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2,5-Furandicarboxylic acid (FDCA) is an eco-friendly substitute of fossil fuel-derived polymers that can be
produced from biowaste. One of the methods for its production is electrochemical oxidation, through
which hydroxymethylfurfural (HMF)-a readily available lignocellulosic compound from biorefineries as well
as the pulp and paper industry—can be converted into FDCA. The primary challenge of this process is
catalyst design, which encompasses characteristics such as reaction rate, conditions, and product yield in
determining the overall performance. Herein, a reactive analogue of an aminoxyl radical (TEMPO) was pre-
pared through organic synthesis and immobilized through the electrografting method as an anodic
catalyst, with the cathode available for pairing with desirable reduction reactions. Through facile electro-
chemical methods, the immobilization procedure allows the traditionally homogeneous TEMPO catalyst to
function heterogeneously, eliminating the need for catalyst separation and recycling. The attained catalyst
demonstrated excellent performance: the synthesized electrografted TEMPO showed a low onset potential
(1.45 V vs. RHE) and a high faradaic efficiency (>90%) and was catalytically active even in a mildly alkaline
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environment-a distinct advantage over metal-based catalysts as HMF decomposes in high pH electrolytes.
Furthermore, due to the versatility of aminoxyl radicals, this catalyst can be adapted to other oxidative
organic electrochemical reactions in electrolyzer anodes.
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chemistry industry of the future. 3 FDCA’s prominent status as
a renewable platform chemical is due to its potential to supplant
petrochemicals such as terephthalic acid in the production of
polyethylene terephthalate (PET) polyester, one of the most widely
produced plastics in the world.>'*™** FDCA can be produced from
HMF via complete oxidation of its alcohol and aldehyde functional

Introduction

In the quest to limit global carbon dioxide emissions and shift
away from the reliance on fossilized resources, concerted
efforts have been made to develop processes utilizing biomass
as platform chemicals.' In particular, biomass sources from

agriculture as well as the pulp and paper industry are interesting
due to the availability of lignocellulosic biomass as waste.
Through catalytic reactions, lignocellulosic biomass can be
upgraded to value-added chemicals of commercial value.®™
5-Hydroxymethylfurfural (HMF) is a platform chemical
obtained from lignocellulosic biomass via sugar dehydration,®
which has been extensively studied as the basis for biomass
upgrading into many furan-derived chemicals. The product
garnering the most interest is 2,5-furandicarboxylic acid (FDCA),
which has been identified as a top chemical for the green
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groups to carboxyl groups. As shown in Fig. 1, there are two possible
pathways: (i) oxidation of the HMF alcohol group to form diformyl-
furan (DFF), and (ii) oxidation of the HMF aldehyde group to form
5-hydroxymethyl-2-furancarboxylic acid (HMFCA). Both pathways
converge upon the formation of 5-formyl-2-furancarboxylic acid
(FFCA), before the final oxidation step forming FDCA.

There have been extensive efforts in studying heterogeneous
catalysts for HMF oxidation, which mostly utilizes noble metal
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Fig. 1 5-Hydroxymethylfurfural (HMF) oxidation pathways.
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Table 1 Summary of reported HMF-OR catalysts’ performance

Electrode HMF (mM) V (RHE) j (mA cm ?) FDCA FE
Ni,P NPA/NF*° 10 1.423 >200 98
Ni,B/NF*! 10 1.45 100 ~100
NiFe LDH?** 10 1.33 36.9 98.6
NiC0,0,* 5 1.53 14.83 87.5
Ni;N@C** 10 1.38 50 99
NiCoFe*” 5 1.52 10 ~90
C0,S5-NiS,@NSOC/NF*¢ 10 1.40 32 ~98
NiO-CMK-1%7 20 1.75 15 ~80
NiP@NiC"? 15 1.37 10 87
Cr-Ni(OH),*® 10 1.47 60 9
TEMPO*® 100 1.60 200> 91.5

catalysts requiring harsh reaction conditions."*™*® A promising
alternative to aerobic oxidation is electrochemical oxidation,
where oxidation is driven by an applied potential. Electrochemical
processes have the distinct advantage of high viability at mild
temperature and pressure. Furthermore, the oxidation reaction
can be paired with suitable reduction reactions that produce
valuable products (such as H, with water reduction) that augment
the productivity of electrochemical systems.'® Many heteroge-
neous electrochemical catalysts based on transitional metals
(especially nickel) have been previously reported to feature high
faradaic efficiencies (FE). However, these catalysts are limited by
their high pH requirement, a condition under which HMF readily
decomposes into humins. Additionally, high alkalinity also
increases separation costs when dissolved carboxylate products
need to be acidified.

As shown in Table 1, although most of the reported hetero-
geneous catalysts are nickel-based with high faradaic efficiency
and current densities, they require highly alkaline electrolytes
such as potassium hydroxide, which decomposes HMF. Therefore,
to explore alternatives, we looked towards heterogeneous aminoxyl
radicals as potential candidates as catalysts/mediators in an aqu-
eous environment.

Aminoxyl radicals have long been known as an effective
oxidizing agent for organic oxidative reactions.>*”" For example,
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) has been shown to
be effective for oxidation of alcohols to aldehydes. TEMPO is a
homogeneous mediator that is dissolved in an electrolyte (pH
9~12) and can be oxidized by carbon electrodes into oxoammo-
nium cations, which act as an oxidizing agent for the HMF
oxidation reaction (HMFOR).>® The use of homogeneous TEMPO
has been widely explored, with innovative works such as com-
bined HMF hydrogenation (BHMF) and HMF oxidation, achiev-
ing encouraging performance of over 97% FE for FDCA and a
current density of 10 mA cm™2.*> Although the use of TEMPO
allows for milder pH (9-11) conditions, it is disadvantageous due
to the need to separate and replenish TEMPO in the electrolyte of
the homogeneous media. There have been forays into hetero-
genization of TEMPO through several immobilization techni-
ques, but most are done through polymer immobilization
methods®' that are limited by low TEMPO stability or added
complexity.*® In addition to TEMPO, Taitt et al investigated
AZADO, another aminoxyl radical similar in mechanism to
TEMPO but sterically less hindered, and reported lower onset
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potential for AZADO oxidation and AZADO-mediated alcohol
oxidation compared to TEMPO, along with higher current
densities.*® While the reported performance is promising, the
present work uses TEMPO for immobilization due to the abun-
dance of previous work studying homogeneous TEMPO, as well
as ease of access of the relevant chemical reagents.

Abdinejad et al.*>*° previously reported a promising technique
for functionalizing carbon or silver nanoparticle electrodes with
amino-compounds, and successfully implemented this technique
on cathodic catalysts for carbon dioxide reduction reactions.’”
The present study takes inspiration from their method and aims
to develop a facile and one-pot aminoxyl immobilization process
on carbon electrodes for the HMFOR. We synthesized 4-amino-
TEMPO, a TEMPO derivative suitable for immobilization, and
then adapted the electrografting methodology for facile immobi-
lization. The functionalized electrode was characterized, and
its electrochemical properties were thoroughly investigated.
Through electrochemical experiments such as cyclic voltammetry
(Cv), chronoamperometry (CA), electrochemical impedance
spectroscopy (EIS), and X-ray photoelectron spectroscopy (XPS),
we confirm the successful immobilization of TEMPO through
electrografting and report the HMFOR performance of ~95% FE
at ~1.6 V vs. RHE (reversible hydrogen electrode), and that the
aminoxyl radicals are stable during prolonged reactions. To the
best of our knowledge, this is the first report of direct covalent
immobilization of TEMPO used for the HMFOR. Its promising
performance and potential for modifications render it a notable
catalyst for the HMFOR and other organic oxidative reactions.

Results and discussion
Immobilization

The necessity of synthesizing 4-amino-TEMPO arises from the
fact that an amine group is necessary for immobilization
through electrografting. The synthesis steps are summarized
in Fig. 2A. Primary amines (as present on 4-amino-TEMPO) are
known to be selectively oxidized by nitrosonium ions into
diazonium ions. Under the appropriate reduction potential,
diazonium ions can be reduced to a piperidine radical inter-
mediate, likely to be followed by covalent bonding to the carbon
substrate with the leaving of molecular nitrogen (Fig. 2A).>%3°
This scheme can be realized through a procedure similar to the
Sandmeyer reaction, where NaNO, and HCI are the reagents.
The reaction is described in the ESL.f A CV program between
0.5 Vand —0.7 V vs. Ag/AgCl was carried out at a scan rate of
20 mV s~ to perform the reaction, as shown in Fig. 2B. The
choice of using a CV program to apply reductive potential may
appear counter-intuitive at first, but CV carries several advan-
tages over constant potential experiment that aid in the under-
standing of this process.

Electrografting and electrochemical characterization

Firstly, CV reveals the exact onset potential of the electrograft-
ing reaction. As shown in Fig. 2B, the reduction peak is around
—0.25 V vs. Ag/AgCl. A noteworthy observation is the general

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A) Synthesis steps for 4-amino-TEMPO and reaction pathway for amine electrografting onto carbon electrode surfaces. (B) CV of the

electrografting on a glassy carbon electrode at 20 mV s~* scan rate in 5 mM 4-amino-TEMPO, 5 mM sodium nitrite, and 0.5 M HCl; each subsequent
scan has lower current.i (C) Electrografting experiment in the absence of 4-amino-TEMPO. (D) EIS data of the GCE electrode after various cycles of

electrografting scans.

trend of this reduction peak shifting towards more negative
potential in subsequent CV scans. This suggests that as the
reaction progressed, the overpotential increased as the immo-
bilization became ever more difficult. This is indirect evidence
that the electrochemical surface area (ECSA) is decreasing over
time, potentially due to the coverage of TEMPO. In a similar vein,
another observation is that the overall current densities decrease
with subsequent scans. There are two possible explanations:
either electrografting covered the glassy carbon electrode (GCE)
surface with TEMPO to reduce ECSA, or the CV scans were altering
the GCE surface itself. Through a control experiment shown in
Fig. 2C, it was determined that in the absence of TEMPO, none of
the two characteristics (reduction peaks and diminishing current
density) occurs, hence confirming that these features are the
result of TEMPO immobilization. Earlier, we stipulated that
TEMPO immobilization occurs through covalent bond formation
under reductive potentials; hence a logical question is whether
this process is electrochemically reversible. We note that during
the oxidative portion of the CV scans, minor oxidation peaks
around 0 V vs. Ag/AgCl were present. These oxidation peaks are
comparably small compared to the reduction peaks, suggesting
that overall, oxidation potentials should not pose a threat to
immobilization, but it nevertheless raises some concerns over
catalyst stability.

From the literature®® and from our preliminary experiments,
we learned that CV parameters play a role in the electrochemical
performance of the immobilized catalyst. Specifically, the num-
ber of electrografting CV cycles applied influenced the current
density during the HMFOR, where prolonged electrografting
produced electrodes with low current density. We hypothesized

+ We make a point to report electrografting CVs vs. Ag/AgCl reference electrode to
illustrate that the reaction is pH independent.

© 2023 The Author(s). Published by the Royal Society of Chemistry

that there exists an optimal degree of electrografting, beyond
which further addition of TEMPO hampers the performance of
TEMPO catalysts already present. Experimentally, we used EIS to
determine the optimal electrografting scan cycle, and the result
and the equivalent circuit model can be found in Fig. S8 (ESIT).
Fig. 2D shows that after the initial CV cycle, the charge transfer
resistance (R,) increased from ~800 Q to 3.4 kQ. But after the
2nd cycle, R : decreased to ~ 1.8 kQ. However as further electro-
grafting scans were applied, R, increased to 2 k<, 2.3 kQ (3rd and
4th scans), and 3.9 kQ with an excessive 15 electrografting scans.
The charge transfer resistance is the reaction resistance at the
high frequency and small amplitude perturbations during EIS
measurements, and a high charge transfer resistance signifies a
large barrier that needs to be overcome for electron transfer. The
EIS models are presented alongside the data; as part of this
dataset, the constant phase element (CPE) was also monitored.
The impedance of a CPE is defined by the following equation:

Z = (1/Y,)/(jw)* 0

When a capacitor is described, Y, = C (the capacitance) and o = 1.
For CPE, o < 1. In electrochemical cells, CPE is traditionally
thought to represent the double layer capacitance, which in turn
is linked to the ECSA. From the results shown in Tables S1-S6
(ESIt), we noticed that other than GCE displaying a higher Y,
value, there were no significant changes of Y, for different
number of electrografting cycles. Combined with R, the results
led us to the hypothesis that initially when electrografted onto
carbon, TEMPO increases the charge transfer resistance of the
electrode by decreasing the surface area. As immobilization
proceeds, R.. decreases due to a more even distribution of
TEMPO molecules. Beyond this optimal point, R, once again
increases due to TEMPO being blocked by newly immobilized
TEMPO on the top layer, while the top layer becomes further

Energy Adv., 2023, 2, 877-885 | 879
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separated from the graphite. Hence, resistance increases while
capacitance remains relatively similar. Alternatively, it is also
possible that the overly high TEMPO density forces TEMPO to
undergo comproportionation reaction, decreasing the concen-
tration of the active oxoammonium ions. Thus, from the EIS
result, we surmised that the optimal number of CV scans must
be 2 or 3, and we decided on 3 scans for catalyst preparation for
the rest of this work. It is also worth noting that significant
changes in R, in relation to the electrografting CV scans is
another indirect evidence of changes to the electrode surface due
to immobilization.

In addition to the number of electrografting CV scans, the
scan rate is also a significant factor, but its effects are con-
voluted. In theory, slower scan rates lead to more charges
passed per CV cycle; hence slower scan rates effectively equate
to more CV scans. However, it is not known whether electro-
grafting procedures of different scan rate, but equal amount of
charges passed would yield the same electrode as a result. This
question is especially delicate as it has not been established
whether the electrografting reaction accounts for 100% of the
faradaic current. Hence even if a charge-controlled comparison
study was performed, the results would not have been con-
clusive. To avoid confusion over this topic, we chose 20 mV s™*
as the electrografting scan rate through heuristic experience
(unless otherwise specified).

Confirmation of immobilization - XPS

XPS is used to directly observe the presence of TEMPO on the
electrografted graphite electrode. Fig. 3 shows the XPS spectra
of electrografted graphite in comparison with those of the bare
graphite. Fig. 3A shows the N1s spectrum of bare graphite,
where no identifiable peaks were found. In Fig. 3B, the electro-
grafted sample’s raw data as well as fitted peaks are shown. By
comparison with the published XPS tables, the peaks were
identified as shown in Table S7 (ESIt). Re-calling the structure
of the TEMPO molecule, the peaks identified match closely
with the expected peaks based on the structure, with the slight
deviations possibly due to the presence of the radical oxygen
atom, and the fact that these two peaks are due to the same
nitrogen atom. The nitro-peak should be associated with 1’
position N atom’s bond with the oxygen atom as part of
the aminoxyl group, whereas the amine peak is associated with
this N atom’s single bonds with the 2’ and 6’ position carbon
atoms, forming a secondary amine. It is also worth noting
that the approximate atomic % also displays the expected
correlation: we expect the amine peak with two N1s bonds
to be around two-thirds of the counts, and it was shown to
be responsible for 65.3% of atomic %, with the nitro-peak
constituting the remaining percentage, as expected. The overall
elemental analysis is shown in Table S8 (ESIt), where
the sample was shown to comprise 87.9% carbon, 11.2%
oxygen and only 0.9% nitrogen. In Table S9 (ESIt) the same
results are shown for bare graphite. As expected, neither of the
two N1s peaks was observed, with further diminished oxygen
composition.
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Fig. 3 (A) X-ray photoelectron spectroscopy (XPS) N 1s spectra for the

graphite electrode; (B) XPS N 1s spectra for the electrografted TEMPO-
graphite electrode.

Confirmation of immobilization - electrochemical method

In addition to spectroscopic techniques like XPS, the immobilized
electrode can also be tested electrochemically to ascertain its
heterogeneous nature. Here, we once again utilize CV to under-
stand the underlying correlation between the peak current density
and the scan rate. In Fig. 4A, the CV plots of the TEMPO-
immobilized graphite electrode at various scan rates are shown,
revealing oxidation potentials between 0.6 and 0.7 V vs. Ag/AgCl.
As the scan rate increases, the redox peak currents also increase.
For dissolved redox species, the correlation between the scan rate
and the peak current is described by the Randles-Sevcik equation:

anD)% .

ip = 0.4663 nFAC< RT

In eqn (2), ip, is the peak current in amps, 7 is the number of
electrons, F is Faraday’s constant (96485.3 C mol ), A is the
electrode area in cm?, C is the concentration in mol cm ™3, D is
the diffusion coefficient in cm? s, v is the scan rate in Vs™*, R
is the gas constant (8.314 ] K~ ' mol "), and T'is the temperature
in K. In this relationship, the square root of the scan rate is
linearly correlated to the peak current i,. However, Fig. 4B
clearly contradicts this: the relationship between the square
root of scan rates and the peak currents is not linear. On the
other hand, if the peak current is plotted against linear scan
rates, the relationship is shown to be linear (Fig. 4C). This
correlation reveals the heterogeneous nature of the electrode.*’

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00108c

Open Access Article. Published on 25 April 2023. Downloaded on 11/7/2025 1:08:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

0.3 0.4 0.5 0.6 0.7 0.8
B Potential vs Ag/AgCI (V)

N
L
\
\

=T
1

Peak Current (mA)
o

0
-
L

'
N

(e}

N
L

-
L

Peak Current (mA)
o
o

'
=N
L

-2

Scan rate (mV/s)

Fig. 4 (A) CV of the TEMPO-immobilized glassy carbon electrode at scan
rates 10, 25, 50, 100, and 200 mV s, and in a 0.2 M NaHCO3z/Na,CO3
electrolyte. The peak current increases with the scan rate. (B) Correlation
between scan rates and peak current, shown as peak current vs. square
root of the scan rate. (C) Correlation between scan rates and the peak
current shown as peak current vs. linear scan rate.

Hence, the peak current and scan rate correlation corroborates
the other supporting evidence previously presented, and it is
clear that the TEMPO mediator acted heterogeneously, meaning it
had been electrografted onto carbon substrates while remaining
electrochemically active.

Electrochemical performance

pH dependence. Before the catalytic performance of the
immobilized catalysts can be analyzed, the suitable reaction
conditions must be determined. The reaction mechanism of
TEMPO redox is proposed to be pH dependent, where the
formation of oxoammonium species becomes possible at pH as
low as 8. As pH increases, the anodic CV scan reveals progressively
large current densities.* Observations from Fig. 5A corroborate
this trend, where each CV curve displays an anodic peak

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Cyclic voltammetry (CV) of TEMPO functionalized graphite in
different pH electrolytes from pH 8 to pH 12, shown from left to right.§ (B)
Cyclic voltammetry of the TEMPO-immobilized graphite electrode (red)
and the naked graphite electrode (black). Electrolyte conditions are 10 mM
HMF and pH 12 electrolyte. (C) Faradaic efficiencies for each HMFOR
product of immobilized TEMPO at various applied potentials. The partial
current density is shown on the secondary y-axis, and balance FE is assumed
to be the OER. (D) Chronoamperometry of TEMPO-GCE in 10 mM HMF and
pH 12 electrolyte, at applied potential 1.7 V vs. RHE. (E) Product distribution
over time of complete oxidation of 30 mM HMF, 1.7V vs. RHE.€ (F) Chron-
oamperometry of the complete oxidation experiment.

consistent with TEMPO oxidation, as well as increased current
densities under more alkaline conditions. Higher pH conditions
were omitted due to the instability of TEMPO radicals.”® In
addition, the benefits of using TEMPO in the first place over
metallic catalysts would be negated under such harsh alkaline
conditions. For electrochemical experiments, a pH 12 electrolyte
of NaOH and KCl is chosen due to the higher current densities
without sacrificing potential FE, since the same separation
between HMFOR and OER anodic peaks was maintained.

Cyclic voltammetry. CVs were then performed under experi-
mental conditions with 10 mM HMF to compare the electro-
chemical characteristic of immobilized-TEMPO graphite
against graphite alone, as the control. As shown in Fig. 5B,
the functionalized electrode exhibits a significantly lower onset
potential at 1.45 V vs. RHE, as well as the expected oxidation
peak between 1.6 and 1.8 V vs. RHE, corresponding to the
formation of oxoammonium cations before eventually giving
way to the OER at higher potentials. Compared to the bare

§ For Fig. 5A, the x-axis represents applied potential, but the axis is not
continuous, hence the lack of markers. Each CV is offset by +0.5 V to show them
side by side and not overlap.

€ The decrease in total product concentration from 8 h to 10 h is likely due to the
migration of HMF-OR products across the anion exchange membrane, as the 10 h
sample was taken some time later, after the CA programme stopped.

Energy Adv., 2023, 2, 877-885 | 881
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graphite electrode which only exhibits a single high potential
peak, it is evident that the prepared immobilized-TEMPO
electrode is electrochemically active and reflects a marked
improvement over the bare electrode. From this information,
it is predicted that the optimal potential for oxidation reactions
is between 1.7 V and 1.9 V vs. RHE, corresponding to the
potentials past the TEMPO oxidation peak and before the
OER peak.

Chronoamperometry. Chronoamperometry (CA) experi-
ments were conducted in an H-cell, and a range of applied
potentials from 1.6 V to 2.0 V vs. RHE were chosen. The results
in Fig. 5C show that at 1.7 V vs. RHE or less the FE was around
95%, due to HMFOR dominance over the OER at low potentials
since the latter has a higher onset potential. As the applied
potential was increased beyond 1.7 V, the HMFOR dominance
diminished. Although a higher applied potential allows higher
current density, the accompanying loss in FE as well as the
decreased energy efficiency makes such trade-offs unfavour-
able, and 1.6 V vs. RHE was deemed to be the optimal applied
potential for this system. The distribution of the intermediates
and products of the CA experiments was analysed through
HPLC. Interestingly both HMFCA and DFF species are
observed, suggesting that the reaction mechanism is less dis-
cerning regarding the first oxidative step, as both alcohol and
aldehyde oxidation pathways were observed. This is in contrast
to the HMFOR via homogeneous TEMPO and 4-acetamido-
TEMPO mediators, where DFF is seldom observed.?° Further-
more, the immobilized-TEMPO catalyst almost always displays
a high accumulation of FFCA in solution, suggesting that the
final aldehyde oxidation step to FDCA is more difficult. These
changes in product distribution and FE are evidence that
immobilization changes the catalytic characteristics of TEMPO.
There are two considerations: first is through thermodynamics;
the reactivity of TEMPO is thought to depend on the stability of
its radical,” with electronegative groups destabilizing the
radical, hence increasing the potential required to generate
the active oxoammonium cation. The electronic structure is
affected by the functional groups on its six-membered ring,
most notably the modification of the 4’ position that differ-
entiates various TEMPO class compounds. We hypothesize that
when TEMPO becomes covalently bonded to the graphite sur-
face, its electronic properties are altered, which affects the
activation energies in the mechanistic pathways. The result is
a change in selectivity that makes aldehyde oxidations unfa-
vourable. Alternatively, the conglomeration of covalently immo-
bilized TEMPO on the graphite surface could sterically hinder
furan compounds to different degrees according to their func-
tional groups.

To observe the current stability of the system, a TEMPO-
immobilized glassy carbon electrode (GCE) was prepared for
the CA experiment. The GCE was selected over graphite due to
its smaller ECSA, which leads to a lower current density. In this
case, lower current density is preferred to ensure that the
reactant concentration would not significantly shift over the
course of the experiment. The CA experiment was conducted
for 10 hours, and the system perfectly maintained the level of
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current for the duration of the experiment (Fig. 5D). This
suggests that immobilization is relatively stable even under
applied oxidative potentials for long periods. Curiously, the
current density initially increased before it decreased. We
suspect that this was caused by immobilized-TEMPO’s prefer-
ence towards alcohol oxidation instead of aldehyde oxidation.
The initial increase in current density can be attributed to HMF
forming HMFCA, which, once formed, can be easily oxidized to
FFCA. But as FFCA concentration builds up over the course of
the reaction, the reaction’s focus shifted towards the FFCA to
FDCA step, which is more difficult, reflected through the
decreasing current. This is evident from the high FFCA concen-
tration in Fig. 5C.

In order to further clarify the evolution of FE towards each
species over time, the chronoamperometry experiment was
performed, and the charge required for HMF to FDCA conver-
sion was calculated. By controlling the charge passed, the
faradaic efficiency of FDCA was assessed accurately. As shown
in Fig. 5E, HMFCA and DFF were initially detected as the
primary products. Over time, FFCA concentration stayed steady
and became the dominant intermediate product between hours
4 and 6. This result explains why the reported FDCA faradaic
efficiencies were low in Fig. 5C. The FDCA FE is a function of
reaction time, and only reaches maximum towards the end of
the reaction when HMF and all previous intermediates are
converted. The overall FDCA FE of this reaction was 83%,
signifying that electrografted TEMPO is capable of competitive
FDCA FE if the batch reaction is allowed to reach its comple-
tion. Fig. 5F shows the CA result of the complete oxidation
experiment. The current density gradually decreases over time,
correlating to decreasing concentration of available oxidation
reactants (excluding OER).

DFT study. To better understand the effects of immobiliza-
tion through electrografting, we utilized density functional
theory (DFT) calculations and Bader charge analysis.*?
Table 2 shows the electron density around the oxygen and
nitrogen atoms of the radical, as well as the carbon atom that is
bonded to the carbon substrate. Compared to the homoge-
neous molecule, the immobilized TEMPO displays higher
electron density around the N and O atoms. From the mecha-
nism reported by Kisszekelyi et al., during HMF oxidation, both
N and O atoms attract separate hydrogen atoms to form the
reaction intermediate, which can be aided by high electron
density.*® To further examine the effect of electron density
shifts, we quantified and visualized the charge delocalization
for different species shown in Fig. 6. As demonstrated, charge
delocalization in the TEMPO radical is limited to the adsorp-
tion site. This is consistent with the insignificant differences in

Table 2 Charge densities of N, O and C atoms, marked in, in homo-
geneous and immobilized TEMPO oxoammonium cation

Atom Immobilized (TEMPO) Homogeneous (4-amino-TEMPO)
N 5.203 4.993
o 6.406 6.327
C 3.978 4.030

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Charge delocalization in the (A) TEMPO radical and (B) oxoammo-
nium cation with an iso-surface level of 0.004 e per Bohr® in all cases.

charge densities around O and N from their immobilized to
homogeneous species, tabulated in Tables S10 and S11 (ESIT).
Note that the oxoammonium cation experiences charge transfer
from the adsorption and neighbouring sites towards the immo-
bilized molecule, resulting in charge accumulation in its N and O
atoms. Bader charge analysis shows that 0.41 electrons are
transferred to the molecule via the above-mentioned charge
delocalization. Hence, we surmise that immobilization could
facilitate the oxidizing ability of TEMPO through charge deloca-
lization that increases electron density at the catalyst active site.

Conclusion

In conclusion, we have demonstrated a facile approach to immo-
bilizing the TEMPO catalyst for the HMFOR through electrograft-
ing amine groups onto commercially available graphite and
supported the validity of this approach through characterization
and analysis of electrochemical characteristics. The catalyst
showed promising performance with high total FE towards the
HMFOR products, as well as decent current densities. In addition,
it negates the need for a highly alkaline environment, as well as
the homogeneous nature of aminoxyl radical catalysts, which
renders this approach more suitable for industrial applications.
Moreover, the versatility of aminoxyl radicals means that this
approach can be applied to other organic electrochemical reac-
tions. For future works, the tuning of electrografted TEMPO can
be examined, both computationally and experimentally, through
the addition of functional groups between TEMPO and the carbon
electrode, as well as by immobilizing directly on metallic electro-
des, with the aim of decreasing the overpotential and increasing
the current density.

Experimental
Materials

All chemicals except those synthesized were purchased as reagent
grade from Sigma-Aldrich. 5-Hydroxymethyfurfural (HMF), acetic
anhydride (Ac,0), diethyl ether (Et,0), ethylenediaminetetraacetic
acid (EDTA), hydrochloric acid (HCl), potassium chloride (KCI),
potassium hydroxide (KOH), potassium nitrate (KNOj3), potassium
nitrite (KNO,), sodium carbonate (Na,CO;), sodium hydroxide
(NaOH), TEMPO, sodium nitrite (NaNO,) and sodium tungstate
(Na,WO,) were purchased from Sigma-Aldrich; 4-amino-2,2,6,6-
tetramethylpiperidine was purchased from Oakwood Chemical;
and 37% hydrochloric acid (HCI) was purchased from Fisher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scientific. All solutions were prepared using RO water (resistivity
>1.8 MQ). Carbon felt and the anion exchange membrane
(Fumasep FAA-3-PK-75) were purchased from the Fuel Cell Store.
Graphite electrodes were purchased from Corrtest Instruments.

Synthesis of 4-amino-TEMPO

In homogeneous systems, TEMPO can be directly dissolved in
the electrolyte. However, in heterogeneous systems, TEMPO is
unsuitable for immobilization due to the lack of reactive
functional groups for covalent attachment. Hence, we proposed
the use of 4-amino-TEMPO instead, a molecule analogous to
TEMPO in function but contains primary amine at the 4’
position. The presence of an amine group enables immobiliza-
tion via electrografting technique upon conversion to a diazo-
nium salt. The compound was prepared through an organic
synthesis procedure adopted in part from that published by
Lu et al.** The reaction steps are outlined in Figure 2: 4-amino-
2,2,6,6-tetramethylpiperidine (Compound 1) is first reacted
with acetic anhydride to render an acetamide acetate (Com-
pound 2). In the presence of oxidant, Na,WO,, and EDTA* the
compound was converted into its corresponding aminoxyl
radical (Compound 3) while the acetamide is converted into an
amine, forming 4-amino-TEMPO (Compound 4). See the ESI} for
details (Fig. S1 and S2) and characterization (Fig. S3-S6).

Cyclic voltammetry and chromoamperometry

Cyclic voltammetry (CV) and chronoamperometry (CA) were
performed in an H-cell (50 or 80 mL) divided by a Fumasep
anion exchange membrane (AEM) with a three-electrode setup
using a Metrohm Autolab PGSTAT204. The appropriate carbon
electrode (graphite or glassy carbon electrode) was used as the
working electrode with an Ag/AgCl (3 M KCl) reference elec-
trode and a Pt foil counter electrode. A glassy carbon electrode
(GCE) was used for electrochemical characterization such as
EIS, showcase of electrografting CV, etc. Its benefit is that a
GCE is less susceptible to impurities and changing surface
roughness. Graphite was used when larger current density was
desired, such as for product generation during CA. Between
experiments, the surface was sanded with 600 grit sandpaper,
and smoothed with a rotary tool using different grit wax
compounds. GCE surface areas were calculated from measure-
ments taken using a digital caliper, whereas graphite rods were
masked with Kapton tape to restrict the exposed surface area to
desired values. Unless otherwise specified, a pH 12 KCl/NaOH
electrolyte solution of approximately 0.2 M concentration was used
as the electrolyte. The solution was stirred at ~200 rpm using a
hotplate-stirrer at room temperature. For CA experiments, 10 mM
HMF was added to the electrolyte unless otherwise specified.
Reaction potentials are reported in Ag/AgCl for those that are pH
independent, and in RHE for the HMFOR which are pH depen-
dent. The potential was not corrected for the ohmic loss (iR drop).
EIS was performed in a H-cell similar to that used in CV experi-
ments, with the electrolyte solution consisting of 0.2 M potassium
nitrate and 2.5 mM potassium hexacyanoferrate/ferrate probe. The
experiments were done using the same Autolab PGSTAT204 but
with an added FRA32M EIS module.
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Product quantification

The oxidation products are split between the HMFOR and the
oxygen evolution reaction (OER); the former consists of dis-
solved organic compounds, whereas the latter produces oxygen.
To quantitatively analyze the anolyte, the Thermo Ultimate
3000 high-performance liquid chromatography (HPLC) system
with the internal UV-vis detector was used. Over the course of
chronoamperometry experiments, dissolved oxidation products
permeate through the cell membrane, and hence the catholyte
was also analyzed. Product identification and calibration were
done using respective standards prepared to known concentra-
tions. 10 pL was injected into a Thermo Scientific™ Acclaim™
300 C18 column with a guard column, and the temperature was
maintained at a constant 25 °C. The mobile phase was 90%
5 mM ammonium formate and 10% methanol, pumped at a
rate of 5 mL min~'. The respective retention times (in min) for
HMF, HMFCA, DFF, FFCA and FDCA were 8.71, 4.41, 9.66-9.97,
4.88 and 3.89, respectively. The detection wavelength A, was
265 nm. See Fig. S7 (ESIf) for the sample HPLC spectrum.
Faradaic efficiency (FE) was calculated as follows:

charge used for HMFOR products
charge passed

FE (%) = by x 100% (3)

As the various HMFOR products require different number of
electrons, their FE is not directly equivalent to their selectivity.
Specifically, HMFCA and DFF require two electron transfers,
FFCA four electrons, and FDCA six electrons. In this work,
unless otherwise specified, the term FE is taken to mean the
sum of all HMFOR products, as the intermediates represent
various degrees of reaction towards FDCA.

DFT computational details

DFT computations were performed using the Vienna Ab initio
simulation package (VASP),*® on Compute Canada clusters. In all
computations, we used the projected augmented wave (PAW)
pseudopotentials and the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) to describe the
exchange—correlation functionals.*” A cut-off energy of 450 eV
for the plane-wave basis sets and a 2 x 2 x 1 I'-centered
Monkhorst-Pack mesh for the k-point sampling in the first
Brillouin zone, with a first order Methfessel-Paxton smearing
parameter o of 0.05 eV, ensured that the energy convergence
criteria are better than 1 meV for a vacuum of 20 A or greater. The
self-consistent field (SCF) convergence criterion was set to 10~ eV
for electronic iteration, and the ionic relaxation continued till the
maximum force was less than 0.02 eV A™* that was updated by the
conjugate gradient approach. Dipole corrections and spin polar-
ization were implemented. The DFT-D3 method with the Becke-
Jonson damping was performed for the van der Waals correction.
The electrostatic charge density around each ion was calculated
by the Bader charge analysis method.** VESTA software was used
for visualization.*® Structure optimization, electron density and
delocalization calculations followed the standard procedures
described in the literature.*
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