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Electrochemical reactions powered by renewable electricity are an important means of reducing the
carbon footprint of large-scale chemical processes. Here, we investigate the efficient conversion of
biomass-derived 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA), an important build-
ing block in the polymer and pharmaceutical industries, using a cheap and abundant nickel-based elec-
trocatalyst. We elucidate the key factors for tuning the chemical selectivity for HMF oxidation over the
competing oxygen evolution reaction (OER) at the catalyst surface. We show that the selectivity for HMF
oxidation is enhanced by removing trace impurities of iron species as well as adjusting the composition of
the alkali hydroxide electrolyte solution. LiOH solution without iron impurities is more favorable for HMF
oxidation, whereas CsOH solution with iron species present is more active for the OER and unfavorable
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for HMF oxidation. Under optimized conditions, HMF oxidation in 1 M LiOH electrolyte solution without
iron (pH 14) achieved 98% faradaic efficiency for the production of FDCA. The principles used in this work
can be applied to other electrosynthetic reactions, in particular where the OER is the main competing
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1. Introduction

Electrifying organic synthesis has undergone a revival in the
last few decades, emerging as a green method for industrial
scale chemical synthesis with low pollution impact." The
attractive feature of electrochemical synthesis is that it can be
powered by cheap renewable energy sources (photovoltaics,
photoelectrochemical cells, windmills, hydropower), which
motivates the use and scale-up of electrochemical technologies
for industrial applications.>™* Generally, electrosynthesis pro-
ceeds with coupled oxidation and reduction reactions on two
electrodes, which is similar to the electrolysis of water with the
oxygen evolution reaction (OER) at the anode and the hydro-
gen evolution reaction (HER) at the cathode.” The synthesis of
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hydrogen from renewable sources is of high interest not only
as a potential source of fuel for transportation and heating,
but also for chemical processes such as the Haber-Bosch
ammonia synthesis, crude oil refining, metal production,
methanol production, food processing, and electronics.>® The
vast majority of hydrogen today is produced from natural gas
(96%), with the remainder produced by electrolysis.”
Therefore, a green synthesis of hydrogen is needed to reduce
the carbon footprint of many important chemical process.®
Regarding oxygen production, natural photosynthesis is
sufficient to supply the global requirements of the chemical
industry. Therefore, in electrolysis, instead of using the oxi-
dation equivalents to drive the notoriously demanding OER
(and yielding a low value product), the OER could be replaced
by a wuseful alternative reaction leading to added-value
products.”® One option for this alternative reaction is the oxi-
dation of lignocellulosic biomass, an abundant and renewable
chemical feedstock for many commodity chemicals.*'® Among
biomass-based commodity chemicals, 2,5-furandicarboxylic
acid (FDCA) belongs to the most economically valuable ones."*
The biomass derived product FDCA is used to fabricate the
polymer polyethylene furanoate (PEF). The properties of PEF
are superior in many ways to those of the petrochemical-based
polyethylene terephthalate (PET), such as lower melting point,
higher glass transition temperature, better barrier properties
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to O, and CO,, and 100% recyclability with reduced carbon
footprint, which would enable the fabrication of lighter and
better plastic containers and packagings.'*™* It is estimated
that 30.3 million tons of PET are produced per year globally.'?
Therefore, PEF has the potential to replace PET as a renewable
alternative."® The building block FDCA is synthesized from
5-hydroxymethylfurfural (HMF), which is derived from ligno-
cellulosic biomass.*®

There are several ways to convert HMF into FDCA, such as
aerobic oxidation, thermal treatment, and high temperature
catalytic oxidation. These methods are sufficient to reach a
large industrial scale, although the long processing time, high
operating temperatures, and by-product formation make these
processes cost-inefficient.’®'” An alternative approach is
electrochemical oxidation, where HMF oxidation is driven by
electrical potential, eliminating the use of chemical oxidants
for the process."® Considering its potential for low cost, high
yield and the scalability of this method, the electrocatalytic
approach to biomass oxidation has attracted notable atten-
tion."® Electrosynthesis coupled with HER presents an elegant
solution to provide renewable hydrogen for the chemical
industry along with the synthesis of valuable biomass-derived
chemical products.®*°

As early as 1991, electrocatalytic oxidation of HMF to FDCA
was first reported by Grabowski and co-workers.”" Typically,
electrochemical HMF oxidation is performed in basic media
and can take place over two distinct reaction pathways, as
shown in Scheme 1.'® It has been reported that electro-
chemical HMF oxidation in aqueous solution competes with
water oxidation under the required operating potentials, result-
ing in relatively low FDCA yields.** To circumvent competition
with the OER, redox mediators such as TEMPO ((2,2,6,6-tetra-
methylpiperidin-1-yl)oxyl) have been used for indirect HMF
oxidation, with excellent conversion efficiencies.>® However,
the use of organic redox mediators is considered to be cost-
prohibitive on industrial scale. As an alternative, nickel (and
its corresponding oxides and hydroxides, specifically nickel
oxide hydroxide NiO-OH) is a cheap, abundant and widely
explored redox catalyst for alcohol oxidation reactions.>® The
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first reported electro oxidation of HMF with NiO-OH gave only
71% FDCA yield at pH 14, however subsequent advancement
in the NiO-OH chemistry, gave more than 90% FDCA
yield.*"** NiO-OH is also a good water oxidation catalyst, and
therefore a strategy that favors the organic oxidation reaction
(alcohol and aldehyde functional groups oxidation) over the
OER is required.”® There are two main strategies reported in
the literature to tune the selectivity: tailoring the electrolyte
composition and electrolysis conditions, or altering the nickel
surface structure with different starting materials (i.e. NiP, NiS
and NiFe).'®?°®% [n any case, the main active species in Ni
based catalysts is amorphous p-NiO-OH.>**?>%°

Most of the organic oxidation reactions using NiO-OH are
reported at pH > 11, where this catalyst also has optimal
activity for the OER reaction.?® Although the overpotential for
the HMF oxidation reaction can be much higher than for the
OER, it is thermodynamically easier, and therefore selective
HMF oxidation over the OER can be achieved.’"**> The OER
onset of NiO-OH can be tuned by varying the electrolyte solu-
tion composition with different cations (Cs', K, Na" and Li")
as well as by incorporating iron into the catalyst, transforming
the NiO-OH to Ni;_,Fe,OOH.>*” Thus, the competition
between the two electrochemical oxidation reactions at the
NiO-OH surface can be tuned by controlling the traces of iron
and the alkali metal cation in the electrolyte solution.

Our simple approach uses an electrodeposited Ni(OH), film
as a precursor to study the NiO-OH electrode systematically
for HMF oxidation, under strongly basic conditions. We per-
formed in situ studies to explore HMF oxidation vs. self-degra-
dation as well as the selectivity between HMF oxidation and
the competing OER. The key finding is that removal of traces
of iron from the electrolyte solution enables high chemical
selectivity of HMF oxidation over water oxidation, which
enables the practical use of earth abundant Ni-based anodes
in aqueous electrochemical cells targeting oxidation of organic
molecules. High chemical selectivity of NiO-OH for HMF oxi-
dation over water oxidation can be then achieved by smaller
alkali cations in combination with an electrolyte solution free
of traces of iron.

\ ]

FFCA FDCA

Scheme 1 Electrochemical HMF oxidation reaction pathways. HMF is converted to DFF (diformyl furan) or HFCA (hydroxymethyl furan carboxylic
acid), which are then further oxidized to FFCA (formyl furan carboxylic acid) and finally to FDCA (2,5-furandicarboxylic acid).
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2. Results and discussion

Electrochemical HMF oxidation and OER on NiO-OH thin
film electrodes

Fig. 1 shows a general scheme of the chemical transformations
in a single compartment cell with a NiO-OH anode and a Pt
cathode, and the individual redox reactions of the HER, OER,
and HMF oxidation reaction are given in Fig. S1.F The topogra-
phy of the electrodeposited films after chemical activation (see
ESIT) was determined by atomic force microscopy, which con-
firms that the resulting nickel oxide layer is uniform with
small grains (Fig. S2af). The roughness of the electrode is
mainly determined by the underlying FTO substrate. Energy
dispersive X-ray analysis also confirms the Ni on FTO electrode
after chemical activation (Fig. S2bt). X-ray photoelectron spec-
troscopy (XPS) analysis indicates that before use the film is
entirely in the Ni" oxidation state, while after use a mixture of
Ni" and Ni™ is observed (Fig. S31).

A typical cyclic voltammetry (CV) measurement under stir-
ring of a NiO-OH electrode after activation in the standard
iron-free electrolyte solution (1 M LiOH) is shown in Fig. 2a
(black line). The main features in this CV are the Ni**/Ni**
redox peak between 1.2 to 1.4 V and the OER onset at 1.6 V vs.
RHE (with ~350 mV overpotential at a current of 0.1 mA cm ™2,
see also Fig. $41).>°> A broad oxidation peak is also visible at
around 1.8 V, which corresponds to the higher oxidation state
Ni**/Ni*".** Upon addition of HMF, an oxidative wave appears
with a peak at 1.47 V vs. RHE, merging with the OER at more
positive potentials (Fig. 2a; red trace). After 300 CV scans, the
HMF oxidation peak is no longer visible (Fig. 2a; green trace),
indicating nearly complete consumption or degradation of the
substrate (vide infra for details in the quantification of pro-
ducts). The consecutive CVs in Fig. 2b show that after the reac-
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tion, the Ni**/Ni** redox peak has shifted to slightly more posi-
tive potentials (by ~50 mV) while the OER shows an earlier
onset potential (~50 mV).

Normally, trace impurities such as iron in the electrolyte
solution can be adsorbed at the catalyst surface or, as reported,
incorporated into the NiO-OH crystal lattice, which can lead to
shifts in the OER onset and Ni redox peak.>**%3° Since we
used iron purified electrolyte for our experiments, the only
source of iron impurities could be from the HMF. We therefore
performed inductively coupled plasma mass spectroscopy
(ICP-MS) of the HMF starting material. Indeed, we found that
for a 5 mM solution of HMF, traces of iron were present at a
concentration of 2.2 nM, which likely gives rise to the shift in
the nickel redox peak.

To explore more about the observed peak shifts we
additionally performed prolonged OER at 1.8 V vs. RHE with
freshly prepared electrodes both with and without iron in the
electrolyte solution. The electrolyte solutions “with iron” were
prepared by adding intentionally a known amount of iron to
iron-free electrolyte solutions (with a ratio of nickel to iron
atoms of either ~200 or ~100 to 1 in contrast to the ratio of
nickel to iron in the iron purified electrolyte solution of at
least 4700: 1 (see Experimental section in ESI and Table S17).
The NiO-OH redox peak in iron-free electrolyte solution did
not change its redox potential in this prolonged OER experi-
ment while the OER showed only a minor shift to lower onset
potential (Fig. S5at). For the case with the intentionally added
iron into the electrolyte solution (Fig. S5b¥), we likewise did
not observe a clear shift of the redox peak of Ni(OH),/NiO-OH
(**%), although the onset of the OER in this case clearly
shifted to a lower onset potential. Generally, the Ni**/Ni**
redox peak shift has been found to be very sensitive to iron
concentration, microenvironments and deposition methods.*®
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Fig. 1 General scheme of the complete process of FDCA + H, production through a single chamber electrolytic cell for HMF/water oxidation on a
NiO—-OH electrode and water reduction at a Pt electrode under alkaline conditions.
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Fig. 2 (a) CV of OER in iron-free 1 M LiOH solution, with 5 mM HMF
added, and after 300 CV scans. (b) CV scans of HMF oxidation with an
interval of 50 cycles. CVs were carried out at a scan rate of 5 mV s*
while stirring the solution.

The shift of the OER onset potential to more negative poten-
tials is a clear indication of iron incorporation into the NiO-
OH crystal lattice.*°

Investigating the CVs further, another interesting obser-
vation is found. The oxidative wave for HMF at the NiO-OH
surface occurs not only when scanning to more positive poten-
tials but also on the negative sweep, which is unusual. A
similar behavior has been observed with glucose oxidation on
NiO electrodes.*""** Though in the literature this is often only
explained in terms of binding of an intermediate to the cata-
lyst surface, a more sophisticated treatment of such obser-
can be found in oscillating electrochemical
reactions.”>™*® Generally, oscillating (electro)chemical reac-
tions, like the Belousov-Zhabotinsky reaction, are based on an
auto-catalytic step in the reaction mechanism itself. Such be-
havior can be described in more simplified reaction schemes/

vations
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kinetics like the Bruesselator or the Oregonator.’””*® On the
other hand oscillations in electrochemical reactions can also
appear if the electrode or the catalyst surface and therefore the
active sites for catalysis are blocked by reaction intermediates.
Known examples include formic acid, formaldehyde, metha-
nol, ethylene glycol, ethanol, glycerol or glucose and their oxi-
dation on Pt.*° To verify the oscillating behavior of our electro-
chemical reaction, we performed slow galvanodynamic scans
(50 nA s7') and observed the evolution of the potential
(Fig. S67). Clearly potential oscillations were observed during
the current scan, supporting our assumption.

This oscillatory behavior suggests a potential-dependent
binding of HMF reaction intermediates that partially block the
active sites on the catalytic surface and is consistent with our
observation of the less-than-expected amount of substrate and
product in the reaction solution under electrical polarization,
shown in Fig. 3b (see discussion below). Furthermore, no
cathodic reduction peak for the back reaction of FDCA or the
intermediates to HMF was observed in the CV, indicating that
the oxidation of HMF at the NiO-OH electrodes is an irrevers-
ible process.

Product quantification and degradation studies by "H-NMR
and UPLC

To analyze the progress of the reaction for the CV measure-
ments presented in Fig. 2, we used ultrahigh-pressure liquid
chromatography (UPLC) after 160 and 300 CV cycles. With an
increasing number of potential cycles, the UV/Vis peak in the
UPLC analysis related to the absorption of HMF showed the
expected decrease while the absorption for the FDCA increased
(Fig. S77). The quantification was made by using a standard
calibration curve for each molecule. For a better understanding
and quantification of the conversion reaction we have per-
formed chronoamperometric measurements at 1.5 V vs. RHE
and analyzed the reaction solution every ~5 C passed by UPLC
and "H-NMR. A total of 28 C were passed during the experi-
ment, which typically lasted about 20 hours (~0.8 C per hour).
Fig. 3a shows the "H-NMR of the reaction mixture. The
"H-NMR peaks were assigned based on measurements of the
pure molecules in the same electrolyte solutions (Fig. S87).
The two peaks associated with the furan protons of HMF at
6.4 ppm and 7.3 ppm showed a steady decrease with the
amount of charged passed in the chronoamperometric
measurements. On the other hand, the peak of the furan
protons of the FDCA at 6.8 ppm increased with longer reaction
time. During electrooxidation of HMF under these experi-
mental conditions, two competing reactions can occur simul-
taneously for the HMF, the electrooxidation and its (undesired)
degradation."® The degradation reaction of the organic sub-
strate could be detected even without any applied potential,
which is exemplified in Fig. S91 with an in situ degradation
experiment of HMF in an NMR tube with 1 M LiOD in D,O.
Clearly, formate is formed as a degradation product. Though
at the moment more experiments have to be performed to
fully understand the formation of formate under these con-
ditions, the amount of formate found in our chronoampero-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) 'H-NMR spectra for the HMF—OR with respect to charge passed (C) during the electrochemical reactions in iron-free 1 M LiOH electrolyte
with 5 mM HMF. (b) Concentrations of HMF and FDCA during the electrochemical HMF oxidation reaction.

metric experiments suggests that out of one HMF molecule six
formate molecules can be formed. At the end of the reaction,
the concentration of the FDCA produced during the electro-
chemical reaction was roughly equivalent to the concentration
of HMF consumed, as presented in Fig. 3b and Fig. S10,f
which implies that the rate for electrooxidation of HMF is high
enough so that the degradation or other side reactions play
only a minor role.

The products formed during chronoamperometric studies
were also quantified by UPLC and showed a similar trend as in
the '"H-NMR spectra (Fig. S11). Upon close inspection, one
can observe both for the "H-NMR and the UPLC measure-
ments that initially the formation of FDCA is not 1:1 with
respect to the amount of HMF converted. At the intermediate
data points, obtained by sampling the solution during the
electrolysis, the total concentration of HMF and of the pro-
ducts detected does not match the initial starting concen-
tration. The last data point — obtained after stopping the elec-
trolysis, releasing the potential, and equilibrating the electro-
lyte solution under continuous stirring — shows that all HMF
has been transformed to either FDCA or formate. The amount
of FDCA determined in this last datapoint of the UPLC
suggests that partially oxidized HMF species and/or FDCA are
trapped and accumulate at the electrode surface under applied
potential as no peaks for intermediate species could be
observed in the aliquots measured by '"H-NMR. This obser-
vation is also consistent with the unusual CV behavior shown
in Fig. 2 and the oscillatory behavior shown in Fig. S6.}

Tuning the oxidation reaction from OER towards HMF
oxidation

The deprotonated negatively charged NiO-O~ surface species
(superoxo species) is reported to be the catalytic active site for

This journal is © The Royal Society of Chemistry 2021

the OER and HMF oxidation reactions.>**° Koper et al. showed
that the correlation between alkali metal cation dependent
stability of the NiO-O™-M" species at the catalyst surface and
the catalytic activity for OER followed the trend Cs' > Na® > K"
> Li*.*® The authors argue, based on Raman measurements,
that the origin of the improvement is due to a better stabiliz-
ation of the NiO-O-M intermediate by larger cations.*?
Another literature report provided evidence that the same
intermediate is involved in organic alcohol oxidation (metha-
nol oxidation versus OER on NiO).*® Nevertheless, differential
effects of the alkali ion on HMF oxidation versus OER could be
used to further separate the onset potential of the oxidation
reactions and thereby improve the selectivity for the HMF oxi-
dation reaction over OER while maintaining a high reaction
rate.

As discussed earlier, traces of iron in electrolyte can interact
with the NiO-OH catalyst and be incorporated into the catalyst
structure, which promotes a synergetic effect on the OER.*®
Based on the literature, the role of iron is still under debate.
However, it is very well understood that iron incorporation
reduces the covalent character of the Ni-O bonds, which ener-
getically favors the adsorption of oxygen intermediates, and
thus enhances molecular oxygen evolution.?**° Therefore, iron
traces at the NiO-OH matrix synergistically lowers the OER
overpotential. In this scenario, the competing OER process
reduces the HMF conversion on the NiO-OH surface. Based on
these observations we can infer that iron-free LiOH should be
the best choice for electrochemical HMF oxidation with a
minimal contribution from the competing OER. Thus, we sys-
tematically investigated the chemical selectivity between elec-
trooxidation of HMF and OER activity with varying alkali
cations with and without traces of iron in the electrolyte solu-
tion. For clarity, we have plotted the electrochemical data

Green Chem., 2021, 23, 8061-8068 | 8065
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Fig. 4 (a) and (b) CVs (under stirring) of OER reaction on NiO—OH electrodes in 1 M LiOH and CsOH electrolyte solution (without and with iron in

solution, respectively). (c) and (d) are measured under similar conditions but with 5 mM HMF also in solution.

using only the smallest and largest cation size with and
without traces of iron in the electrolyte solution (Fig. 4). The
comparison with all four alkali cations can be found in the ESI
(Fig. S12 and S137). We observe a shift in the OER onset with
different alkali cation similar to a previous report (Fig. 4a and
b).?>> Thus, the presence of Li* in the electrolyte solution leads
to a higher OER overpotential as compared to Cs’. The shift in
the OER onset follows the size of the cations used for the elec-
trolyte solutions as can be observed in Fig. 4 and S12.1 This is
exemplified in the negative shift of the OER onset potential in
the presence of iron and Cs*, appearing very close to the Ni**/
Ni*" redox peak as shown in Fig. 4b and d. Fig. 4d shows that
OER with Cs" and HMF in solution is the dominant reaction
under such conditions as compared to HMF oxidation. The
trend of the alkali cation size favoring OER is clearly more pro-
nounced with trace iron present and without HMF in solution
(Fig. 4b and c and S13b and df).

Interestingly, the hysteresis of the CV curve after OER onset
(in the region from 1.6 V to 2 V) is clearly visible in the
samples without iron. In the samples with iron, as the faradaic
current increases, this effect is reduced until it is almost negli-
gible. This fact could be related to some structural transform-
ation of the catalyst, or the activation of the Ni**/Ni*" redox

8066 | Green Chem., 2021, 23, 8061-8068

state.>® In any case, the potential interest of this process in the
OER is beyond the scope of this study.

When adding HMF to the electrolyte solutions, similar CV
features are observed as discussed above. The electrochemical
potential at which HMF oxidation current appears following
oxidation of the Ni**/Ni** redox peak and remains at nearly
the same potential for all the cations used. Meanwhile, the
onset potential of the OER has an extra slight negative shift for
all cation sizes. In the case of the electrolyte with Fe and of
Cs', the peak of the HMF oxidation is hardly visible,
suggesting that in this case OER dominates the reaction.
While addressing the overall scheme, it is remarkable that,
(except for Li cation) the larger the cation, the narrower poten-
tial difference between Ni redox peak/HMF oxidation potential
and OER onset potential is observed. Thus, Ni redox peak and
HMF oxidation potential shifts to higher potential while the
OER onset shifts to lower potential. This fact suggests that on
the Ni surface the HMF oxidation and OER occur by two inde-
pendent mechanisms. Further investigation is needed to fully
understand the origin of these mechanisms.

To analyze the conversion performance of these different
electrolyte solutions, chronoamperometric oxidation experi-
ments were carried out for 20 hours with the different electro-

This journal is © The Royal Society of Chemistry 2021
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Table 1 Electrochemical HMF oxidation (1.5 V vs. RHE), product
quantification by UPLC, and corresponding faradaic efficiency calcu-
lations for different alkali cations and iron in the electrolyte

1 M electrolyte
solution with

Faradaic efficiency
without iron (UPLC) %

Faradaic Efficiency
with iron (UPLC) %

LiOH 98 90
NaOH 95 88
KOH 93 85
CsOH 93 <6

lyte solution compositions at 1.5 V vs. RHE, where HMF has
highest oxidation current and OER current is small. The con-
version efficiencies are presented in Table 1 and Table S2.1 As
the competing OER decreases with the smaller cation size, the
faradaic efficiency of HMF to FDCA conversion increases, and
we observe the highest faradaic efficiency (and chemical yield)
with LiOH and the lowest with CsSOH (Table S37).

The data in Table 1 show that with traces of iron in the elec-
trolyte solution, the OER can more easily compete with HMF
oxidation and in the case of electrolyte solution containing
cesium cation, the OER is in fact the dominant reaction at
given applied potential (with only 6% FDCA formation). Thus,
we observed a reduction in the faradaic efficiency for FDCA for-
mation for all metal cations in the presence of iron impurities.
Thus, while for LiOH the reaction still showed a high faradaic
efficiency, for CsOH, the transformation to FDCA could not be
completed and a variety of intermediate products such as
HFCA, FFCA, and side products like formate and dimethyl-
furan were detected (Fig. S14 and Table S37). Finally, our find-
ings show that the faradaic efficiency (and chemical yield)
change due to the variation of the alkali cation in the absence
of trace iron in the electrolyte is small. However, the presence
of trace iron activates the electrode for the competing OER the
larger the alkali cation size is, lowering the yields and remov-
ing the possibility of selective HMF oxidation at any potential
in the case of CsOH.

3. Conclusions

We investigated the chemical selectivity of NiO-OH towards
HMF oxidation against the competing OER by systematically
studying the influence of different alkali cations and traces of
iron in the alkaline electrolyte solution. Small cation sizes
favor HMF oxidation and thereby enable potentials to be used
with minimal OER. The removal of traces of iron from the elec-
trolyte solution further increased the conversion efficiency of
HMF towards FDCA. We determined a faradaic efficiency of
98% for FDCA formation with electrolyte solutions of iron-free
LiOH, whereas the lowest conversion efficiency of <6% was
found for CsOH with traces of iron. Under the optimized con-
ditions with iron-free LiOH, no intermediates of the HMF oxi-
dation were observed. The presented investigation shows how
the electrolyte solution and removal of impurities can lead to
desired high conversion efficiencies at potentials with practical

This journal is © The Royal Society of Chemistry 2021
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currents. Our results pave the way for future investigations in
the field of organo-electrocatalysis in aqueous media in which
the formation of value-added chemicals competes with the
oxygen evolution reaction.
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