk electrolysis was used to determine which product would

form at a specific potential, so galvanostatic electrolysis would have been unsuitable.

Similar to the cyclic voltammetry electrode set up described above, three electrodes are needed
for potentiostatic electrolysis. The counter electrode is separated using a glass frit to prevent
possible undesired further transformations of the organic starting materials or products at the
counter electrode. The conversion of larger amounts of starting material is made easier by the
use of a large surface area WE, the preparation of which will be described in the results

chapters. The same SCE RE can be used for the electrolysis. To ensure that the species to be
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converted comes into contact with the WE, the electrolyte is stirred and the experiment is
conducted within a cylindrical glass vial without any side-arms in which pockets of still

electrolyte could remain.

During potentiostatic electrolysis, a current-versus-time dataset is recorded. The integral under
the curve reflects the charge Q passed into the solution. If the amount and identity of product
formed can be determined by a complementary analytical technique, the faradaic efficiency

(FE) of a process can be calculated.

NXnXF
FE(%) = —0 x 100% Eq.2

Where N is the number of moles of product, n is the number of electrons required to produce the product, and
F is the Faraday constant

The FE describes the efficiency of a process in terms of what fraction of the passed electrons

are used to make the desired product. ®
2.2 Aerosol assisted chemical vapour deposition (AA-CVD)

CNTs were synthesized using a CVD system consisting of a single-zone horizontal tubular
furnace (Elite Thermal Systems; 60 cm x 4 cm inner dimensions; Eurotherm 2416 temperature
controller), into which a quartz tube (Robson Scientific; 80 cm length and 2.1 cm inner

diameter) was fed (Figure 9). The inlet of the quartz tube was connected to a piezo-driven

Precursor gas inlet

Furnace [ ]

Figure 9 Schematic representation of the furnace set-up used to perform CVD synthesis of CNTSs.
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aerosol generator (RBI Pyrosol 7901). A temperature gradient in the furnace was measured to
confirm the area most closely reaching the set temperature (Figure 10). The temperature drops
significantly near the inlet and outlet of the furnace; subsequently, only material deposited
between approximately 20.5 cm to 34.5 cm into the furnace was collected during future
synthetic experiments. For a typical CNT synthesis, the precursor solution (350 mL, 1-5 wt%
ferrocene in liquid hydrocarbons) was fed into the piezo-driven aerosol generator, which was
then connected to the quartz tube. The set up was flushed with Ar before the furnace was
isolated until the synthesis temperature (750-900 °C) was reached. The precursor solution was
vaporised and allowed to flow through the furnace under flow of Ar (1.5 standard litre per
minute (slpm)) for the synthesis duration (25 - 120 min). The furnace was allowed to cool to
350 °C before the Argon flow was stopped to prevent oxidation of the synthesised material

upon contact with air.

vvavVWVVVWVVv Y
800 -} v v
v v
v v
v
~~ v
g_) 700 v
® v 1
=
g 600 -} J Y
o
e
(¢D)
= 500
J 5 5 v
10 10
o <t
400 « )
T T T T T T T
0 10 20 30 40 50 60

Furnace Depth (cm)

Figure 10 Measured temperature gradient in the tube furnace used for CVD synthesis of CNTs. Note the furnace
was open to air on both sides during this measurement to allow insertion of the temperature probe.
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2.3 Electron microscopy

As opposed to optical light microscopes, electron microscopes use a beam of electrons rather
than a beam of light to illuminate a sample. According to the Abbe equation (Eqg. 3), proposed
by German physicist Ernst Abbe to describe the formation of images in optical light
microscopes, the resolution of an instrument will improve at smaller A while being inversely
related to n — the refractive index of the medium between the objective and the sample, and o

—the opening angle of the objective. ” While visible light has wavelengths of multiple hundreds

= 0.6121 Eq.3
nsina

of nanometres, a much smaller De Broglie wavelength of the electron beam in a typical electron
microscope can be achieved by tuning the momentum of the beam, following the De Broglie
equation (Eq. 4), leading to a much better resolution. ” The resolution of an instrument can be
understood as the minimum distance between two objects for them to appear as separate in the

produced image. ’

Electrons from an electron gun (today, often a tungsten or LaB6 cathode filament) emitted into
a vacuum can be attracted towards a positively charged plate — the anode — with a hole in it,
through which the beam can pass to travel to the sample. The voltage applied to the anode will
determine the acceleration of the electrons, which will then determine the associated
wavelength and thus influence the resolution of the instrument. Instead of the glass lenses used
in optical microscopes, electric or magnetic fields are applied to the electron beam to achieve
focusing action before the electrons hit the sample.” In transmission electron microscopy

(TEM), the electron beam travels through the sample to produce an image on a fluorescent
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screen. In scanning electron microscopy (SEM), a focused beam moves (or scans) across the
sample and reflected electrons are used to form an image.’ It follows that samples for TEM

must be of very low thickness, while thicker bulk materials can be analysed directly by SEM.
2.3.1 Transmission electron microscopy (TEM)

The typical elements of a transmission electron microscope are listed in Figure 11. The electron
gun has usually been a heated tungsten filament, but brighter beams are achieved using
lanthanum hexaboride or a field emission gun (FEG), in which an electrostatic field is used to
induce electron emission from a tungsten wire. The condenser lenses are used to vary the
intensity of the illumination of the sample by focusing the electron beam at, below, or above
the plane of the specimen stage. 8 The objective lens helps refocus the beam and the objective
aperture can be chosen to select between transmitted or diffracted (i.e., inelastically scattered)
electrons. Here, a choice can be made between dark field imaging, where the diffracted
electrons are used to form the image and areas of the sample with high mass will appear bright®
(as these areas will scatter more electrons), or bright field imaging, in which transmitted
electrons are used to form the image and areas of the sample with high mass will appear dark

(as few electrons pass through these areas). *° The projector lenses are the final lenses in the

' +—— Electron gun

- - 4—— Condensers
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. <+—— Specimen stage
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Vacuum +——— Viewing chamber
pumping
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Figure 11 Representation of the features of a transmission electron microscope, adapted from 8.
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TEM column and are responsible for further magnification of the image before the beam hits

the fluorescent screen in the viewing chamber or the camera where the image can be recorded.®

Resolution in TEM has not been limited by the accelerating voltage of the instrument but rather
by spherical aberrations caused by an imperfect objective lens, an effect described by the term
Cs: Rays passing through the centre of a lens focus at a point further from the lens than those
rays passing through the outer edges of the lens. The development of excellent aberration
correctors around the turn of the millennium has made resolutions of 0.1 nm achievable and

single atom imaging more widely available.®
2.3.2 TEM Procedure

Sample inks were prepared by dispersing some milligrams of material in isopropanol by
sonication. Some drops of this suspension were then applied onto a 400 mesh copper TEM grid

with a lacey carbon film (Agar Scientific) and left to dry.

Two transition electron microscopes were available for the purposes of this thesis through the
David Cockayne Centre for Electron Microscopy (DCCEM), a multi-user facility in the
Department of Materials. The first is a JEOL JEM-3000F 300 kV FEG TEM which was
disassembled in 2023. The second is a JEOL ARM-200F, which was used in high resolution

TEM mode with images collected through a Gatan Imaging Filter (GIF).
2.3.3 Scanning electron microscopy (SEM)

Early scanning electron microscopes were already constructed in the 1930s. 1! In simple terms,
a probe of electrons is focused on the surface of a sample and scanned across it in a series of
parallel lines, giving rise to signals of electrons and radiations that are collected and used to
construct a three-dimensional representation of the sample. The magnification of the SEM
arises from the difference in size between the area scanned by the electron probe and the size

of the screen on which the output is displayed. It follows that the resolution of the SEM depends
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principally on the diameter of the electron probe, since this will determine the size of the
smallest area the instrument can reasonably analyse.® In practice, the resolving power will also
be influenced by the geometry and identity of the sample, because electrons can enter into the
sample surface and diffuse within the sample, effectively enlarging the illuminated area and

thus lowering the resolution.®
2.3.4 SEM Procedure

Some milligrams of dry material (as synthesised, unless otherwise stated) was applied to a
carbon adhesive disk (Agar Scientific), which could then be applied to the relevant SEM pin to

be inserted into the instrument.

Multiple SEMs were used during this project. The main instrument used to analyse synthesized
nanomaterials was a JEOL 840F operated at 10 kV acceleration voltage. Images collected in
2024 were provided by Dr. Ryan Schofield using a Carl Zeiss Merlin high resolution FEG SEM
operated at 20 kV acceleration voltage. For low magnification images of high-surface area

electrodes, a table-top Merlin-60 SEM was used at 3 kV acceleration voltage.
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2.4 X-ray photo-electron spectroscopy

N.B. X-ray photo-electron spectroscopy data was kindly collected by Philip Holdway and Wali
Man Chan of the Oxford Materials Characterisation Service (OMCS). Data analysis was

performed by the author.

X-ray photo-electron spectroscopy (XPS) is a surface-sensitive technique that can offer
information on elemental composition and bonding in exquisite detail. Typically, an aluminium
anode is bombarded with high-energy electrons, leading to the emission of Al Ka photons,
which are micro-focussed and mono-chromated before hitting the solid sample within an ultra-
high vacuum chamber (Figure 12). Exposure of the material to incoming photons of energy hv

leads to the emission of an electron from a core shell. The kinetic energy KE of the ejected

*where ¢ is the work function of the spectrometer

electron is measured and used to quantify the initial binding energy BE associated with the
bonding environment of the electron, using Eq. 5, where all quantities other than BE are
known.!2 While the KE will vary based on the specific spectrometer used, the BE can be
compared across different instruments. ** In addition, the peak intensity is proportional to the
relative atomic percentage of each species, allowing the determination of the surface

composition of a sample. 4

monochromator

sample o/ >
@/@O 7
o,

X-ray anode (Al) ultra-high vacuum chamber

Figure 12 Simplified cartoon of a spectrometer for X-ray photo-electron spectroscopy. Adapted from 12.
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The BE — or level of attraction between electron and nucleus — is influenced not only by the
identity of the relevant atom, but also by its specific oxidation state or bonding environment,
and the resulting change in peak position is described as the chemical shift. In general terms,
nuclei with greater electronegativity will eject electrons with relatively higher BE and lower
KE. More oxidized nuclei will have a stronger interaction with the leaving electron and again
eject electrons with higher BE. Binding of the nucleus to electron withdrawing groups will lead

to de-shielding and thus a higher affinity (BE) of the nucleus to the ejected electron. 1

Aside from shifts due to varied bonding environments, satellites are another important feature
of XPS peaks (Figure 13). As a valence electron travels away from the nucleus, it may excite

another electron to a higher energy level (shake-up), leading to a decrease in the KE of the
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Figure 13 Graphic representation of electron configuration after shake-up (excitation of a second electron) and
shake-off (ejection of a second electron) phenomena.

ejected electron and a resulting increase in the observed BE. This phenomenon is especially
relevant to this thesis, as the shake-up peak (in some cases labelled =-t*) is typically
pronounced in conductive materials with many possible energetic transitions, such as
conjugated sp? carbon materials. If the second electron is removed completely through its
interaction with the initially ejected electron, it can contribute to the spectral background as a

shake-off satellite. 1
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2.5 Raman spectroscopy

Raman spectroscopy measures vibrational transitions which typically correspond to the energy
of infrared radiation. However, instead of directly exciting vibrational transition using infrared
light as in IR spectroscopy, Raman spectroscopy employs an ultra-violet (UV) laser to induce
an excitation to a ‘virtual state’ below the electronic states in the sample, after which
perpendicularly scattered light is detected. The scattered light consists primarily of light of the
same frequency v° as the incident excitation beam (a result of the elastic Rayleigh scattering),
but some amount of the light is scattered inelastically and has frequency v°+vm, where v is
the frequency of a vibrational transition in the sample.!” Because the population in the
vibrational ground state can be expected to greatly exceed those in the vibrational excited
states, the v°-vm Raman scattering is usually prevalent (also known as the Stokes lines, as
opposed to anti-Stokes lines). A vibrational transition is Raman active if the polarizability — or
the ability of the electron cloud to be distorted by an electric field — of the molecule changes

during the transition.’

Figure 14 A In-plane bond stretching vibration of pairs of sp2 carbon atoms resulting in G band and B breathing
mode of six-membered ring leading to D band. Adapted from reference 19.

Raman spectroscopy is one of the most widely used characterisation techniques of carbon
nanomaterials and is well established for the analysis of CNTs.*® As a quick, relatively easy
measurement it can be used as a standard first diagnostic technique to probe the structure of a
new material. Graphitic materials have two distinct first order features in their Raman spectra:

The G band at ~1580 cm™*, which arises from an Ezq in-plane bond stretching of pairs of C sp-
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hybridized carbon atoms and the D band at ~1360 cm™!, which is attributed to a breathing mode
which is forbidden in perfect graphite but is only observed in materials containing six-
membered aromatic rings (Figure 14).! The intensity ratio Ip/Ig is commonly used to compare
the defect density between different materials. Aside from these two major bands, multiple
other disorder induced first-order peaks are known, including notably D2 at ~1620 cm™! which
merges with the G peak in some materials. The two-phonon overtone of the D band appears at
~2700 cm! is labelled as G” or 2D in the literature — for the purposes of this thesis, it will be
referred to as 2D in line with most reports concerning CNTs. This band does not require
disorder and is observed even in perfectly graphitic systems (explaining the alternative

nomenclature G”).?°

The D, D2, and 2D bands are dispersive, i.e., their frequency changes with the frequency of the
incident laser.2% 2! The Ip/IG ratio is also known to depend on the excitation laser frequency.?!
Because all spectra in this thesis are recorded using the same 532 nm laser source, these
dependencies can be disregarded herein and all spectra can be compared without consideration

of the dispersive properties of the bands.

2.5.1 Raman Spectroscopy: Procedure

Samples were prepared by suspending some milligrams of solid nanomaterial in isopropyl
alcohol, then dropping this suspension onto a microscope slide and allowing the solid to dry
completely. The instrument used was a JY Horiba Labram Aramis imaging confocal Raman
microscope equipped with a 532 nm laser and an 1800 grooves/mm diffraction grating. A
silicon wafer was used to calibrate the laser and a minimum of ten spectra at different locations
across each sample were taken. The average of these ten spectra was used to characterize the

sample.
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2.6 UV/Vis Spectroscopy

Light of the ultraviolet or visible (UV/Vis) range of the electromagnetic spectrum (200-800 nm
wavelength) carries sufficient energy to cause electronic transitions in many organic molecules.
Modern UV/Vis spectrometers can scan through the wavelengths in the UV/Vis range,
resulting in an absorbance vs wavelength spectrum. 22 At room temperature, most of the species
will initially be in the ground electronic and vibrational state, from which they can be excited
to various vibrational states within a higher electronic state, giving rise to the broad peaks seen
in UV/Vis spectra. UV/Vis transitions are governed by two selection rules: transitions are
allowed if the symmetry of the initial and final state is different but the spin of the electron

remains the same. 22

UV/Vis spectroscopy is a useful and accessible technique for the quantitative analysis of the
concentration of a species as the measured absorbance can be related to the path length (I,
distance travelled through the solution by the light), the concentration of the molecule (C), and
the molar absorptivity (e, which is characteristic to a molecule at a specific wavelength, and
relates to the likelihood of a certain transition occurring) through the Beer-Lambert law (Eq.

6).22

A= €eCl Eq. 6

In this project, UV/Vis spectroscopy was used to measure the conversion of 4-nitrophenol to
4-aminophenol. 4-Nitrophenol has a pKa of 7.15 and is colourless in its protonated form. 2% 24
Deprotonation at high pH leads to increased conjugation between the O°, benzene, and NO3,
which can be assumed to lower the HOMO/LUMO gap, leading to an associated strong
absorbance at 400 nm. To exploit this UV/Vis active transition, and to make sure all 4-
nitrophenol in solution would be detected, reaction samples were combined with aqueous

NaOH to increase the pH before the spectra were collected.
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2.6.1 UV/Vis spectroscopy: Procedure

UV/Visible data were collected on a Cary 60 spectrometer (Agilent) using a quartz cuvette
(Helma) with a 1 cm pathlength. Samples were prepared by combining reaction mixture
(initially, 5 mM in 4-nitrophenol, 100 uL) with NaOH (3 M, 50 uL) and diluting with MilliQ
water (18.2 MQ cm) to 1 mL. Spectra were compared to a calibration curve which had been

prepared by measuring the spectra of varying mixtures of 4-nitrophenol and 4-aminophenol.
2.7 Inductively coupled plasma optical emission spectroscopy (ICP-OES)

The goal of ICP-OES is to detect and quantify the elements present within a sample. The
instrumentation is made up of the inductively coupled plasma — which converts the species in
the sample into free excited atoms — and the optical emission spectrometer, which detects the

electromagnetic radiation that is specific to each element. 2

The plasma in the ICP-OES instrument is typically Ar based. The torch in which the plasma is
formed allows for an outer gas flow, which sustains the plasma, and an internal gas flow used
to inject the sample. The top of the torch is surrounded by a copper coil, in which an alternating
current (at tens of MHz oscillations, corresponding to a radio frequency generator) is generated,
inducing an electromagnetic field. 2 Some Ar atoms in the torch are ionized through the
application of a high-voltage spark generated by a Tesla coil, resulting in free electrons that
then collide with and ionize more Ar atoms, creating the high temperature (6000 to 10000 K)
plasma through a chain reaction. 2” Sample solutions are nebulized and introduced to the ICP
torch through the internal Ar flow. The high temperatures and free electrons lead to atomization
and ionization/excitation of the sample species. 2 The light emitted by the excited atoms is then
detected and analysed by the optical emission spectrometer (OES). The only elements which
have a higher ionization potential than Ar and cannot be ionized in Ar-based ICP are fluorine,

helium, and neon. 26
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ICP-OES was performed by Dr Anna Forster at the University of Sheffield to probe the
concentration of Ni in the reaction mixtures of hydrogenations performed with immobilised

Ni-complexes.

2.8 Nuclear magnetic resonance (NMR) spectroscopy

2.8.1 Relevant background of NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy exploits the magnetic moment of the atoms
found in the analyte, which is highly sensitive to the environment, both intra- and
intermolecular, of the atoms. The nuclear magnetic moment . can be related to its spin quantum

number, 1, and its gyromagnetic ratio y:28

w= vyl Eq. 7

The spin quantum number depends on the number of unpaired nucleons in the nucleus and has
a positive integer or half integer value. A nucleus has 21+1 spin-related energy levels that are
degenerate unless an external magnetic field B is applied — as, for example, in an NMR
spectrometer, which typically employ magnetic fields 10° stronger than that of the Earth. 2 The
separation of the energy levels depends on the strength of the experienced magnetic field and
the gyromagnetic ratio of the nucleus and typically lies in the radiofrequency range. Because
of this low energetic difference, the populations of the higher and lower energy levels are nearly
equivalent. In any spectroscopic method, the likelihood of exciting a species to the higher level
is the same as inducing the reverse transition and the strength of the signal depends on the
difference in population of the energy levels. In NMR spectroscopy, ever stronger magnets are
used to increase the separation of the energy levels and thus increase the difference in

population and the strength of the signal. 28
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Many elements have at least one NMR active isotope, but the most commonly probed nucleus
remains the proton (*H) because of its high p, its abundance, its presence in many molecules
of interest, and its convenient 1-1/2 quantum number which causes only two energy levels,
simplifying the resulting spectrum. 2 For the purposes of this thesis, one-dimensional *H NMR
IS used to assess conversion of nitrocompounds to the relevant hydroxylamines or amines. This
is possible because the actual magnetic field experienced by any one nucleus depends on its
electronic environment (electrons around the nucleus induce local magnetic fields that can
augment or diminish the applied B) and will differ slightly from the applied B. It follows that
any one nucleus will absorb a slightly different frequency of electromagnetic radiation, since
the separation of the energy levels depends on the experienced magnetic field B’, which leads
to the appearance of peaks at different frequencies for non-equivalent positions in a molecule

in the NMR spectrum. 2°

The integral of the peaks depends on the number of equivalent protons that the peak represents,
as well as the concentration of the molecule. These integrals can be used to assess conversion
by calculating the ratio of the integrals of the peaks assigned to the starting material to those
assigned to the product(s). If an internal standard of known concentration is added to the
sample, the concentrations of the other species can be estimated by comparing the magnitudes

of the relevant integrals. %

Many of the NMR experiments conducted in this project analysed samples containing an
aqueous reaction mixture. The H nuclei in the water molecules would flood the signal and
make the spectrum unusable without the application of a water suppression procedure. In
simple terms, a focused pulse or pulse sequence targeting the water resonance specifically is
applied before the sample is excited and the signal detected — the water *H signal is then already

saturated and its intensity is greatly diminished in the recorded spectrum.3!
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2.8.2 NMR Spectroscopy: Procedure

Most NMR samples were made up of untreated reaction mixture (90%) mixed with D20 (10%).
The sample was transferred to an NMR tube (‘Wilmad-LabGlass’). Two Bruker AVIIIHD 400
Nanobay instruments equipped with a 9.4T magnet, a 5 mm z-gradient broad-band
multinuclear probe, 60-position SampleExpress robotic sample changer and controlled with
TOPSPIN 3 software were used interchangeably to run the NMR experiments. The H20O 'H
signal is suppressed using a standard, pre-programmed Bruker noesygpprld sequence.
Chemical shifts of H NMR spectra are given in ppm and referenced to residual solvent signals,
where appropriate (DMSO-de: 2.50 ppm, acetonitrile-ds: 2.06 ppm). Data were processed using
MestreNova software. Manual rephasing was performed as required. A Whittaker smoother
baseline correction was applied across the spectra. For low-concentration data, a non-local

means noise reduction procedure was applied.
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3 Doped carbon nanotubes and electrocatalytic reduction of nitro-
compounds
The initial motivation for the project described herein stems from work in the Vincent group

on the cofactor-free biocatalytic hydrogenation of nitro-groups on hydrogenase-modified

carbon particles, described in Sokolova et al.! This catalyst system employs the hydrogenase

Reduction Oxidation
Carbon Particle

NO,

NH,

Figure 1 Graphic representation of the biocatalytic hydrogenation of nitro-groups using hydrogenase enzyme on
a conductive carbon particle which operates by separated half reactions, developed by the Vincent group.

enzyme as a dihydrogen oxidation catalyst. The resulting electrons pass through a chain of iron
sulfur clusters from the active site to the protein surface and on to the conductive carbon
particle, where the nitro group can be reduced electrochemically. As the nitro-to-amine
transformation is thought to occur on the conductive carbon surface, replacing the carbon
particle by an electrocatalytically active material should offer the possibility to tune this
catalyst system. To identify such an active material, a closer look at nitro-reduction potentials
on various conductive carbons capable of immobilising hydrogenase enzyme was warranted.
CNTs had already been employed as supports for hydrogenases both within the group and

beyond; their synthesis is accessible and tuneable, and their doping with heteroatoms has been
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suggested in literature to lead to electrocatalysis of, for example, the oxygen reduction reaction
(ORR).? In addition, doping of CNTs introduces polar features and structural defects that
improve the water-miscibility of the material, possibly improving their applicability to the
hydrogenation system based on hydrogenase on carbon. A collaboration with Dr. Dillon
McGurty, then PhD candidate in the Grobert group, made possible an initial cyclic voltammetry
experiment to characterize 4-nitrophenol reduction on his nitrogen-doped CNTs, boron-
nitrogen-co-doped CNTs (BN-CNTs), and pristine CNTs (Figure 16). The reduction potential
of 4-nitrophenol on the NCNTs was observed to be anodically shifted — indicating
electrocatalytic activity. This initial result inspired the work described in Chapter 3, which will
present the synthesis of a range of doped CNTs and their evaluation as electrocatalysts of the

nitro-reduction reaction.
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Figure 16 Cyclic voltammograms recorded on PGE WE modified with CNTs, NCNTs, and BN-CNTs, respectively,
immersed in 4-nitrophenol (1 mM) containing sodium phosphate electrolyte at 100 mV/s. Materials synthesized by
Dr Dillon McGurty.
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3.1 Experimental

3.1.1 Chemicals and buffers

Ferrocene (>99%) was purchased from Thermo Scientific and used as received. Benzylamine
(ReagentPlus, 99%) was purchased from Sigma-Aldrich and used as received. 4-Nitrophenol
(>99%) and 1-nitrohexane (98%) were purchased from Sigma-Aldrich and used as received.

Aqueous solutions were prepared using MilliQ water (resistivity 18.2 MQ cm, Millipore).
Buffer salts and solvents were purchased from Sigma-Aldrich. Deuterated solvents were

purchased from Sigma-Aldrich (D20, 99.9% D; DMSO-d6, 99.9% D).

Sodium phosphate buffer was prepared by dissolving an appropriate mass of NaoHPO4 and
NaH2PO4 in water after which the pH was adjusted to the desired value by adding HCl(aq) or

NaOH(aqg) dropwise and monitoring pH using an Ag/AgCl pH electrode (Fisher).
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3.1.2 Cyclic voltammetry (CV) experiments

A glass electrochemical cell made in-house (glass blower: Terri Adams) with a water jacket
adjusted to 25 °C was equipped with a saturated calomel reference electrode (SCE, Palmsens
BV) and a coiled Pt wire as the counter electrode (CE), and charged with sodium phosphate
buffer (100 mM, pH 6.0) along with the appropriate nitro-compound (1 mM). A pyrolytic
graphite edge (PGE) rotating disk electrode (RDE) as the working electrode (WE) was
modified by dropping the relevant nanocarbon slurry (2 uL, 20 mg/mL) onto the electrode and
allowing the film to dry completely. Cyclic voltammograms were recorded using a PalmSens

4 potentiostat and the corresponding PSTrace software.

For more detail on chemical vapour deposition (CVD), CNT characterisation, and
electrochemical experiments please refer back to Analytical Techniques and Characterisation

Methods (Chapter 2).
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3.2 Synthesis and characterisation of carbon nanotubes (CNTSs)

To further investigate a possible electrocatalytic nitro-reduction activity on NCNTSs, a set of
doped CNTs of known composition and morphology was needed. CNTs were synthesized by
aerosol-assisted chemical vapour deposition, as described in detail in 2.2. Briefly, a carbon
precursor solution containing ferrocene as a catalyst is aerosolised and fed into a tube furnace
under inert atmosphere and high temperature, where CNT growth occurs. Toluene was used to
produce pristine CNTSs, while benzylamine was used to produce NCNTs. Nitrogen dopant
content was tuned by varying the N/C ratio in the carbon precursor or the synthesis temperature.
Reaction time, gas flow rate, and ferrocene catalyst concentration were held constant
throughout all experiments; however, feedstock composition or temperature were varied for
each synthesis and the reproducibility of CNT production was not studied. The typical yield
was lower at approximately 300 mg for doped material, while multiple grams could be

collected for pristine CNTSs.
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Figure 17 Characteristic SEM micrographs showing flakes of different samples at various magnification. Collected
using a JEOL 840F SEM operated at 10 kV acceleration voltage.

Table 2 Sample length as estimated by SEM measurements, with differences in synthesis parameters shown.

Sample Precursor Temperature (°C) Length (um)  Error (um)
CNT850 Toluene 850 280 10
25%
NCNT25  Benzylamine 800 28 2
in toluene

NCNT900 Benzylamine 900 120 10
NCNT850 Benzylamine 850 50 NM
NCNT800 Benzylamine 800 30 3
NCNT750 Benzylamine 750 17 2

3.2.1 Analysis of size and morphology through electron microscopy

CNTs were collected from the inner walls of the quartz tube used in the CVD furnace. Scanning

electron microscopy (SEM) was used to evaluate the general morphology and length of the
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collected product (Figure 17). Because the material is scraped mechanically from the quartz
tube, the carpets are broken up into smaller flakes. While all of the materials were found to
have grown in aligned carpets, some bits of tangled, wool-like structures were also observed.
The tubes are in the range of 10s to 100s of um in length, with the sample produced from pure
toluene reaching near 300 um but most doped materials remaining well below 100 um. Similar
trends of slower growth in N-doped materials have already been described in literature, * and
could be due to the forced incorporation of defects into the hexagonal lattice as well as the
formation of five-membered rings that induce an inward curvature of the nanotube walls (which
can also lead to a bamboo-type structure, see transmission electron microscopy results
described below). Sumpter et al have suggested that N atoms preferentially occupy the open
edge of growing nanotubes, leading to a slower growth once the edge has been fully saturated.*
The differences in length of the samples should be considered when interpreting the remaining
characterisation data, as the higher ratio of edge to plane-type carbon will influence the
observed defect density, for example, and could also change the chemical behaviour of the
CNTs. Overall, the SEM data indicates successful synthesis of aligned CNTs with only small

amounts of amorphous material observed.
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Transmission electron microscopy (TEM) was used to further probe the structure, crystallinity,
and purity of the CNTs. As expected, the NCNTSs contain closed compartments within the tube,
also known as a bamboo-type structure (Figure 18 B and C). This inward curvature is thought
to be induced by the formation of five-membered N-heterocycles (defects in the sp2 lattice)
that cause the fusion of the CNT walls. # On these grounds, the observation of bamboo-structure
can be taken as an indication of successful N-incorporation into the CNT walls. Carbon-
covered iron nanoparticles and sections of iron-filled CNTs can also be found in all of the
prepared samples, with the extend of iron contamination being further probed by X-ray

photoelectron spectroscopy (XPS) and thermal gravimetric analysis (TGA) described below.
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Figure 18 Transition electron micrographs comparing NCNT800 (A-C) and CNT850 (D-F) at increasing
magnification. A and D show presence of Fe nanoparticles. Bamboo-type inner walls typical for NCNTs are visible in
B. C shows carbon-covered Fe nanoparticle. F shows CNT wall with imperfections. Collected using a JEOL ARM-
200F STEM microscope in TEM mode.
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TEM was also used to investigate the diameter of the produced materials. Histograms were
plotted using diameter measurements from 100 individual tubes per sample from multiple
micrographs, with those micrographs shown in Figure 19 being one example per sample. All
of the samples are largely made up of CNTs between 30-70 nm in diameter, with large standard
deviations of around 30 nm but only few outliers reaching diameters up to 200 nm or below 30

nm.
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Figure 19 Example transmission electron micrograph and diameter histogram for sample CNT850 (A + B). NCNT25
(C+D), NCNT900 (E+F), NCNT800 (G+H), and NCNT750 (I+J). Collected using a JEOL ARM-200F STEM
operated in TEM mode.
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3.2.2  Analysis of dopant incorporation and bonding environment through XPS

XPS, a surface sensitive technique, was used to compare dopant incorporation — while N
trapped in the inner walls of the material is likely not detected, the electrochemical activity of

the material was thought to be most likely influenced by the surface chemistry of the material.
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Figure 20 N-incorporation is influenced by synthesis temperature.

The highest doping of 3 at% (Figure 20, Table 3) was detected in the sample synthesized using
the highest N/C ratio precursor (0.14:1, pure benzylamine) and the lowest temperature
(750 °C). Lower synthesis temperatures have been reported in literature to lead to higher dopant
incorporation, which is attributed to the lower crystallinity in materials synthesized at lower

temperatures, favouring heteroatom incorporation. ° In addition, higher temperatures make the

Table 3 Surface concentration of N, O, and Fe in set of CNT samples.

XPS - Atomic %

N O Fe
CNT850 0.0 1.8 0.1
NCNT25 0.5 2.6 0.4
NCNT850 1.2 2.0 ND
NCNT900 15 2.1 ND
NCNT800 2.1 2.9 0.4
NCNT750 3.0 4.1 0.7
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complete dissolution of any C-N bonds present in the precursor more likely, which would
decrease the amount of N bonded in the carbon lattice. ® Nonetheless, even at 900 °C more than
1 at% N was detected in the material. To obtain a low-dopant material, the benzylamine
precursor was diluted to 25 v/v% using toluene, leading to an approximate N/C ratio in the
precursor mixture of 0.04:1, and a resulting material containing only 0.5 at% N as detected by

XPS.

Iron contaminant, stemming from the ferrocene catalyst used in the CVD process, is present in
all of the synthesized material (as shown by TGA, see below), but the surface value detected
by XPS varies. For samples NCNT850 and NCNT900 the surface Fe contamination is below
the detection limit of the spectrometer, which lies at around 0.1 at%. Following this
observation, NCNT900 was primarily used in the cyclic voltammetry experiments comparing
CNTs and NCNTs. Because NCNT850 contains a similar N-doping level to NCNT900, the
sample was excluded from the electrochemical experiments and only the samples shown in

Table 4 were used.

The bonding environment of the dopant as well as the extent of C-X bonding in the materials
was also investigated using the obtained XPS data (see, Figure 21). The N1s peak was
deconvoluted to four peaks, representing pyridinic, pyrrolic, and graphitic bonding
environments alongside a fourth peak assigned to defective or oxidized nitrogen species,
aligned with many reports in literature. ”-*% All materials contain a distribution amongst bonding
environments with no clear preferred species. However, it is notable that the materials with
lower doping levels contain a higher relative amount of graphitic N as compared to the
materials with higher doping levels, in which pyridinic and pyrrolic N overtake the graphitic
species. The material synthesized at only 750 °C is shown to contain a significantly higher
amount of oxidized N, which is also reflected in the higher atomic % of O in the overall

sample (Table 3).
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The Cl1s peaks of the materials were compared as a source of complementary information. The
asymmetric tail of the C1s peak can be deconvoluted to estimate the extent of C-X bonding. In
undoped graphitic materials, separate peaks are typically assigned to C-O, C=0 and O-C-O, or

0O=C-0 type bonding environments with electrons ejected from more oxidized carbon atoms
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Figure 21 Deconvolution of three batches of NCNT prepared at 800 °C from benzylamine (top), showing minor
differences in bonding environment. Deconvolution varies to greater extent for samples prepared at different
temperatures (NCNT900 and NCNT750) or from benzylamine/toluene precursor mixture (NCNT25).

Table 4 Average percent assigned to the bonding environments for four representative NCNT samples.

Graphitic (%) = Pyrrolic (%) = Pyridinic (%) | N-O/N-X (%)

;1?:11; le OV?(;ZI;IN Average| St Dev |Average| St Dev |Average| St Dev Average St Dev
N-CNT25 0.5 31.7 0.3 22.1 2.9 26.2 1.2 20.0 4.4
N-CNT900 1.5 35.7 0.6 27.2 2.0 22.9 1.8 14.2 1.3
N-CNT800 2.1 20.4 3.4 31.5 4.1 25.5 2.3 22.6 5.9
N-CNT750 3.0 16.0 1.4 23.7 1.3 26.1 1.5 342 2.4

appearing at higher binding energy. However, the addition of N dopant complicates this
assignment. Carbon atoms in nitrogen-containing functional groups lead to signals that are
separated by only ~0.5 eV from oxygen-containing groups that are also present in all samples

reported here. Overfitting of too many components will lead to peak overlap and a low residual
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that no longer reflects the actual low quality and high uncertainty of the peak model.!! To

prevent excessive peak overlap, the author chose to simply fit five peak components as C1

through C5, with C1 and C2 representing C-C and C=C, while C3 through C5 represent C-O

and C-N functional groups with stepwise increases in oxidation of the carbon atom. Because

the components purposefully cover both C-O and C-N bonding, the peak model allows for a

slightly broader full width half maximum of 1.5 eV. The overall percentage area corresponding

to C3-C5 (or C-X bonding where X = O, N) was compared among produced material and was

found to increase with increasing N-dopant incorporation, further indicating successful

incorporation of nitrogen into the carbon lattice (Figure 22).
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Figure 22 Cls peak devonvolution showing greater C-X bonding (responding to signal at higher BE) for doped
material with higher N-content. Error bars stem from fits of three analysed points per sample.
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3.2.3 Analysis of crystallinity through Raman Spectroscopy

Raman spectra of graphitic materials offer useful information on defect density and structure
of the sp2 lattice. The prominent and recognizable features of these spectra are the D and G
peaks, which occur at around 1350 cm™ and 1580 cm™, respectively. The G peak is observed
in all carbon materials containing sp? hybridization, and is due to an in-plane stretching mode
of pairs of sp? carbons. The D peak is attributed to a breathing mode of the six-membered rings,
which is forbidden in perfect graphite and only observed in defective materials.'? The ratio of
the intensity of the D and G peaks (Ip/lg) is commonly used to estimate and compare the
defectiveness of various graphitic materials. Because the introduction of dopant increases the
defect density of the CNTSs, a higher Ip/lg ratio is expected. Indeed, the samples with higher
dopant levels have significantly higher I/l values, indicating higher defect density and
successful disruption of the sp2 carbon lattice (Figure 23). While the shorter length of the
samples should also increase the observed defectiveness, the doped samples were observed by

SEM to not follow a clear trend in length - i.e., NCNT25, at 28 um is shorter than both
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Figure 23 Raman spectra of representative NCNT samples showing increasing D-peak with higher dopant
incorporation.
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NCNT900 (120 um) and NCNT800 (30 um), but has a lower Ip/lg ratio which corresponds
well to its lower doping level (Table 5). The intensity of the G’ peak, a symmetry-allowed
overtone of the D peak which is always observed even in defect-free samples, decreases
significantly in intensity for the doped CNTs. The G’ band is thought to be influenced by the
stacking order of graphene layers as well as crystallite size, and the decrease in intensity
observed here could be due to the breaking of the stacking order between the walls of the
NCNTSs because of the heteroatom incorporation, as reported in literature for graphene

oxide.13 14

To investigate whether a shift in peak position could be observed with nitrogen-doping, the
first-order peaks were subjected to a five-peak fitting model adapted from Chernyak et al.'®
While no trend in peak position was extracted, the model underlines the presence of multiple
bands that give further information on the graphitic nature of the materials (Figure 24). The D2
peak, for instance, arises from similar sources as the D peak but is only visually obvious in
highly ordered materials — in sufficiently disordered structures, it is reported to merge with the
G peak.’® The D2 peak is visible as a shoulder on the G peak in the samples, other than
NCNT750, which had already been identified as a high-defect material. The D3 and D4 peaks
are attributed to the presence of impurities!® — because C-O and C-N bonds are present in the
samples, it is not surprising that these peaks have significant contributions to the overall line-

shape.
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Figure 24 Deconvolution of first order features in Raman CNT spectra.

3.2.4 Analysis of oxidation resistance and residual iron content through thermal gravimetric

analysis (TGA)

The oxidation resistance as well as the residual mass after oxidation of the synthesized CNTs
was investigated by running TGA experiments, in which the sample is heated from room
temperature (RT) to 900 °C under air while the mass of the sample is recorded. Because the
lighter elements, here principally carbon, will oxidize and disperse in the form of small
molecules, and because there is no evidence of significant amounts of other elements than C,
O, N, and Fe (as well as H, presumably), the remaining mass after the temperature increase can
be assumed to be constituted of iron oxide. Assuming the iron is oxidized to Fe2Os, it follows
that about 69.9% of the residual mass is pure Fe. All of the analysed samples were found by
TGA to contain significant amounts of Fe (Figure 25). Only very small levels of Fe were
detected by XPS, which is a surface sensitive technique; hence, the Fe detected by TGA can
be assumed to have been covered by multiple layers of carbon prior to the oxidation step. The

sample NCNT900 is the doped sample with the lowest residual Fe mass, with the value even
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dipping below the toluene-only CNT850 sample. This low Fe mass as compared to the other
NCNTSs can be explained by the longer length of this sample, which could indicate that more
carbon nucleated at each catalytic Fe nanoparticle. Because NCNT900 was found to have the
lowest Fe content by TGA as well as XPS, this sample was used as a key comparative material

in the subsequent electrochemical experiments presented later in this chapter.

The pristine CNT850 oxidize at significantly hotter temperatures than the doped CNTs — a
trend that has been reported in literature® and that agrees well with the higher defect density of
the NCNTSs, which give the material more possible sites for earlier oxidation (Figure 25). The
most defective NCNT750 loses mass continually before the main oxidation event, which
suggests the presence of significant amounts of amorphous carbon impurities, and which is not

observed in the other samples.
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Figure 25 Overlayed TGA traces for the representative CNT batches recorded under flow of air. Recorded using
a PerkinElmer TGA8000 instrument.
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3.2.5 Summary

To investigate the electrochemical behaviour of NCNTSs as electrodes for the reduction of nitro-
groups, a set of CNTs had to be produced. Five of the synthesized CNTs were chosen as
comparative materials for the electrochemical experiments described below: a pristine
CNT850, synthesized from toluene, and four NCNT samples that vary in doping level, iron
contamination, and length. Successful nitrogen-doping is supported by XPS data, in which both
N1s and C1s peaks suggest C-N bonding, by TEM observations, which show typical bamboo-
type structures, by Raman spectroscopy, that shows higher defect density for doped materials,
and by TGA, which shows the typical lower oxidation resistance. The NCNTs range from
0.5-3 at% surface nitrogen, as detected by XPS. The sample NCNT900 will be preferably used
as a comparative material to the pristine CNT850, because no surface Fe was observed by XPS
and TGA showed it contained a similar amount of total Fe to CNT850. These two materials

are also simply referred to as CNT and NCNT in the below and in Chapter 4.
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3.3 Cyclic voltammetry of 4-nitrophenol

Initially, 4-nitrophenol was chosen as a comparative compound to study the aqueous nitro-
reduction on the produced carbon nanomaterials, because it is water-soluble, less toxic than the
simpler nitrobenzene, and because it plays an important role in industry as a precursor to
paracetamol.'’ In addition, the 4-nitrophenol to 4-aminophenol reaction is accompanied by an

obvious colour-change, allowing for UV/Vis monitoring of electrosynthesis experiments.
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Figure 26 Cyclic voltammogram recorded on clean PGE WE immersed in 4-nitrophenol (1 mM) in sodium

phosphate electrolyte (pH 6.0, 100 mV) at 0.01 V/s. Initial high current is due to lack of pre-treatment and is
attributed to capacitive charging.
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The cyclic voltammogram (CV) of the 4-nitrophenol solution recorded on a pyrolytic graphite
edge (PGE) working electrode is dominated by a large, irreversible reduction wave
commencing at -0.35 V versus the standard hydrogen electrode (SHE) (Figure 26). After the
first reduction in the first scan has occurred, a reversible redox wave appears at 0.4 V vs SHE,
indicating the product of the reduction process at -0.35 V is being oxidized (Scheme 5). This
process has been attributed to the reversible 2e” oxidation to the quinoneimine, and the main
reductive wave is thought to represent the complete 6 ¢ reduction to the amine.'® This is not
always obvious for electrochemical data recorded for other aromatic nitro-compounds, where
intermediates such as the hydroxylamine (4e” reduction) are also observed. Note also the onset
of the hydrogen evolution reaction (HER) on the PGE WE at more negative potentials than -1
V vs SHE. In future CVs in this thesis, the window will be narrowed to focus only on the main
nitro-reduction peak. For the cyclic voltammetry experiments, carbon materials were
suspended in a water/ethanol mixture by sonication, drop-cast onto PGE, which was then used
as the working electrode in a standard three-electrode electrochemical cell charged with a

sodium phosphate electrolyte containing 1 mM 4-nitrophenol.

+6e -2H*- 2e
e >

Scheme 5 Reduction of 4-nitrophenol to 4-aminophenol (six electrons) and subsequent reversible oxidation of the
amine.
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3.4 Parameters for the electrochemical comparison of electrode materials

The initial electrochemical work of this project focused on the evaluation of a suitable
parameter for the comparison of carbon materials as nitro-reduction cathodes. An important
consideration in the assessment of a novel electrocatalyst is the electrode surface area, as it is
directly related to the magnitude of the observed current. Two readily available cyclic
voltammetry (CV) methods for estimating the electrochemically active surface area (ECSA)
were explored in the early stages of the project. First, the use of ferrocyanide as a reversible
redox system allowed the measured peak current to be related to the ECSA using the Randles-

Sevcik equation: °

3 1 1
I, = 268600n2AD2Cv? Eq.8

Second, the ECSA can be determined from the specific capacitance of the material (Cs) and
the double layer capacitance (Cpr), which in turn can be extracted from the relationship

between the capacitive current (Ic) and the CV scan rate (v).2°

CDL

ECSA = — Eq.9
Cs
Ie =v X, Eq. 10

The first method suffers from low accuracy due to its failure to account for surface features
smaller than the diffusion layer. The second method suffers from the wide-spread practice of
using a single value for Cs across materials, as its actual value for a specific surface is usually

unknown.
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Because of these disadvantages and the significant time investment related to ECSA
determination, it was decided early in the research project to primarily rely on the onset
potential rather than the magnitude of the observed current to measure and compare the
applicability of the materials as electrocatalysts to the nitro-reduction reaction. The onset
potential, at which the faradaic current begins to increase in magnitude, remains a problematic
value for electrocatalyst comparison as it is somewhat undefined. Methods that overly rely on
the slope of the reductive wave, for example by defining the onset potential as the point at
which the first derivative of the curve reaches a certain value, were deemed ineffective in this
particular case because the shape of the surface of the electrode, which changed with each
catalytic ink, influences diffusion processes and thus the shape of the voltammogram. To
solidify the onset potential for this particular project, a current magnitude below the capacitive
current is chosen at which to read the onset potential of the reduction. This potential value will
be referred to as an ‘approximation of the onset potential’ and should be considered to be

slightly more negative than the accurate onset value.
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3.5 Electrocatalytic reduction of nitro-compounds on doped carbon nanotubes

Modification of the PGE with either doped or pristine CNTs increases the ECSA of the
electrode and leads to a significantly higher current response as compared to the clean PGE
(Figure 27). Modification of the PGE with the different materials led to a similar peak current,
suggesting that a similar surface area results from the immobilisation onto the electrode for the
materials. The doped materials, however, introduce a new reduction wave at a more positive
onset potential — an indication of a new catalytic site that is not present on the pristine CNTSs.
This anodic shift of more than 100 mV of the 4-nitrophenol reduction was observed

reproducibly across the multiple trialled NCNTs (Figure 27). Some of the doped materials
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Figure 27 A Cyclic voltammograms of the PGE WE (blank, then modified with CNT (green trace) and NCNT
(blue trace) immersed in 4-nitrophenol (1 mM) containing sodium phosphate electrolyte (100 mM, 6.0 pH), scan
rate 0.01 V/s. B Approximate onset potential is reproducibly anodically shifted by around 100 mV for CVs
recorded on NCNT-modified WEs. Error bars were established using 3 replicate electrode preparations using the
respective nanomaterial.

show a varyingly intense redox feature around 0 V vs SHE. Because this feature is not visible
on NCNT900 (which has the lowest detected iron contamination), and most intense on
NCNT750 (which has the highest detected iron contamination), it was assumed to be a redox
behaviour of the metal contaminant. The shifted nitrophenol reduction peak occurs for all of
the doped materials, regardless of the presence or absence of this redox behaviour around
0V vs SHE.
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The voltammogram recorded on the NCNTs as shown in Figure 27 is not only anodically
shifted; instead, it seems a second, milder reduction process is occurring while there is still a
peak visible at the same potential as where the reduction occurs on the pristine CNTs. The more
negative peak was initially thought to be due to areas of the PGE that remain uncovered and in
contact with the solution. In order to probe whether both peaks stem from the catalytic ink or
if indeed the more negative reduction simply occurs on the electrode surface, cyclic
voltammograms were recorded on an Au disk electrode. The clean Au does show a slight nitro-
reduction peak; however, the corresponding current is low and the potential quite negative
(Figure 28). The catalyst inks were prepared as before but the immobilisation proved
complicated, with the interactions between the clean Au surface and the carbon materials being
less favourable. The dried material easily fell off of the electrode, explaining the low currents

of the CVs recorded on Au shown in Figure 28. Nonetheless, the collected data prove
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Figure 28 Cyclic voltammograms recorded on Au WE modified with NCNT (blue trace) and CNT (green trace)
immersed in 4-nitrophenol (1 mM) containing sodium phosphate electrolyte (100 mM, pH 6.0). Scan rate 0.01
VIs.
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interesting: there clearly are two peaks visible when measuring 4-nitrophenol reduction on
NCNTSs, which indicates that there are two possible active sites or reduction mechanisms
occurring. As the second peak lines up well with the position of the single peak observed on
the pristine CNTSs, it could be a result of the nitro-reduction occurring on areas of the NCNT
sample surface that behave similarly to the CNTs, either because of low active site distribution
or because of the presence of undoped or amorphous impurities. The NCNTs should be
considered to be heterogeneous and to contain some amount of material that behaves more

similarly to the CNTSs.
3.5.1 Electrocatalytic activity of NCNTs towards nitro-hexane

With the encouraging observation of a reduction wave at milder potentials on the NCNT-
modified working electrode for 4-nitrophenol, trials of the electrochemistry of other nitro-

compounds were warranted. Because simple aliphatic nitro-compounds tend to require a more
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Figure 29 Cyclic voltammograms recorded on PGE WE modified with CNTs (green trace) or NCNTSs (blue trace)
immersed in nitrohexane (1 mM) containing sodium phosphate electrolyte (pH 6.0, 100 mM) at 0.01 V/s.
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negative potential than aromatic compounds,® nitro-hexane was chosen as an interesting trial
compound. Modification of the working electrode with the NCNT film led, as with the
4-nitrophenol, to a significantly milder onset potential. Notably, the pristine sample CNT850
also seemed to give an advantage (though smaller) when compared to the potential required for
the reduction on the blank PGE (Figure 29). The shape of the cyclic voltammogram does not
show the same double wave seen on the doped material for the nitrophenol reduction (Figure
27). It is unclear why — possibly this could be caused by the lower solubility of nitrohexane

which could lower the availability of the compound near the electrode surface.
3.5.2 Nitro-reduction on commercial carbon black

The Hyd1/C catalyst for the hydrogenation of nitro-compounds has primarily been prepared
using commercial carbon black materials, warranting a comparison between these carbons and
the synthesized CNTs. Many types of carbon have been shown to be applicable to the

immobilisation of hydrogenase?! and the Vincent group primarily relies on the commercial
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Figure 30 Raman spectrum of commercial carbon black ‘BP2000’.
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carbon black ‘Black Pearls 2000’ obtained from Cabot Corporation which is typically used as
received. This material consists of nanoparticles that are less than 50 nm in diameter?! and that
have significant amorphous character, as confirmed by the significant D peak contribution to
the 1% order Raman bands and the near absence of the G’ peak, which suggests the absence of
stacking order between graphitic layers (Figure 30). Still, the sharp G peak proves the presence
of sp2 hybridized carbon and the D peak is only present in samples containing 6-membered

rings, suggesting that BP2000 has some graphitic character.

A main advantage arising from the more amorphous structure of the BP2000 is the greater ease
with which it is suspended in aqueous solution as compared to the more graphitic CNTs. The
slurries produced through sonication of BP2000 using the same method as was used for the
CNTs are more uniform and easier to transfer. While air bubbles were frequently observed on

the CNT films on the PGE electrode, the BP2000 films showed greater wettability which may
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Figure 31 Cyclic voltammograms of PGE WE modified with commercial carbon black ‘BP2000° (black
traces) or NCNT (blue trace) immersed in 4-nitrophenol (1 mM) containing sodium phosphate electrolyte
(pH 6.0, 100 mM), scan rate 0.01 V/s.
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partially explain the significantly higher capacitive current response, which indicates a higher
ECSA (Figure 31). The main reduction occurs at a potential that is similar to that observed on
both the pristine CNTs and the clean PGE electrode, indicating that the reduction process likely

occurs according to a similar mechanism on these materials.

3.6 Investigations into catalytically active C-N-(Fe) species

3.6.1 Synthesis and electrochemical application of an alternative C-N species

From the electrochemical data presented above, it was assumed that the NCNTs support an
active site that is not present on any of the other trialled carbon materials. To investigate
whether some C-N species was responsible for the observed electrocatalytic activity, a
comparison with a metal contamination-free C-N containing material was targeted. It was
hypothesized that the commercial carbon black that is used day-to-day in the Vincent Group,

commercially known as ‘BP2000’, could be modified to contain surface N-functionalisation.

Initially, BP2000 was simply combined with urea (1:4 ratio by weight) and heated to 1000 °C
under argon flow. This procedure led to very low incorporation of N into the sample with only
0.2 at% detected by XPS. Similar methods have been used to modify other amorphous carbon
materials; however, the setup used here is not isolated but is subjected to a constant gas flow,
which likely removed N-containing species during the furnace heating process at temperatures
below those required to force N-incorporation into the carbon material.?? Subsequently, a
method in which the carbon particles were first treated with nitric acid to further increase defect
density and create oxidized functional groups on the surface of the material was trialled. The
acid-treated carbon was then combined with dicyandiamide in aqueous solution, dried, and
pyrolyzed under argon at 700 °C.2 The resulting material was found to contain 2.1 at% N by
XPS with a mixture of bonding environments. The deconvolution of the N1s peak shows a

significant contribution of the pyridinic N at lower binding energy, similar levels of graphitic
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and pyrrolic N and only a smaller amount of the oxidized or defective N, indicating that
nitrogen has successfully been incorporated into a carbon structure on the surface of the carbon

nanoparticles (Figure 32).

The resulting material, which will be referred to as N-BP, was then used to modify the PGE
WE in a cell charged with 4-nitrophenol (1 mM). When compared to the CV recorded on

BP2000, there is no significant difference observed in the line shape and there is no additional
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Figure 32 A Deconvolution of N1s peak for N-BP. B Cyclic voltammograms on PGE WE modified with ‘BP2000°
(black trace) or N-BP (blue trace).

reduction event. There is a very slight shift in peak position observed, but the onset of the
reduction on the two materials is very similar (Figure 32). N-incorporation onto the BP2000
surface did not lead to similar electrocatalytic behaviour as observed on the NCNTSs. It is
possible that the electrocatalysis observed on the NCNTSs requires the more crystalline surface,
or perhaps is influenced by the curvature of the material. It remains possible that the Fe-
contamination of the NCNTSs leads to the formation of a C-N-Fe site that is active towards the

nitro-reduction reaction.
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3.6.2 Fe-filled CNTs

Because of the Fe contamination present in the synthesized CNT samples, it is impossible to
exclude a possible Fe-based active site that could be the source of the electrocatalysis observed
on the NCNTs. To clarify the importance of the N-dopant, a high-Fe CNT sample was
synthesized through the direct pyrolysis of pure ferrocene following a procedure described
elsewhere.?® Briefly, a two-furnace set-up was employed, in which the first furnace contained
the solid ferrocene and was set to 250 °C to sublime the ferrocene which was carried by inert
gas flow into a second furnace set to 850 °C for pyrolysis. The resulting sample denoted Fe-
CNTs contains 32% total Fe, as determined by TGA, but the great majority is covered by layers
of carbon and not detected by XPS, which only detects 0.33 at% Fe (Figure 33). Still, this level
of surface Fe is similar to that detected in some of the NCNTs and an electrochemical
comparison was deemed useful. The CV of the Fe-CNTs on the PGE WE in electrolyte
containing 4-nitrophenol also does not feature the mild reduction peak as was observed on the
NCNTSs (Figure 34). The multiple other redox-processes that are occurring on the Fe-CNTs

suggest that there is Fe that is electrochemically active, but that is seemingly not modifying the
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Figure 33 A TGA traces comparing Fe-CNTs with NCNT900 and CNT850. B XPS survey scan of Fe-CNTs
showing Fe, O, and C peaks. C Transmission electron micrograph of Fe-CNTs showing filled CNTs.

nitro-reduction behaviour of the material. This result supports the idea that N-doping, rather

than increased Fe content in the NCNTSs, is responsible for the shift in nitro-reduction onset.
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Figure 34 Cyclic voltammograms of PGE WE modified with Fe-CNTs (red trace) or CNTs (green trace)
immersed in 4-nitrophenol (1 mM) in sodium phosphate electrolyte (pH 6.0, 100 mV), scan rate 0.01 V/s.

3.6.3 Purification of CNTs through treatment with hydrochloric acid

While it is generally accepted that even rigorous acid-washes do not remove metal-
contaminants in their entirety?* 2, treatment of carbon materials with concentrated HCI can
lower the amount of Fe in the sample. Accordingly, the sample NCNT900 was subjected to
three consecutive 24 h HCI treatments. The material was analysed for residual Fe content and
for its nitro-reduction activity after each treatment. The overall amount of Fe as determined by
TGA was lowered significantly to 1 wt% (see grey columns, left hand axis on Figure 35), with
no observable depletion of the surface N content determined by XPS (see blue triangles, right
hand blue axis on Figure 35). The approximate onset potential for the 4-nitrophenol reduction

wave did not change after HCI treatment, indicating that the Fe removed through the acid
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washes was not part of the electrocatalytically active site (see green circles, right hand green

axis on Figure 35).
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Figure 35 Sequential HCI washing of NCNT900 lowers the total Fe content measured by TGA to 1% while
N-content measured by XPS and approximate onset potential for 4-nitrophenol reduction remain the same.

3.6.4 Comparison with commercial nanomaterials

To verify whether the electrocatalytic effect observed above could be reproduced on materials
synthesised following different procedures, commercial NCNTs were sourced from ‘ACS
Materials LLC’ based in California. These commercial NCNTs will be referred to as
‘NCNTacs’” and were subjected to various analytical techniques in house. Electron microscopy
showed that this material is delivered in the form of wool-like bunches of CNTs with a
significant amount of nano-scale amorphous material visible on the TEM grid (Figure 36). The
overall metal content of this material is lower than that of the unpurified NCNT900 and
CNT850 samples, but XPS found surface contamination through both Fe and Ni on the

commercial material. The nitrogen doping level was found to be the highest of any sample
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trialled in this chapter at 5% (Table 6). The slurries produced by sonication of NCNTacs were

immediately homogeneous and indeed, the material behaved more in a hydrophilic manner.
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Figure 36 A Scanning electron micrograph of commercial NCNTACS. B Transition electron micrograph of
commercial NCNTacs showing nano-scale carbon dust on the TEM grid. C TGA traces comparing CNT850,
NCNT900, and commercial NCNT acs showing very similar total Fe content.

This can be ascribed to the high heteroatom presence, both N and O, on the surface of this
material as well as the high contamination of these CNTs through small amorphous carbon, as
seen on the electron micrographs. Interestingly, the casting of a film of NCNTacs onto the
PGE working electrode led to a significant decrease of the observed current. It is possible that
not all of the amorphous material present in this sample is conductive, which would lead to a
pacification of the electrode. The reduction wave for nitro-hexane shows the same shift
towards milder potentials on the commercial NCNTs, which confirms that the effect observed
is not specific to the materials produced in-house (Figure 37). While this material is less pure

and seems to contain some insolating amorphous fraction, the high hydrophilicity could make

Table 6 Atomic percent of N, Fe, O, and Ni detected by XPS. Commercial NCNTACS contains high N and O
levels as well as Ni and Fe contamination.

XPS - atomic percent (at%)

Sample N Fe @) Ni
CNT850 0.08 1.8
NCNT900 1.5 2.1
NCNTACS 51 0.02 5.6 0.12
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it an interesting candidate for applications in biocatalytic systems, because of the

accompanying reliance on aqueous media.
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Figure 37 Cyclic voltammograms on PGE WE (grey trace) or modified with commercial NCNT acs (red
trace) immersed in nitrohexane (1 mM) in sodium phosphate electrolyte (pH 6.0, 100 mM) at 0.01 V/s.
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3.7 Conclusions and outlook

As published by Sokolova et al, ! hydrogenase enzyme can be combined with a conductive
carbon support for the electrochemical reduction of nitro-groups using the electrons provided
by the enzyme through dihydrogen oxidation. To investigate whether the carbon could be
replaced to tune the reduction event, the electrochemical reduction of 4-nitrophenol and nitro-
hexane was studied on working electrodes modified with a range of synthesised or
commercially sourced carbon nanotubes. The use of NCNTs led to a significant and
reproducible cathodic shift of the nitro-reduction wave. The active site that results in this
electrocatalytic behaviour remains unclear. Further investigations should focus on
characterising the distribution of metal contaminants in the sample, for example by electron
energy loss spectroscopy (EELS). For the purposes of this thesis, the observed catalytic effect
was exciting because it indicated that the Hyd/C system could be combined with this
electrocatalyst to tune the activity of the hydrogenation catalyst system. To employ the NCNTs
in the synthesis of amines, the following chapter will focus on both electrosynthesis and

hydrogen-driven bio-electrosynthesis.
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4 Tuning the production of amines using NCNTSs

With the encouraging electrochemical results established in Chapter 3, the logical next target
was to use the electrocatalytic effect observed on the N-doped CNTSs through electrosynthesis
of amines at milder potential. In Chapter 4, a larger-scale working electrode is fabricated and
employed to produce aminophenol and hexylamine on the NCNTs. Once these electro-
synthetic experiments had proven that the milder onset potential indeed corresponds to the
formation of amine, the NCNTs were combined with the Hz-oxidising Hyd-1 enzyme to tune

the cofactor-free biocatalytic nitro-group hydrogenation system Hyd/C.
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4.1 Experimental

4.1.1 Chemicals and buffers

4-Nitrophenol (>99%), 1-nitrohexane (98%), and hexylamine (99%) were purchased from
Sigma-Aldrich and used as received. Aqueous solutions were prepared using MilliQ water
(resistivity 18.2 MQ cm, Millipore). Buffer salts and solvents were purchased from Sigma-
Aldrich. Deuterated solvents were purchased from Sigma-Aldrich (D20, 99.9% D; DMSO-d6,

99.9% D).

Sodium phosphate buffer was prepared by dissolving an appropriate mass of Na;HPO4 and
NaH2POs in water after which the pH was adjusted to the desired value by adding HCI(aq) or

NaOH(aq) dropwise and monitoring pH using an Ag/AgCl pH electrode (Fisher).
4.1.2 Hydrogenase enzyme samples

Hydrogenase enzyme (Escherichia coli (E. coli) hydrogenase 1 (Hyd-1)) was prepared and
purified in-house by varying Vincent group members under the supervision of Dr. Stephen
Carr. Hyd-1 samples (10.5 mg/mL) were stored at -80 °C and defrosted as needed before each

experiment.
4.1.3 Carbon materials

Multiple types of carbon are used in this chapter. CNTs and NCNTSs synthesised in-house
(Chapter 3) are used without further purification, unless otherwise stated. Commercial NCNTs
from ACS Materials are used as received. Carbon black ‘Black Pearls 2000’ from Cabot

Corporation is used as received.
4.1.4 Cyclic voltammetry (CV) experiments performed under flow of H»

A glass electrochemical cell made in-house (glass blower: Terri Adams) with a water jacket

adjusted to 25 °C was connected to a hydrogen line was equipped with a saturated calomel
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reference electrode (SCE, Palmsens BV) and a coiled Pt wire as the counter electrode (CE).
The sodium phosphate electrolyte (pH 6.0, 100 mM) was subjected to Hz gas flow
(100 scc/min — standard cubic centimetres per minute) before the experiment. A pyrolytic
graphite edge (PGE) rotating disk electrode (RDE) as the working electrode (WE) was
modified with Hyd-1 by dropping the enzyme solution (0.5 uL, 10.5 mg/mL) onto the
electrode, allowing the film to incubate for 10 min and then rinsing the electrode with MilliQ
water. The WE was mounted onto a rotator (Metrohm) and rotated at 3000 RPM during the
measurements. Gas flow was directed through the head space of the vial once the WE had been
immersed in the electrolyte. The cyclic voltammograms were recorded using an Autolab

PGStat30 potentiostat (Ecochemie) and Nova 1.1 software at slow scan rate 1 mV/s.
4.1.5 General procedure for chronoamperometry experiments

A cylindrical glass vial equipped with a stir bar was fitted with a plastic cap in which three
holes had been cut to hold the SCE RE, the Pt wire CE within a fritted glass tube, and the
connection to the WE. The electrolyte PB (pH 6.0, 100 mM, 5 mL) containing the relevant
starting nitro-compound (5 mM) was added to the vial. Chronoamperometry was performed

using a PalmSens 4 potentiostat and the corresponding PSTrace software.

After chronoamperometry experiments in which 4-nitrophenol was the starting material, a
UV/Vis spectrum of the reaction mixture was recorded. Then, the product was extracted from
the electrolyte into ethyl acetate, dried over magnesium sulphate, the solvent was removed and
the resulting solid was dissolved in DMSO-d6 for subsequent analysis by NMR spectroscopy,
in which conversion was estimated based on the relative integral value of the relevant signal.
After electrosynthesis of hexylamine, the reaction mixture (400 pL) was combined with
sodium trimethylsilylpropanesulfonate (DSS) (50 uL, 10 mM) and D20 (50 pL) and analysed

by NMR spectroscopy.
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4.1.6 General procedure for small-scale hydrogenation reactions

Reaction set-up was performed under an inert atmosphere (N2; O2 < 3 ppm) in a glove box
(Glove Box Technology LTD.) A 20 mg/mL carbon slurry in sodium phosphate buffer (PB, pH
6.0, 100 mM) was sonicated for 1 hour. For one 2 mL scale reaction with 10 mM concentration
of nitrocompound, the carbon black suspension (200 uL, 4 mg C) was transferred to an
Eppendorf tube, the Hyd-1 solution (10.5 mg/mL, 9.5 uL, 0.1 mg) was added, the mixture was
combined and left on ice for 1 hour. The suspension was centrifuged (3 min, 14100 x g), the
supernatant was discarded, and the catalyst resuspended in PB (100 uL). The centrifugation
step was repeated twice to wash off any free enzyme. The catalyst particles were then

resuspended and directly used for the hydrogenation reaction.

Reactions were run either at 2 mL scale with a 10 mM nitrocompound concentration in PB in
the reaction vial of an Asynt Octo Mini Reactor, which allows eight reactions to be run in
parallel under a gas flow (here, 30 mL/min H>), or at 1 mL scale with a 10 mM nitrocompound
concentration in PB a 1.5 mL glass vial with a slitted lid, which was then placed inside a Biichi
Tinyclave pressure vessel which can be filled to the desired H> pressure. The reaction mixtures

were analysed by *H NMR spectroscopy after 24 h.
4.2 Electrosynthesis of amines on CNTs and NCNTSs

Chapter 3 outlines the observation of a reduction peak at milder potential in the CVs recorded
on an NCNT-modified carbon electrode as opposed to the clean or the CNT-modified
electrode. The motivation to explore electrosynthesis on an NCNT-electrode is twofold: first,
to identify the product formed at the milder potential through spectroscopic methods, and

second, to demonstrate the possibility of using the milder potential to form a useful product.

96



4.2.1 Development of a large-surface-area working electrode

The current which is passed from a WE to a redox active species in solution is directly
proportional to the active surface area of the electrode. * Therefore, one method to reach the
full conversion of a significant amount of starting material in an electrochemical reactor is to
simply increase the surface area of the WE used. Here, the CNT materials had to be
immobilised onto some material with sufficiently large or scalable dimensions, with no
interaction with the starting material at the potential at which the NCNTSs are active, and with

some stability so that the experiment could be left to complete over the course of many hours.
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Figure 38 A Cyclic Voltammograms recorded on a carbon paper electrode only or modified with NCNTSs,
immersed in 4-nitrophenol (5 mM) containing sodium phosphate electrolyte (pH 6.0, 100 mM) at 0.01 V/s.
Dashed line indicating potential used during chronoamperometry. B Chronoamperometry traces recorded on a
carbon paper electrode only or modified with NCNTs at -0.26 V vs SHE, immersed in 4-nitrophenol (5 mM)
containing sodium phosphate electrolyte (pH 6.0, 100 mM) under stirring at room temperature.

The first electrode that was trialled was based on a piece of carbon paper (CP) that was placed
between two pieces of laminating plastic. A rectangular opening (1x1.5 cm) was cut into the
top layer of plastic and a length of an electrical cable, which had been removed from its
isolating covering at one end to allow electrical contact to the CP, was placed between the CP
and the back layer of laminating plastic. The plastic was sealed to contain the CP and electrical
wire using a soldering iron. The NCNT material was suspended in isopropanol through

ultrasonication and the resulting slurry was simply drop-cast onto the exposed CP and allowed
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to dry. To achieve a more homogeneous NCNT slurry that can more reproducibly modify the
electrodes, the perfluorinated polymer Nafion was added (0.5% w/v) — this is common practice
in the literature concerning CNTSs and is not thought to impact the electrocatalytic behaviour
of the material. This electrode will be referred to as NCNT/CP. A significant concern with the
NCNT/CP method was that the CP was quite unstable when submerged into the electrolyte
solution, with pieces of the electrode flaking off immediately or else once the solution was
stirred. Nonetheless, the electrode was used in a trial electrochemical experiment consisting of
a number of cyclic voltammograms followed by a long chronoamperometry run in a PB
solution containing 5 mM 4-nitrophenol. The cyclic voltammetry traces comparing the
NCNT/CP electrode to a CP only control clearly demonstrate that the NCNTSs have successfully
modified the CP surface and are resulting in the expected shift in the cathodic feature (Figure
38). The current observed on the NCNT/CP electrode during the chronoamperometry
experiment, during which the WE potential was held at -0.26 V vs SHE targeting the milder
reduction peak, is nonetheless quite low, with the total charge passed well below that needed
to convert the 4-nitrophenol present in the electrolyte: For a 5 mL solution containing 5 mM
4-nitrophenol, 1.5x10 mol electrons would be needed (corresponding to the six electron
reduction to the amine), corresponding to 14.5 C of charge passed, while in this experiment,

only 1.6 C of charge was passed.

To improve the structural rigidity and effectiveness of the WE, a different support in the form
of a carbon felt (Alfa Aesar), onto which a length of carbon fibre was tied as the electrical
contact, was trialled. The carbon felt (CF) was cut into equal pieces (1x2 cm) and was immersed
into slurries of CNTs or NCNTs within a glass vial which was then exposed to ultrasonication

for 30 min. The modified CF was left to dry under air.
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Figure 39 A Raman spectra of carbon felt only (left), carbon felt modified with NCNTs (middle), and carbon felt
modified with CNTs (right), averaged from 10 points of analysis and normalised. B SEM micrographs obtained
on a Merlin-60 SEM of carbon felt only (left), carbon felt modified with NCNTs (middle), and carbon felt modified
with CNTSs (right).

The pieces of CF had visibly been modified with CNT material. In addition, SEM and Raman
spectroscopy were performed to further characterise these electrodes. The Raman spectra of
the electrodes (averaged from 10 points analysed) show a highly defective graphitic material
for the carbon felt as purchased, with a distinct G peak indicating sp2 hybridisation and the
large D peak representing a high defect density. The Ip/lc ratio is lower for the NCNT/CF and

even lower still for the CNT/CF, which agrees with the differences in Raman spectra of these
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Figure 40 SEM micrograph obtained on a Carl Zeiss Merlin HR FEG SEM of carbon felt modified with NCNTs.

materials, as discussed in the previous chapter. The SEM micrographs show a flakey covering
over the fibres that make up the CF, and a higher magnification image of the NCNT/CF
material makes visible the hair-like NCNTs covering the much thicker felt fibres (Figure 40).
While some of these CNTs may still flake off, the CF itself is more stable than the CP and its
macroporous structure could be expected to slightly protect the CNT layer. A trial
chronoamperometry experiment led to full conversion of the 4-nitrophenol to the
4-aminophenol, as observed through *H NMR spectroscopy of the electrolyte. Following this
promising initial result, the modified carbon felt was employed as the large-scale working

electrode used in a set of electrosynthetic experiments.
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4.2.2 Electrosynthesis of p-aminophenol

Chronoamperometry experiments were performed at a mild potential (-0.26 V vs SHE) and a
more negative potential (-0.36 V vs SHE) on the CF electrodes (CF only, CNT/CF, and
NCNT/CF) to probe the two reduction peaks observed in the CVs recorded on NCNT-modified
versus CNT-modified electrodes (Figure 41). Analysis of the electrolyte after 22 h by *H NMR

confirmed that the only product formed was 4-aminophenol (Figure 42), while
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Figure 41 A Chronoamperometry traces recorded using CF, CNT/CF, or NCNT/CF WEs at -0.26 V vs SHE,
under stirring, RT, 5 mM 4-nitrophenol in sodium phosphate electrolyte (pH 6.0, 100 mM). B
Chronoamperometry traces recorded using CF, CNT/CF, or NCNT/CF WEs at -0.36 V vs SHE, under stirring,
RT, 5 mM 4-nitrophenol in sodium phosphate electrolyte (pH 6.0, 100 mM). C Cyclic voltammograms recorded
on PGE WE modified with CNTs or NCNTs, immersed in 4-nitrophenol (1 mM) containing sodium phosphate
electrolyte (pH 6.0, 100 mM) at 0.01 V/s, with dashed lines corresponding to the two potentials used for
chronoamperometry experiments. D Conversion of 4-nitrophenol to 4-aminophenol at the two potentials on CF,
CNT/CF, or NCNT/CF. Bars correspond to conversion measured through relative integrals in the 'H NMR
spectra, scatter plot to conversion measured through UV/Vis spectroscopy. Error was established by running
each experiment in triplicate. E Faradaic efficiency calculated at the for the two trialled potentials and three
electrodes.
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UV/Vis spectroscopy was used as a complementary technique giving confirmation of the
conversion calculated from the relative integrals of the relevant signals in the 'H NMR

spectra (Figure 43).

The error in conversion amongst multiple repeat reactions was found to be particularly high in
samples that had been converted at a potential that does not correspond to a high driving force —
see, for example, the difference in error between the milder and harsher potentials on the
NCNT/CF WE. This could be explained by the relatively greater influence of parameters such
as electrode area or temperature when the driving force is lower. The harsher potential
corresponds to a high driving force that gives high conversions regardless of small changes in

such parameters.
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Figure 42 Example *H NMR (400 MHz, 298 K, DMSO-d6) traces of reaction products after chronoamperometry
at -0.36 V vs SHE on CF only, CNT on CF, and NCNT on CF electrodes (from top to bottom), in 5 mM
4-nitrophenol in sodium phosphate electrolyte (pH 6.0, 100 mM) under stirring, RT. NMR spectra of standards
4-nitrophenol and 4-aminophenol shown (bottom two spectra).
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The Faradaic efficiency FE was calculated for the six conditions. The high conversion cases
show that the FE in this system is excellent at near 100% (Figure 41). The FE at no to low
conversion was considered to be not as meaningful, because of the outsize role the capacitive

current plays in these cases.

The electrosynthesis of 4-aminophenol on NCNT or CNT modified carbon felt electrodes
demonstrates that the electrocatalytic effect observed on the doped material can be employed
to produce amines at milder potential and thus at greater energy efficiency. In addition, these
results prove that both observed reduction events on the NCNTs lead to the formation of the
amine, not to some intermediate or other product, suggesting that the two different peaks
correspond to two different mechanisms of the same conversion and not to two different
reactions. This in turn supports the hypothesis that the NCNTs contain an additional active site
not found on the CNTSs, while also still converting the nitro-group at the more negative potential

in the same way as the CNTs or other carbon materials.
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Figure 43 A UV/Vis data collected for calibration curve demonstrating absorbance of mixtures of 4-aminophenol
and 4-nitrophenol in aqueous base. B UV/Vis spectra of electrolyte after 22 h chronoamperometry experiment
using CF only, CNT on CF, or NCNT on CF as WE at -0.26 V vs SHE, and C at -0.36 V vs SHE. Conditions: 5
mM 4-nitrophenol in sodium phosphate electrolyte (pH 6.0, 100 mM) under stirring at RT, held at potential for
22 h.
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4.2.3 Electrosynthesis of hexylamine

As the electrocatalytic effect on the NCNTSs had also been observed for the simple aliphatic

nitro-hexane, the electrosynthesis experiments were repeated for this starting material. In this
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Figure 44 A Example chronoamperometry traces recorded on CNT on CF and NCNT on CF WEs at -0.36 V vs
SHE in nitrohexane (5 mM) in sodium phosphate electrolyte (pH 6.0, 100 mM), under stirring, at RT. B Cyclic
voltammograms recorded on PGE WE modified with CNTs or NCNTs, immersed in nitrohexane (1 mM)
containing sodium phosphate electrolyte at 10 mV/s, with the dashed line corresponding to the potential used for
chronoamperometry experiments. C Conversion of 4-nitrophenol to 4-aminophenol at the two potentials on
CNT/CF or NCNT/CF measured through relative integrals compared to DSS as internal standard in the *H NMR
spectra (columns) and calculated Faradaic efficiency (scatter plot).
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case, only one potential was chosen targeting a value that was expected to lead to conversion
on the NCNTs but no conversion on the CNTs. Again, CF electrodes were prepared as
described above modified either with NCNTs or CNTs. The potential was held at -0.36 V vs
SHE for 22 h (Figure 44 A). The electrolyte was analysed by NMR spectroscopy — here, sodium
trimethylsilylpropanesulfonate (DSS) was used as an internal standard to achieve a more
quantitative conversion value because no supplementary technique (such as UV/Vis
spectroscopy, above) was used. As expected, no product was observed when the CNT/CF
electrode was employed, while near 40% conversion was achieved on the NCNT/CF electrode
(Figure 44 C). Conversion should be easily improved by using a more negative potential; this
was not done here because the experiment was aiming to prove the reaction occurs on the
NCNTs where it does not on the CNTSs. In addition, note the low solubility of the aliphatic
starting material and product. This could artificially deflate the concentration of product seen
in the NMR spectrum. Future experiments should add a careful organic extraction step to more
rigorously quantify the yield of hexylamine. Nonetheless, the experiment is successful in
demonstrating the electrocatalytic reduction of nitrohexane on the NCNTs produced in-house.
This result inspired a combination of the NCNTs with Hyd-1 enzyme to investigate whether
this electrocatalysis could be employed to widen the substrate scope of the batch hydrogenation

catalyst system Hyd1/C.
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4.3 Tuning the Hyd1/C nitro-group hydrogenation system using NCNTSs

The Vincent group has established a nitro-hydrogenation system, Hyd/C, based on
hydrogenase enzyme immobilised on commercial carbon black particles, in which the
hydrogenase provides electrons through Hz oxidation to the conductive carbon. The nitro-group
is thought to be electrochemically reduced on the carbon particles. The enzyme most
commonly employed by the group, Hyd-1, is chosen for its stability and high H> oxidation
activity but has a slight overpotential of around 80-100 mV beyond the thermodynamic H>
oxidation potential. At pH 6 and 1 bar H> pressure, the enzyme catalyses H. oxidation at an
onset potential of about -0.296 V vs SHE. ® Previous experiments in the Vincent group had
already shown that Hyd1/C, where C is the commercial carbon black ‘BP2000’ (Cabot
Corporation), does not reduce nitrohexane to hexylamine at pH 6 and 1 bar H>. The onset
potential shift observed on the NCNTSs could tune the catalyst system to expand the substrate

scope to include simple aliphatics such as nitrohexane.
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Figure 45 Comparison of the CV showing H; oxidation catalysed by Hyd-1 immobilised onto a PGE WE
(rotating at 3000 RPM in sodium phosphate buffer (pH 6.0, 100 mM) saturated with Hy), scan rate 0.001 V/s —
top panel —and cyclic voltammograms showing nitrohexane reduction on a PGE WE (black) or NCNT-modified
PGE WE (blue) immersed in nitrohexane (1 mM) in sodium phosphate buffer (pH 6.0, 100 mM), scan rate 0.01
V/s — bottom panel. Dashed line indicates thermodynamic E(H., 2H*) of -0.355 V vs SHE.

When stacking the CVs showing H» oxidation as catalysed by Hyd-1 over the CVs showing
the reduction of nitrohexane on the NCNTs, it is not immediately obvious that the overlap in
redox features would suffice to push the nitro-reduction (Figure 45). However, it is important
to note that the actual onset of the reduction lies right at the first appearance of the foot of the
catalytic wave — if the very beginnings of the two redox features are compared, a slight overlap
can be identified, indicating that Hyd-1 should deliver electrons of sufficient energy to reduce
the nitro-group. Note also that the overpotential reflects not the thermodynamically necessary
energy for any given process, but rather a kinetic sluggishness, meaning that some H» oxidation

is possible even before the catalytic wave is unambiguously visible.

The enzyme was immobilised on the NCNTs following the same method as was used for the

commercial carbon black materials in Sokolova et al: The appropriate amounts of each were
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simply well combined and then allowed to interact on ice for one hour before the NCNTSs were
washed with buffer to remove any non-adsorbed enzyme. As compared with the conditions
published by the group in Sokolova et al, > where 1.32 mg of enzyme were used per mmol of
starting nitro-compound, the enzyme loading was increased significantly to 5 mg/mmol to
achieve good conversion within 24 h. The resulting modified Hyd1/NCNT catalyst system was
added to a vial containing nitrohexane in PB buffer (pH 6.0) with dimethylsulfoxide (10% v/v)
added as cosolvent and the vial was placed into a Bichi Tiniclave pressure vessel, which was
filled to 1 bar H. Control reactions using Hyd1/C with the same elevated enzyme loading were

placed within the same pressure vessel to ensure that all outside parameters would be identical.

Because the pressure vessel displays pressure above the ambient pressure in the laboratory, if
the vessel is set to 1 bar this corresponds to roughly 2 bar H2 pressure. The thermodynamic
potential of the 2H*/H> couple depends on the pressure, as represented in Figure 46, with higher
pressure leading to a slightly more negative equilibrium potential. Thus, the reactions
performed in the pressure vessel reactor should have a driving force that is slightly higher than
any performed in a reaction vial in the Asynt Octo Mini Reactor, which is also used throughout

this thesis and which is simply connected to a H> line set to 30 mL/min gas flow.
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Figure 46 Variation in E(H*/Hz) with pH and pH., based on the Nernst equation.

The reactions were analysed after 24 h by *H NMR, which showed full conversion using the
Hyd1/NCNT catalyst system with only minimal hexylamine also visible in the Hyd1/C
catalysed reaction (Figure 47). These results demonstrate that the electrocatalysis observed in
the electrochemical analysis of the NCNTs can be successfully combined with Hyd-1 catalysed

H> oxidation to reach more stabilised nitro-groups.
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Figure 47 Graphic representation of Hyd1/NCNT catalyst and *H NMR (400 MHz, 298 K, 10% D20 in PB, 100
mM, pH 6.0) spectra of reaction mixtures of hydrogenation performed using Hyd1/NCNT or Hyd1/C catalyst
systems, with characteristic amine or nitro peaks marked in blue or red, respectively. Conditions: 10 mM
nitrohexane, sodium phosphate buffer (pH 6.0, 100 mM), Buchi vessel filled to 1 bar Hz, RT, 24 h.

4.3.1 Defective commercial NCNTSs as a less hydrophobic enzyme support

As introduced in Chapter 3, commercially available NCNTs (ACS Materials) were purchased
during this project to establish whether the electrocatalytic behaviour of the NCNTs produced
in-house was somehow unigue to the production method used here or if it could be reproduced
on other NCNTSs. Indeed, a similarly shifted onset potential for the electrochemical reduction
of nitrohexane was observed on this commercial material. The purchased NCNTs were found
to be highly defective and to contain a significant amount of amorphous nano-scale carbon
particles (for detailed characterisation, see 3.6.4). They are readily suspended in water even
without sonication, which could be an advantage as compared to the purer NCNTs synthesised

by the author for use as an enzyme support material for batch reactions in buffer.

Accordingly, Hyd-1 was immobilised on the commercial NCNTacs through simple physical
adsorption as described above. Because the material immediately disperses in the aqueous
buffer, the ultrasonication preparation step can be skipped, making the catalyst system simpler

and more economical. The Hyd1/NCNTacs catalyst system was found to convert
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nitrocyclohexane (Figure 48) and nitrohexane to the corresponding amines within 24 h in the
Asynt Octo Mini Reactor exposed to 30 mL/min Hz gas flow, as qualitatively determined
through *H NMR spectroscopy of the reaction mixtures. Future work could investigate whether
the greater hydrophilicity of the NCNTsacs improves enzyme adsorption or rate of reaction of
the nitro-hydrogenation. The NCNTs synthesised in-house could be combined with more
amorphous carbon nanomaterials to mirror the amorphous carbon dust found in the commercial
material, possibly improving enzyme adsorption, slurry homogeneity, and lowering cost of the

Hyd1/NCNT catalyst system.
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Figure 48 'H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of reaction mixture of
hydrogenation of nitrocyclohexane using Hyd1/NCNT acs catalyst system, 24 h, RT, 30 mL/min H, flow, 10 mM
nitrocyclohexane. *H NMR spectra of starting material and product standards. See appendix equivalent data for
the hydrogenation of nitrohexane.
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4.4 Conclusions and Outlook

In Chapter 4, the electrocatalytic activity of both the NCNTs produced in house and the
commercial NCNTacs was exploited to tune the Hyd1/C catalyst system to access the more

difficult to reduce aliphatic nitrocompounds. Before this, the NCNTs produced by CVD were
successfully immobilised onto a carbon felt electrode to electrosynthesize 4-aminophenol and
hexylamine from the respective nitrated precursor at lower energetic cost than when using the
CNTs or the felt only. This progress opens many doors towards future research. For example,
the cost and environmental impact of the NCNT electrocatalyst could be lowered by combining
it with a more readily available conductive carbon. The NCNT/CF electrode was sufficient for

the experiments conducted herein. However, a more stable and thus reusable alternative

electrode would make the electrosynthetic method more attractive for the production of amines.
Finally, a substrate scope could investigate whether the electrochemical nitroreduction on the

NCNTSs is selective enough to produce complex APIs or similar industrially relevant molecules.

113



45 References

(1) Jean-Michel Saveant, C. C. Single-Electron Transfer at an Electrode. In Elements of
Molecular and Biomolecular Electrochemistry, 2019; pp 1-80.

(2) Wang, J.; Musameh, M.; Lin, Y. Solubilization of Carbon Nanotubes by Nafion toward
the Preparation of Amperometric Biosensors. Journal of the American Chemical Society
2003, 125 (9), 2408-2409. DOI: 10.1021/ja028951v.

(3) Sokolova, D.; Lurshay, T. C.; Rowbotham, J. S.; Stonadge, G.; Reeve, H. A.; Cleary, S.
E.; Sudmeier, T.; Vincent, K. A. Selective hydrogenation of nitro compounds to amines by
coupled redox reactions over a heterogeneous biocatalyst. Nature Communications 2024, 15
(1), 7297. DOI: 10.1038/s41467-024-51531-2.

114



115



5 Hydrogenation of nitrocompounds using a DuBois-type [Ni(PR2NR;)2]?*

complex

As introduced throughout the previous chapters in this thesis, the VVincent group has established
a catalytic system based on hydrogenase enzyme immobilised on a conductive carbon support
that can hydrogenate a wide variety of nitro-compounds selectively at room temperature,
atmospheric hydrogen pressure, without cofactors or co-catalysts, and with a high associated
recyclability of the catalyst.! This catalyst system combines the atom economy of
heterogeneous hydrogenation with the mild conditions and excellent selectivity of biocatalysis,
while the biocatalyst is only responsible for the H> oxidation. Nonetheless, there could be
benefits to developing a non-biocatalytic system inspired by these previous results.
Hydrogenase enzyme production is currently only possible at small scale, while some synthetic
inorganic catalysts can be produced using well-established methods of chemical synthesis
available to most industrial and academic laboratories. In addition, the mild conditions of the
Hyd/C system that are needed to prevent enzyme denaturation may not always be appropriate
depending on the reactivity or solubility of the starting nitro-compound. A non-biocatalytic
system could open the possibility to use organic solvents, higher starting material
concentrations, as well as higher pressures and temperatures. From these considerations it was
decided to attempt to replace the hydrogenase enzyme with a ‘DuBois-type’ [Ni(PRoNR;),]?*
complex, which has been developed to mimic the active site found in hydrogenases by DuBois,

Shaw, Dutta, and others and which is well-known in H; fuel cell research. 2
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5.1 Experimental

5.1.1 Reagents

Nitrobenzene (99%) was purchased from Alfa Aesar. 4-Nitrotoluene (99%), 4-nitrophenol
(>99%), 1-fluoro-4-nitrobenzene (99%), 1-chloro-4-nitrobenzene (99%), 1-nitrohexane (98%),
and hexylamine (99%) were purchased from Sigma-Aldrich. 2-Nitrotoluene (99%), 3-
nitrotoluene (95%), 2-nitrophenol (95%), 3-nitrophenol (99%), 1-bromo-4-nitrobenzene
(95%), 4-nitrobenzyl alcohol (99%), 4-nitrobenzaldehyde (98%), 4-nitrobenzonitrile (97%),
and 1-ethynyl-4-nitrobenzene (95%) were purchased from Fluorochem. 4-Nitrostyrene (98%)
was purchased from Themo Scientific. Carbon black (C) VULCAN XC72 was purchased from

Cabot and used as received.

All chemicals were used as received without further purification and all aqueous solutions were

prepared using MilliQ water (resistivity 18.2 MQ cm, Millipore).

Buffer salts and solvents were purchased from Sigma-Aldrich. Deuterated solvents were

purchased from Sigma-Aldrich (D20, 99.9% D).
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Sodium phosphate buffer was prepared by dissolving an appropriate mass of Na,HPO4 and
NaH2POg in water after which the pH was adjusted to the desired value by adding HCI(aq) or

NaOH(aq) dropwise and monitoring pH using an Ag/AgCl pH electrode (Fisher).
5.1.2 Ni-complex samples

Samples of the nickel complexes, [Ni(PY2NA"9,),]** (NiArg) and [Ni(P<Y2NPY"2)2]%* (NiPyr) as
well as the ligand P€Y,N”"9, were synthesized and kindly provided by Dr Bertrand Reuillard at
the Laboratoire de Chimie et Biologie des Metaux in Grenoble (LCBM), according to
published procedures.> ® The NiArg complex was frozen at millimolar conc. in aqueous
solution, stored at -80 °C and defrosted as required. The NiPyr complex was stored in the same
manner but in acetonitrile. The ligand was stored at room temperature under inert N2

atmosphere.
5.1.3 Procedure for cyclic voltammetry (CV) experiments performed under flow of H;

A glass electrochemical cell made in-house (glass blower: Terri Adams) with a water jacket
adjusted to 25 °C was connected to a hydrogen line and was equipped with a saturated calomel
reference electrode (SCE, Palmsens BV) and a coiled Pt wire as the counter electrode (CE).
The sodium phosphate electrolyte (pH 6.0, 100 mM) was subjected to Hz gas flow (100
scc/min) before the experiment. A pyrolytic graphite edge (PGE) rotating disk electrode (RDE)
as the working electrode (WE) was modified with the relevant Ni complex by dropping a
millimolar solution of the complex onto the electrode, allowing the film to incubate for 10 min
and then rinsing the electrode with MilliQ water. The WE was mounted onto a rotator
(Metrohm) and rotated at 3000 RPM during the measurements. Gas flow was directed through
the head space of the vial once the WE had been immersed in the electrolyte. The cyclic
voltammograms were recorded using an Autolab PGStat30 potentiostat (Ecochemie) and Nova

1.1 software.
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5.1.4 General procedure for small-scale hydrogenation reactions

Reaction set-up was performed under inert atmosphere (N2, O2 < 3 ppm) in a glove box (Glove
Box Technology LTD.) For the heterogeneous Ni/C catalyst, a 20 mg/mL carbon black slurry
in sodium phosphate buffer (PB, pH 6.0 unless stated otherwise, 100 mM) was sonicated for 1
hour. For one 2 mL scale reaction with 10 mM concentration of nitrocompound, the carbon
black suspension (298 uL, 5.9 mg C) was transferred to an Eppendorf tube, the NiArg solution
(20 pL, 0.15 mg, 0.0001 mmol; amounts varied throughout the chapter to achieve different
loadings) was added, the mixture was combined and left on ice for 1 hour. The suspension was
centrifuged (3 min, 14100 x g), the supernatant was discarded, and the catalyst resuspended in
PB (100 uL). The centrifugation and resuspension steps were repeated twice to wash off any
free complex. The catalyst particles were then resuspended and directly used for the
hydrogenation reaction. Reactions were run at 2 mL scale with a 10 mM nitrocompound
concentration in PB. Some compounds were dissolved in acetonitrile leading to a final
acetonitrile concentration of 10% v/v in the reaction mixture. A stock solution of the starting
material was transferred to the reaction vial of an Asynt Octo Mini Reactor, which allows eight
reactions to be run in parallel under the same atmosphere. The catalyst suspension was added
to the reaction mixture and the volume was adjusted to 2 mL. The reactor was sealed, removed
from the glove box and connected to a H> line set to 30 mL/min. Time points were taken after
first placing the reactor back into the glove box at 24, 48, and 72 hours and analysed by ‘H

NMR spectroscopy.

For the hydrogenation reactions using complex only, the complex (0.1-0.5% catalyst loading)
in solution was added directly to the stock solution of nitrocompound, the reaction volume was

adjusted to 2 mL, and the hydrogenation was performed as above.
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5.2 Hydrogenation of nitroarenes using a [Ni(PY2P2""9),]** complex

5.2.1 Electrochemistry of Ni complex and nitrobenzene

The driving force of the nitro-to-amine transformation using electrons supplied through H:
oxidation depends on the potential at which these electrons are supplied, as well as the potential
at which the nitro-group is reduced. For the purposes of this project, a [Ni(PR2NR2)2]?* complex
decorated with arginine ligands on the pendent N bases was chosen (Figure 49). This complex

is well-known for its high H» oxidation activity in aqueous media, and has been reported to
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Figure 49 Structure of the [Ni(P%,P2""9),]** complex, referred to in this chapter as NiArg, where Arg = arginine
(structure shown in blue).

adsorb to carbon surfaces through possible interactions between the guanidinium groups of
arginine and the oxygen functional groups found on carbon materials. > %’ To investigate the
possibility of driving the nitro-reduction reaction using H> oxidation catalysed by this DuBois-
type Ni complex (referred to in this chapter as ‘NiArg’), the electrochemistry of the complex
under H> at atmospheric pressure and near-neutral pH was studied. A pyrolytic graphite edge
(PGE) working electrode (WE) was modified by drop-casting a millimolar aqueous solution of
the NiArg, allowing it to physically adsorb and then rinsing off any excess. The WE was
immersed into a sodium phosphate electrolyte (pH 6.0, 100 mM) which had been saturated
with Hz and which was temperature-controlled at 25 °C. The thermodynamic H, oxidation
potential at these conditions can be calculated using the Nernst equation to equal -0.355 V
versus the standard hydrogen electrode (SHE). The oxidation feature observed when using the

NiArg-modified WE begins near this value with minimal overpotential while the reduction of
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nitrobenzene on a PGE WE at pH 6.0 and 25 °C commences at a significantly more positive
potential of approximately -0.2 V (Figure 50). It follows that the driving force provided by H>
oxidation catalysed by NiArg should suffice to push the nitrobenzene reduction at a carbon
particle modified with NiArg subjected to atmospheric pressures of Ho. It is unclear why the
return sweep of the voltammogram shows a significantly lower current for the H, oxidation
catalysed by the NiArg complex. The scan rate used was quite low at 1 mV/s, which could
allow the catalyst to fall off the electrode surface during the experiment. In experiments
described below the catalyst is used for multiple days, which indicates that it should not

deteriorate to an extent that would explain the loss in current seen in Figure 50.
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Figure 50 Comparison of the CV showing H; oxidation at the NiArg complex immobilised onto a PGE WE (rotating
at 3000 RPM in sodium phosphate buffer (pH 6.0, 100 mM) saturated with H, 0.001 V/s) — top panel —and a CV
showing nitrobenzene reduction on a clean PGE WE immersed in nitrobenzene (1 mM) in sodium phosphate buffer
(100 mM, pH 6.0) at 0.01 V/s — bottom panel.
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5.2.2 Hydrogenation of nitrobenzene using NiArg/C as the catalyst

Initial hydrogenation experiments were performed with conditions identical to those used for
the enzymatic catalytic system in Sokolova et al,  while the catalyst loading and the carbon-
to-complex ratio, whose optimal values were assumed to differ from those relevant to the much
larger hydrogenase, were investigated. Catalyst preparation is described in detail in 4.1.6.
Briefly, a slurry of a commercial carbon black (here, Vulcan XC72 from ‘Cabot Corporation’)
in sodium phosphate buffer (pH 6.0) was prepared by sonication, the carbon was then combined
with an aqueous solution of NiArg which was allowed to adsorb for one hour, after which the
particles were washed, recollected, and used as the catalyst system in the hydrogenation of
nitrobenzene. Interestingly, the control reactions performed without the addition of any carbon
black led to the clean production of the phenyl-hydroxylamine (1B) after 24h (Table 7,
Entry 1and 2), with no starting material (LA) or amine (1C) observed. This observed

hydrogenation activity for the complex in solution adds an interesting layer of understanding
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NHOH
NO, © NH,

NiArg/C, H,
PB pH 6, rt

1A 1B 1C

Table 7 Product of nitrobenzene hydrogenation depending on the carbon-to-catalyst ratio used, defined by weight.
Conversions are estimated by the relative integrals in the relevant *H NMR (400 MHz, 298 K, 10% D20 in PB,
100 mM, pH 6.0) spectra.

Entry | catalyst loading (mol/mol) Carbon:_CompIex Product
(w:w) A B C
1 0.1% No carbon 0 1 0
2 0.3% No carbon 0 1 0
3 0.3% 5:1 0 >0.95 | <0.05
4 0.3% 10:1 0 ~0.9 ~0.1
5 0.3% 40:1 0 0 1

Conditions: 10 mM starting material, varying NiArg and carbon loading, room temperature, Hz gas flow 30 mL/min, PB (pH
6.0, 100 mM), 24 h reaction time.

to the behaviour of the Ni complex, which has typically been studied only for its ability to
oxidize or produce H». The addition of increasing amounts of carbon led to the production of
1C, with only 1C observed after 24 h with a carbon-to-complex ratio of 40:1 (Table 7, Entry
5). As mainly 1B was produced with a carbon to complex ratio of 5:1 (Table 7, Entry 3), it
should also be possible to find a ratio that allows the clean production of 1B using a
heterogeneous catalyst as opposed to the complex in solution, which could simplify the
removal of the complex from the organic product. The fact that the addition of carbon seems
to favour the completion of the six-electron nitro-reduction could be due to several factors. The
nitro-compound could more readily interact with the hydrophobic carbon surface, making full
reduction more likely. In addition, the carbon particle could act as an electron reservoir,

allowing an immediate transfer of several electrons, where the complex should only be able to
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transfer two electrons at any one time from the oxidation of H>. The heterogeneous version of

the hydrogenation catalyst will be referred to as NiArg/C below.

To investigate the course of the reaction, aliquots were taken and analysed by 'H NMR
spectroscopy where conversion was estimated through the relative integrals of the relevant

signals. For the NiArg/C catalyst system, the nitrobenzene 1A was consumed rapidly to
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Figure 51: Time points showing the relative conversion of nitrobenzene 14 to hydroxylamine 1B or aniline 1C,
respectively. A —using NiArg/C and B - using NiArg only as the catalyst. Conditions: 10 mM starting material, NiArg
loading of 0.5 mol% and 40:1 carbon to complex ratio for A, room temperature, H> gas flow of approximately 30 mL/min, PB
(pH 6.0, 100 mM), 24 h reaction time. Conversion at the time points was estimated from the relative intensity of the integrals
under the appropriate signals in the '"H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of the reaction

mixture.

produce the phenylhydroxylamine 1B, with the subsequent reduction to the aniline 1C
occurring slowly over the course of 24 h (Figure 51). This observation suggests that the carbon
particle is not acting as an electron reservoir to push the six-electron reduction immediately,
because the final and slowest step seems to be the two-electron reduction of 1B to 1C. For the
homogeneous NiArg in solution, no production of 1C is observed and the rate of reaction to

1B is slightly slower.

The yield observed at 1 hour, estimated by using 4-nitrophenol as an internal standard in the
"H NMR sample, was used to calculate turnover frequency (TOF) values towards 1B for both
the heterogeneous (Table 8, Entry 1) and homogeneous system (Table 8, Entry 2). The

heterogeneous catalyst system NiArg/C leads to a TOF value about double that of the
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homogeneous catalyst, underlining the importance of the carbon particles. The TOF value
calculated for the reaction towards the amine using NiArg/C is relatively low (0.0034 s!), as
determined using the estimated yield from the 'H NMR spectrum using 4-nitrophenol as an
internal standard after six hours. Future experiments could investigate whether the reaction rate
could be increased by varying temperature, pressure, catalyst loading, or other parameters.
However, for the purposes of this project, the results described above were encouraging and
led to the pursuit of a substrate scope of substituted nitroarenes to probe the selectivity of this
catalyst system.

Table 8 Turnover frequency calculated for the nitrobenzene hydrogenation using NiArg/C or NiArg only

Entry Catalyst TOF (s') to 1B TOF (s) to 1C
1 NiArg/C 0.013 0.0034
2 NiArg 0.0075

Conditions: 10 mM starting material, Nidrg loading of 0.5 mol% and 40:1 carbon to complex ratio for Nidrg/C, room
temperature, H, gas flow 30 mL/min, PB (pH 6.0, 100 mM). TOF was calculated using estimated conversions from the relative
intensity of the integrals under the appropriate signals in the 'H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH
6.0) spectra of the reaction mixture at 1 h for the conversion to 1B (hydroxylamine) and 6 h for conversion to 1C (amine).
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5.2.3  Substrate scope: substituted nitroarenes

Table 9 Conversions to the relevant hydroxylamine (B) and amine (C) for various starting materials as estimated
from relative integral values for the corresponding signals in the 'H NMR spectra (400 MHz, 298 K, 10% D20 in PB,
100 mM, pH 6.0) of the reaction mixtures after 24 h, * after 48 h, ' after 72 h. Conditions: 10 mM starting material, 0.5%
NiArg loading, room temperature, H, gas flow 30 mL/min, PB pH 6.0 with 10% v/v acetonitrile. *performed at pH 8.0.

Catalyst
NiArg only
NiArg/C

Catalyst
NiArg only
NiArg/C

Catalyst
NiArg only
NiArg/C

Catalyst
NiArg only
NiArg/C

NO,
1A
B C

100% 0%
0% 100%

NO,
©/OH

5A
B C
0% 100%
0% 100%

NO,

7

)
9A
B C
100% 0%
0% 100%*

NO,

Br

13A
B C
100% 0%
0% 100%

NO,
2A
B C

100%* 0%
0% 100%

NO,

.

6A
B C
100% 0%
0% 100%

NO,

CN

10A
B C
100% 0%
0% 100%*

NO,

VZ

14A
B C
100% 0%
66% 34%

NO,

QL

3A
B c
100%* 0%
0%  100%
NO,

OH

7A
B c
0%  60%*
0%  100%
NO,

F

11A
B c
100% 0%
0%  100%
NO,

Z
15A*
B C
100% 0%
63% 37%

NO,

4A
B c
100%* 0%
0%  100%
NO,

HO
8A
B C
100% 0%
0% 100%

NO,

Cl
12A
B C
100% 0%
0% 100%
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For the substrate scope presented here, the catalyst loading was held steady at 0.5% (mol
complex to mol nitroarene) and the carbon-to-complex ratio for the heterogeneous system was
held at 40:1 by weight. The conversion was estimated by the relative integrals under the
relevant 'H NMR peaks. Acetonitrile (10% v/v) was added to improve solubility of the organic
starting materials. The substrate scope was chosen to trial the selectivity of the hydrogenation
by including compounds with other unsaturated bonds (9, 10, 14, 15) and halogenated
compounds (11, 12, 13) which are known to undergo dehalogenation over hydrogenation
catalysts described in literature.® All of the trialled compounds (other than o- and p-
nitrophenol) were converted cleanly to the corresponding amine C using NiArg/C and to the
hydroxylamine B using NiArg only. For some substrates, the reaction time was extended to
reach full conversion, as indicated in Table 9. For the three trialled nitro-toluenes (2-4), the
reaction time towards the hydroxylamine using the homogeneous NiArg catalyst had to be
extended to 48 h, while the amine was reached within 24 h, which supports the assumption that
the more hydrophobic starting materials will be more readily reduced using the heterogeneous
NiArg/C on the hydrophobic carbon surface. Phenols 5-7 were also readily hydrogenated,;
however, no hydroxylamine was produced for the o- and p-isomers, for which even without
the addition of the carbon black powder only amine was observed. No dehalogenation was
observed for substrates 11-13 and the selectivity of the system towards the hydrogenation of
the nitro-group was demonstrated by the conversion of nitroarenes substituted with aldehyde
(9), nitrile (10), alkene (14), or alkyne (15) groups, while the reaction of 15 was performed at
pH 8 to prevent alkyne hydration. These results align well with those presented in Sokolova et
al. 1, were the Hyd/C system was used, indicating that replacing Hyd1 with NiArg has not
altered the excellent selectivity of the hydrogenation system. Both the NiArg and NiArg/C

catalysts could have broad applicability in the production of amines and hydroxylamines and
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could possibly be employed for late-stage functionalisation of complex starting materials

containing other unsaturated groups or halogens.

NO, NHOH
NiArg
—
Hz RT
R H;O (pH 6) R
A (10% viv ACN) B
NHOH NHOH NHOH NHOH NHOH
/; CN Cl Br
HO 0
8 9 10 12 13
~95% 100% 100% 100% ~99%
48 h 24 h 24 h 24 h 24 h

Figure 52 Conversions to hydroxylamine for a selection of substituted nitroarenes from hydrogenations performed
in water using NiArg only, estimated from relative integrals from 1H NMR (400 MHz, 298 K, 10% D20 in PB,
100 mM, pH 6.0) spectra. Conditions: 10 mM starting material, 0.5% NiArg loading, room temperature, H2 gas flow 30
mL/min, H20 pH 6.0 with 10% v/v acetonitrile.

The buffer salts used in the experiments above significantly diminish the atom economy
associated with the process and greatly complicate the purification of the products,
necessitating multiple washing steps. Even while the nitro-hydrogenation requires protons, the
pH in the solution should remain unchanged as the H> oxidation is constantly providing the
equivalent number of protons, so the buffering function should not be necessary. For this
reason, the reactions were trialled in MilliQ water that had been adjusted to pH 6 using HCI
containing acetonitrile (10% v/v). The homogeneous reaction led to excellent conversions to
pure hydroxylamine for a range of nitroarenes (see Figure 52). The heterogeneous catalyst
system also converted all starting material but produced a mixture of hydroxylamine and amine
for all of the trialled nitroarenes, even after 72 hours. The presence of the buffer seems to be
influencing the efficiency of the reaction, perhaps by changing proton mobility. ® In addition,
some of the substrates, intermediates, or products seemed to be less soluble in the pure MilliQ

water, possibly because of a lower likelihood of protonation. Future experiments should probe
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whether the reaction can occur more efficiently in water adjusted to more acidic pH, and,
importantly, in either protic organic solvents such as alcohols or in nonprotic solvents
containing some percentage of water. This would also open the process to less soluble

substrates or higher starting material concentrations.

5.3 Hydrogenation of aliphatic nitro-compounds using a [Ni(P®Y2P2A19),]%

complex

The reduction of simple aliphatic nitro-compounds requires a more negative applied potential
than that observed for most simple nitro-arenes. As previously trialled, the Hyd-1 and carbon
black catalytic system does not provide sufficient driving force to access hexylamine, for
example. Because the NiArg complex oxidises H2 very close to the thermodynamic potential
while Hyd-1 has a slight overpotential of around 80-100 mV, the NiArg/C system has a slightly
better overlap with the nitrohexane reduction potential. Indeed, NiArg/C was shown to
hydrogenate nitropentane, nitrohexane (Figure 53), and nitrocyclohexane at room temperature

and atmospheric H. pressures. Quantitative investigation of the conversion was made difficult
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Figure 53 'H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of standards nitrohexane and
hexylamine and the reaction mixture of the hydrogenation of nitrohexane using NiArg/C after 24 h. Conditions:
10 mM starting material, 0.5% NiArg loading, 40:1 carbon to complex ratio by weight, room temperature, Hz gas flow 30
mL/min, PB pH 6.0. *unidentified impurity (acetone?)
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by the possible evaporation of the aliphatics in the reactor which is subjected to a constant gas

stream and by the low solubility of these compounds in the applied conditions.
5.3.1 Combination with NCNTs produced in-house to improve driving force

While the NiArg complex combined with commercial carbon black was able to hydrogenate
nitrocyclohexane, it was hypothesized that the NCNTs synthesised in-house described in
Chapters 3 and 4 could improve the rate of reaction. This doped material was shown to electro-
catalyse the nitro-reduction and was successfully combined with Hyd-1 to access aliphatic
amines. The CV of the nitro-reduction on carbon black shows a reduction wave that is more
negative than the H> oxidation potential (Figure 54); however, the onset of the reduction must
be slightly more positive as some conversion is observed when using carbon black as the

catalyst support, underlining the difficulties in determining actual onset potentials discussed in
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Figure 54 A CVs showing the H, oxidation feature using NiArg-modified WE (rotating at 3000 RPM in sodium
phosphate buffer (pH 6.0, 100 mM) saturated with Hy, scan rate 0.001 V/s), repeat data from Figure 51 — top
panel — and the nitro-reduction features of nitrocyclohexane (1 mM in in sodium phosphate buffer (pH 6.0, 100
mM), scan rate 0.01 V/s) on commercial carbon black or the synthesised NCNTs on a PGE WE (bottom panel).
'H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) B Spectra of starting material and product
standards as well as the reaction mixtures resulting from NiArg/NCNT and NiArg/C catalysts. Conditions: 10 mM

starting material, 0.5% NiArg loading, 40:1 carbon to complex ratio by weight, room temperature, 1 bar Hz, PB pH 6.0,
Reaction time 4h.
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Chapter 3. The CVs of the nitrocyclohexane reduction supported this approach as the cathodic
feature is shifted significantly on the NCNTs. Accordingly, the complex was physically
adsorbed onto the NCNT material. The resulting modified NCNTs were used as the catalyst
system in the hydrogenation of nitrocyclohexane alongside a control reaction containing NiArg
on commercial carbon black. To prevent evaporation of the starting material, the reaction was
performed inside a sealed Biichi Tiniclave pressure vessel which was charged to one bar Ho.
Indeed, the *H NMR spectra of the reactions after four hours show near complete conversion
for the NiArg/NCNT catalyst system with only minor conversion visible for the original

NiArg/C.
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5.4 Varying complex preparation and ligand scaffold

5.4.1 Comparison to the hydrogenation activity of a [Ni(PY2P™"2)2]%* complex

Many types of Ni complexes based on the DuBois-type bisdiphosphine ligand scaffold have
been reported by varying the substituents on the P and N positions. 1° While the N-arginine
complex introduced above showed good activity and ease of handling, it was hypothesized that
an equivalent N-pyrene complex may improve the complex to carbon interaction through n-nt
stacking. 1! In addition, the [Ni(P<Y2P™",),]?* is not water soluble, which could further favour
the non-covalent adsorption to the carbon particles within aqueous media. However, the change
from arginine to pyrene in the outer coordination sphere could lower the freedom of movement
of protons and solvent molecules near the metal site. 1° The two complex-on-carbon catalyst
systems were prepared as before by simply combining a millimolar solution of the complex

with a slurry of commercial carbon black. To investigate the stability of the two Ni/C systems,
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Figure 55 Product distribution for five cycles of 24 h nitrobenzene hydrogenation reactions. Catalyst particles were
collected by centrifugation after each cycle and reused immediately. Conditions: 10 mM starting material, 0.5% Ni
complex loading, 40:1 carbon to complex ratio by weight, room temperature, H, gas flow 30 mL/min, PB pH 6.0,
24 h reaction time per cycle. Product distribution estimated from relative integrals from 1H NMR (400 MHz, 298
K, 10% D20 in PB, 100 mM, pH 6.0) spectra.
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the catalyst particles were collected by centrifugation and reused after each of five consecutive
nitrobenzene hydrogenation reactions. Even in the first cycle, the NiPyr/C catalyst did not lead
to full conversion to the amine, while the NiArg/C catalyst could be reused to produce pure
aniline within 24 h for two cycles, and remained highly active for four cycles (Figure 55). This
result indicates that while the NiPyr/C is able to hydrogenate nitrobenzene, the improved
proton mobility in the outer coordination sphere as well as the more favourable interactions of
the NiArg/C with water and buffer may improve the activity of this catalyst system. It is
encouraging to observe the NiArg/C catalyst system remain active over multiple cycles, which
indicates multi-day stability of the complex and good adsorption to the carbon surface. To
study the differences between the two complexes in further detail, the efficiency of the complex
adsorption should be verified, for example by measuring the complex concentration in the

discarded supernatant after the adsorption step.
5.4.2 Investigation of metal leaching into the reaction mixture

The US Pharmacopeia publishes maximum permissible values for metal contamination of
chemical products used in pharmaceutical production. While the actual acceptable value may
depend on the further use and treatment of the species, this value can be used as a guideline to
assess whether the removal of the Ni/C catalyst by centrifugation used in this project is
sufficiently effective. For Ni, the USP limit is set at 20 ug/g (=20 ppm) in oral drug products.?
To investigate Ni leaching in the Ni/C systems used herein, samples of the relevant reaction
mixtures were sent to Dr. Anna Foster at the University of Sheffield for analysis by inductively
coupled plasma-optical emission spectroscopy (ICP-OES), a technique with a 0.02 ppm
detection limit for Ni. Four reaction mixtures that had been exposed to different catalyst
systems were analysed: First, the catalyst system NiArg/C (in triplicate); then a sample in
which NiArg complex and carbon had been added separately to the reaction mixture

(NiArg + C) to verify the importance of the adsorption step; third, the homogeneous NiArg (in
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triplicate), and finally a sample in which the NiPyr/C system had been used. The highest Ni
contamination detected in a reaction mixture in which NiArg/C had been the catalyst was
0.04 ppm (Figure 56). Assuming full conversion in the 2 mL scale reactions of 10 mM
nitrobenzene to aniline as well as subsequent perfect isolation of aniline, each reaction would
produce 1.86 mg product. Accordingly, if all leached Ni remained in the product during any
purification steps, a Ni contamination of 0.04 ppm would correspond to a contamination of 43
ug/g of aniline. While this value is above the USP limit for drug products, it is encouraging to
see that it remains within the same order of magnitude and relies on several assumptions —
indeed, any isolation step removing aniline from the aqueous reaction mixture is likely to also

decrease contamination from ionic Ni species. Still, the observation that there is significant Ni
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Figure 56 Ni concentration detected in reaction mixtures after hydrogenation using either NiArg/C, NiArg and
C added separately to the reaction mixture, NiArg only, or NiPyr/C. Conditions: 10 mM starting material, 0.5% Ni
complex loading, 40:1 carbon to complex ratio by weight where appropriate, room temperature, Hz gas flow 30 mL/min,
PB pH 6.0, 24 h reaction time. Solids were removed by centrifugation and subsequent filtration before samples were
provided to the University of Sheffield for ICP/OES analysis.
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contamination indicates that future trials using covalent bonds between the complex and the
carbon surface, for example through pyrene-based anchors as reported in literature,* may be

appropriate.

For sample NiArg + C, in which the appropriate amount of carbon black and NiArg were added
separately directly to the reaction mixture, a Ni concentration in the reaction mixture of
0.75 ppm was detected (after the solid carbon was removed by centrifugation and filtration),
which is well below that seen for the carbon-free experiments (see Figure 56) but significantly
higher than that seen for the NiArg/C samples in which the complex was allowed to adsorb to
the carbon for one hour and catalyst particles were washed by centrifugation. The NiArg + C
catalyst system led to the production of the hydroxylamine after 24 h, with only minor amounts
of nitrobenzene and aniline observed in the corresponding *H NMR spectrum, while the
NiArg/C catalyst led to clean production of aniline. These results underline the importance of
the adsorption step both for sufficient chemical contact between the complex and the carbon
for the system to efficiently hydrogenate nitrobenzene and for the prevention of excessive Ni

contamination.
5.4.3 In-situ preparation of the catalyst on carbon without isolation of the complex

Greater ease of catalyst preparation can make a system more attractive to possible industrial
application. The original synthesis of the DuBois-type [Ni(PR2P2R)2]?* complexes, reported by

DuBois and coworkers,® relies on a moisture sensitive hexakisacetonitrilenickel(11) precursor,

Figure 57 Structure of P%Y,P2A" ligand.
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which is synthesized from metallic Ni through oxidation by nitrosonium cations in acetonitrile
— a procedure that is not trivial in its execution. Jane et al found that the synthesis can be
simplified by starting with a hydrated Ni complex in acetonitrile and treating this mixture with
two equivalents of the relevant diphosphine ligand. ** Drawing inspiration from this approach
and to reduce the steps needed for the catalyst synthesis, the carbon black material was treated
with the isolated ligand (PY.P2"9, Figure 57), then resuspended in acetonitrile along with
[Ni(H20)6](BF4)2 and stirred overnight. The resulting modified carbon particles were washed
and resuspended in water, and then used as the catalyst system in the hydrogenation of
nitrobenzene (1A), leading to full conversion to the amine 1C within 24h (Figure 58). This
procedure negates the need to isolate and purify the final NiArg complex and starts from a

relatively affordable and accessible [Ni(H20)s](BFa4)2 precursor.
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Figure 58 'H NMR (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) spectra of aniline standard (top),
nitrobenzene standard (middle), and the reaction mixture of the hydrogenation of nitrobenzene performed using
the catalyst prepared ‘in situ’ using Ni salt and the carbon black modified with the appropriate ligand. Conditions:
10 mM starting material, 0.5% Ni complex loading, room temperature, Hz gas flow 30 mL/min, PB pH 6.0, 24 h reaction time.
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5.5 Conclusions and outlook

A novel application for a Ni bisdiphosphine complex that is usually studied for its excellent
catalysis of H2 production and oxidation was established by employing it as a catalyst for the
hydrogenation of nitrocompounds at atmospheric pressures of H> and room temperature. A
complex of this family decorated with arginine ligands, NiArg, produced pure hydroxylamines
from many substituted nitroarenes when used as a homogeneous complex, while it produced
pure amines when employed as a heterogeneous system on a commercial carbon black support.
The selectivity of these systems was demonstrated by trialling the hydrogenation of nitroarenes
containing a variety of unsaturated bonds or halogens. Only minor Ni leaching was observed
for the heterogeneous NiArg/C system; nonetheless, future work could explore the use of a
pyrene linker, for example, to further prevent Ni contamination of the product. The NiArg/C
system can produce aliphatic amines from aliphatic nitro-compounds. This reaction is faster
when the complex is immobilised onto NCNTs produced in house, whose electrocatalytic
activity was discussed in previous chapters. In comparison to the biocatalytic system Hyd/C,
the possible scaling of the system presented in this chapter should be more readily achievable
because the techniques needed to synthesize the complexes are well-established in chemical
industry, while hydrogenase enzymes are currently produced at small scale only. Future work
should focus on trialling reaction conditions that would further set apart NiArg/C from the

biocatalytic Hyd/C by employing organic solvents or higher temperatures, or pressures.
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6 Conclusions and Outlook

The aim of this thesis was to further explore a biocatalytic, cofactor-free catalyst system
established by the Vincent group for the hydrogenation of nitrocompounds which combines
hydrogenase enzyme and a conductive carbon particle. The nitro-group can be reduced
electrochemically on the carbon surface towards the corresponding amines using electrons
provided by the dihydrogen oxidation catalysed by the hydrogenase.! In the first part of this
thesis, the conductive carbon was replaced by NCNTs to tune the nitro-reduction potential;
while in the second part of the thesis the hydrogenase enzyme was replaced by an inorganic

complex to establish a non-bio version of the catalyst system.

A library of CNTs of various N-doping levels was synthesized using chemical vapour
deposition. The materials were shown by XPS to contain between 0 and 3 atomic percent
surface N and were further subjected to a wide range of characterisation techniques discussed
in Chapter 3. These (N)CNTs were used as the electrode surface in an electrochemical study
of the reduction of 4-nitrophenol and nitrohexane. Employing the doped materials instead of
the pristine CNTSs led to a significant shift of around 100 mV of the cathodic feature towards

milder potentials — an effect that was reproducible across batches of NCNTSs.

The electrocatalysis observed by cyclic voltammetry in Chapter 3 was then used in Chapter 4
to electro-synthesize 4-aminophenol from 4-nitrophenol over a carbon felt electrode modified
with the CNTs produced in-house. The modification of the carbon felt using NCNTSs allowed
the electrosynthesis to be efficiently performed at milder potential. The same procedure was
used to produce hexylamine from nitrohexane. The carbon felt modified with NCNTs led to
the formation of hexylamine at a potential at which the carbon felt modified with CNTs did

not.
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Interestingly, this potential shift of the onset potential on the doped material allowed the
nitrohexane reduction to occur at a potential more positive than that needed to oxidize
dihydrogen using hydrogenase-1 (Hyd-1), an oxygen-tolerant enzyme produced by E. coli
commonly used for biocatalytic approaches in the Vincent group. Accordingly, Hyd-1
combined with the NCNTs was shown to act as a hydrogenation catalyst system under
atmospheric H pressures and at room temperature for the hydrogenation of nitrohexane. This
reaction had not occurred when using Hyd-1 immobilised on commercial carbon black, upon
which the nitrohexane reduction occurs at a significantly more negative potential. Thus, the
NCNTSs produced in house were successfully used to tune the hydrogenation system established

by the Vincent group in Sokolova et al. *

Nonetheless, several open questions remain. The active site of the electrocatalysis has not been
elucidated. More detailed characterisation, for example by Electron Energy Loss Spectroscopy,
could shed light on the dispersion of iron contaminant on the NCNT surface. > Future
experiments could attempt to pacify any available iron sites, for example using carbon
monoxide, before recording cyclic voltammograms of the nitro-reduction. ® In addition, the
NCNT production as performed in this project comes with a high energy cost, low percentual
yield, and relies on fossil precursors.* It could be beneficial to explore conductive carbon

supports from renewable and less energy-intensive sources.

In the final part of this thesis, a Ni-based complex typically studied in literature for its excellent
H, oxidation and production activity, [Ni(P®Y2N""9,),]** (NiArg), was used to replace the
enzyme in the catalyst system described above. The resulting NiArg/C catalyst was shown to
hydrogenate nitroarenes at room temperature, atmospheric pressure, and in aqueous solution,
in line with the environmentally friendly conditions used in Sokolova et al. for the biocatalytic
hydrogenation system. ! Many sensitive compounds (such as the nitrostyrene and a set of

halogenated nitrobenzenes) were successfully converted to the corresponding amine, indicating
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that the sensitivity of the catalyst system was not lost upon replacement of the hydrogenase
enzyme. In the course of control experiments employing the complex in solution, it was found
that the complex leads to the formation of the partially reduced hydroxylamine for the great

majority of the substrate scope.

The NiArg/C catalyst system was found to be recyclable and led to only minimal Ni
contamination of the reaction mixture after removal of the heterogeneous catalyst particles by
centrifugation and filtration. In addition, the in-situ formation of the catalyst from a nickel
hexahydrate salt and carbon black particles modified with the appropriate P<Y2NA"9%, ligand led
to active catalyst that showed full conversion of nitrobenzene to the aniline within 24 h, greatly

simplifying catalyst preparation for possible industrial use.

The chapter on the NiArg(/C) nitro-hydrogenation catalyst system presented herein opens up
many exciting avenues for future work. First and foremost, the compatibility of the catalyst
system with organic solvents should be investigated. This could lead to the more efficient
conversion of hydrophobic substrates and could allow the use of higher substrate
concentrations. Because of the time constraints inherent to a doctoral project, only two ligand
scaffolds were trialled here — the P©Y,N”"%, and a pyrene decorated P<Y,NPY"; alternative. It could
be interesting, for example, to investigate a covalent linker towards the carbon surface to
stabilise the system. For the homogeneous use of the complex in solution, which led to the
formation of the partially reduced hydroxylamine, it could be worthwhile to heterogenize the
complex by anchoring it onto a non-conductive matrix that would not participate in the

reduction. This would simplify the purification of any synthesized product.
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7 Supporting Data

7.1 Conversion of 4-nitrophenol after chronoamperometry

4-Nitrophenol standard

4-Aminophenol standard

9:0 8.5 8.0 7.5 7.0 6.5 6.0
f1 (ppm)

Figure 59: 'H NMR spectra of starting material and product standard in DMSO-d6.
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Figure 60 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after chronoamperometry,
performed on CF only electrode at -0.26 V vs SHE, 5 mM 4-nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT, three

repeats shown.
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Figure 61 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after chronoamperometry,
performed on CF only electrode at -0.36 V vs SHE, 5 mM 4-nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT, three
repeats shown.
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Figure 62 'H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after chronoamperometry,
performed on NCNT/CF electrode at -0.26 V vs SHE, 5 mM 4-nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT,
three repeats shown.
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Figure 63 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after chronoamperometry,
performed on NCNT/CF electrode at -0.36 V vs SHE, 5 mM 4-nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT,
three repeats shown.
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AL

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5
ppm

Figure 64 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after chronoamperometry,
performed on CNT/CF electrode at -0.26 V vs SHE, 5 mM 4-nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT, three
repeats shown.
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Figure 65 *H NMR spectra of organic phase extracted and resolubilised in DMSO-d6 after chronoamperometry,
performed on CNT/CF electrode at -0.36 V vs SHE, 5 mM 4-nitrophenol in PB (pH 6.0, 100 mM), 24 h, RT, three
repeats shown. Top spectrum contains unidentified impurities.
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7.2 Conversion of n-nitrohexane after chronoamperometry
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Figure 66 'H NMR spectra of reaction mixture after chronoamperometry, performed on NCNT/CF electrode at -
0.36 V vs SHE, 5 mM n-nitrohexane in PB (pH 6.0, 100 mM), 24 h, RT, three repeats shown, samples contain 1
mM DSS internal standard. Cp — concentration of product.
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Figure 67 *H NMR spectra of reaction mixture after chronoamperometry, performed on CNT/CF electrode at
-0.36 V vs SHE, 5 mM n-nitrohexane in PB (pH 6.0, 100 mM), 24 h, RT, three repeats shown, samples contain
1 mM DSS internal standard. Cp — concentration of product.
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7.3 Conversion of aliphatic nitro-compounds using Hyd1/NCNT acs

1
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Cyclohexylamine standard

s

Nitrocyclohexane standard

A MM

‘
4.5 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0
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Figure 68 'H NMR spectra of reaction mixture of hydrogenation of nitrocyclohexane using Hyd1/NCNT acs catalyst
system, 24 h, RT, 30 mL/min H; flow, 10 mM nitrocyclohexane. *H NMR spectra of starting material and product
standards.
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Figure 69 'H NMR spectra of reaction mixtures of hydrogenation of nitrohexane using Hyd1/NCNT acs catalyst
system, 24 h, RT, 30 mL/min H; flow, 10 mM nitrohexane. *H NMR spectra of starting material and product
standards (top)
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7.4 Conversion of nitro-compounds using NiArg/C
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Figure 70 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 1 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 71 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 2 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 72 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 3 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 73 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 4 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 74 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 5 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 75 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 5 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system, in detail.
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Figure 76 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 6 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 77 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 7 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 78 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 8 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 79 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 9 and reaction mixture after hydrogenation using NiArg only (middle), and product after hydrogenation
using NiArg/C catalyst system.
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Figure 80 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 10 and reaction mixture after hydrogenation using NiArg only (middle), and product after

hydrogenation using NiArg/C catalyst system.
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Figure 81 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 11 and reaction mixture after hydrogenation using NiArg only (middle), and product after
hydrogenation using NiArg/C catalyst system.
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Figure 82 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 12 and reaction mixture after hydrogenation using NiArg only (middle), and product after
hydrogenation using NiArg/C catalyst system.
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Figure 83 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 13 and reaction mixture after hydrogenation using NiArg only (middle), and product after
hydrogenation using NiArg/C catalyst system.
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Figure 84 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of
substrate 14 and reaction mixture after hydrogenation using NiArg only (middle), and product after
hydrogenation using NiArg/C catalyst system.
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Figure 85 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0, 10 % v/v acetonitrile) of

substrate 15 and reaction mixture after hydrogenation using NiArg only (middle), and product after
hydrogenation using NiArg/C catalyst system.
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7.5 Conversion of nitro-compounds in water using NiArg only
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Figure 86 1H-NMR spectra (400 MHz, 298 K, 10% D20 in H,0, 10 % v/v acetonitrile) of substrate 8 (middle)
and reaction mixture after hydrogenation using NiArg only (bottom), amine spectrum shown (top).
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Figure 87 1H-NMR spectra (400 MHz, 298 K, 10% D20 in H20, 10 % v/v acetonitrile) of substrate 9 (middle)
and reaction mixture after hydrogenation using NiArg only (bottom), amine spectrum shown (top).
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Figure 88 1H-NMR spectra (400 MHz, 298 K, 10% D20 in H,0, 10 % v/v acetonitrile) of substrate 10 (middle)
and reaction mixture after hydrogenation using NiArg only (bottom), amine spectrum shown (top).
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Figure 89 1H-NMR spectra (400 MHz, 298 K, 10% D20 in H,0, 10 % v/v acetonitrile) of substrate 12 (middle)
and reaction mixture after hydrogenation using NiArg only (bottom), amine spectrum shown (top).
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Figure 90 1H-NMR spectra (400 MHz, 298 K, 10% D20 in H,0, 10 % v/v acetonitrile) of substrate 13 (middle)
and reaction mixture after hydrogenation using NiArg only (bottom), amine spectrum shown (top).
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7.6 Recycling of Ni/C catalyst systems

ppm

Figure 91 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) of reaction mixture after
hydrogenation of substrate 1 using NiArg/C catalyst system, recollected after each experiment by centrifugation
and used for the next cycle of hydrogenation, cycle 1 through 5 shown from top to bottom.
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Figure 92 1H-NMR spectra (400 MHz, 298 K, 10% D20 in PB, 100 mM, pH 6.0) of reaction mixture after
hydrogenation of substrate 1 using NiPyr/C catalyst system, recollected after each experiment by centrifugation
and used for the next cycle of hydrogenation, cycle 1 through 5 shown from top to bottom.
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