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Abstract: Hydrogen generated in electrolyzers is dis-
cussed as a key element in future energy scenarios, but
oxygen evolution as the standard anode reaction is a
complex multi-step reaction requiring a high overpoten-
tial. At the same time,it does not add value-the oxygen
is typically released into the atmosphere. Alternative
anode reactions which can proceed at similar current
densities as the hydrogen evolution are, therefore, of
highest interest. We have discovered a high-performance
electrode based on earth-abundant elements synthesized
in the presence of H2O2, which is able to sustain current
densities of close to 1 Acm� 2 for the oxidation of many
organic molecules, which are partly needed at high
production volumes. Such anode reactions could gener-
ate additional revenue streams, which help to solve one
of the most important problems in the transition to
renewable energy systems, i.e. the cost of hydrogen
electrolysis.

Global energy systems are shifting increasingly from fossil
resources towards renewable energy, which is mostly
harvested in the form of electrical energy via wind or
photovoltaics.[1] However, storage of electrical energy is
difficult on the grid scale, and the infrastructure for
electricity transmission from sun-rich parts of the world to
regions with high energy consumption is lacking.[2] Thus,
both for storage and transportation, conversion of part of
the harvested electrical energy to a high energy content
chemical is a preferred solution,[3] and this approach is an
important element of the energy strategy in many countries.
Hydrogen is the most obvious choice for the initially
generated chemicalsince the technology for water electrol-
ysis is commercially available and rather efficient.[4]

While it is a technologically viable solution, hydrogen
from water electrolysis suffers from a severe cost problem:[5]

Depending on local conditions and technology implemented,
fossil hydrogen is produced at roughly 1 E/kg H2, mostly by
natural gas steam reforming, although the price has recently

increased substantially due to strongly increasing natural gas
prices in parts of the world. This cost will increase with
increasing CO2 pricing. In contrast, electrolytic hydrogen,[6]

again depending on local conditions, predominantly on the
price of electricity and capital expense for electrolyzers, is
currently at best at around 3 $/kg,[7a] but projections see it at
about 1 $/kg in the future.[7b,c] Moreover, in the electrolyzer,
the bottleneck is the oxygen evolution reaction at the
anode,[8] which is rather sluggish and results in a zero-value
product, oxygen, which is released into the atmosphere.

Realizing alternative anode reactions,[9] which produce
valuable chemicals preferentially at lower overpotentials,
could provide an additional revenue stream. Moreover, if
such an alternative anode reaction proceeds easily at low
overpotential, expensive catalysts could be replaced, and the
electrolysis would run more efficiently. Technologically,
there is one such process already operating on a large
technical scale, i.e. chlorine production, where in fact,
chlorine formed at the anode is the most valuable product,
and the cathodically formed hydrogen is only a welcome by-
product. However, for such alternative anode reactions, it is
crucial that they run at similarly high current densities as the
hydrogen evolution, i.e. at several hundred mAcm� 2 (alka-
line electrolyzer) to more than 1 Acm� 2 (PEM electrolyzer).

We have systematically explored suitable catalysts for
anode reactions, which have the potential for bulk produc-
tion volumes. The oxidation of biomass-based 5-
hydroxymethylfurfural (HMF) to furandicarboxylic acid
(FDCA) is such a reaction[10–13] because FDCA could replace
the terephthalic acid in polyethyleneterephthalate (PET), a
bulk polymer produced at a level of about 60 million tons
annually (2015) with high growth rate.[14] Catalysts should be
selected from abundant metals for sustainability and cost
reasons if sufficiently high activities could be achieved.
There is a number of reports on the electrooxidation of
HMF to FDCA on different electrodes, some of rather
complex nature, achieving current densities ranging from a
few ten to hundreds mAcm� 2, (for a survey, see Table S1),
which are, however, often difficult to compare.[15] Electrol-
ysis at either high current density (>300 mAcm� 2) or high
HMF concentrations for efficient and selective FDCA syn-
thesis approaching industrial conditions remains less ex-
plored.

Nickel foam has been described as a suitable basis for
anodes under alkaline conditions. It is known that the
activity of iron-modified nickel for the oxygen evolution
reaction is strongly enhanced.[16] Increased activity is
observed even if pure nickel electrodes are used in an
alkaline electrolyte since iron contaminations typically
present in KOH are deposited on the nickel electrode and
enhance performance.[17] This was the starting point of the
development of electrodes made from highly earth-abundant
elements, which allow the electrooxidation of different
substrates, foremost HMF, at current densities of industrial
electrolyzers for hydrogen production. It was found that
dipping a nickel foam electrode in a solution of FeCl3·6H2O
(Supporting Information, experimental section) already
improved the performance of the electrode for the oxidation
of HMF to FDCA substantially (Figure S2). However, a key
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improvement in the electrode performance was achieved if
the iron chloride was not dissolved in water but in 5 wt%
H2O2 solution to reach a concentration of 2.5 mM. This
improved synthesis takes advantage of a Fenton-like reac-
tion between Fe3+ and H2O2, producing strong oxidative
hydroxy radicals. This facilitates the corrosion of nickel
foam, releasing Ni2+ species into the solution, which react
spontaneously with Fe3+, OH� and soluble CO3

2� to form
NiFe-LDH on the nickel foam surface.[18] On the other
hand, excess Fe3+ reacts with OH� to produce α-FeOOH,
which interfacially interacts with the NiFe-LDH via bridging
oxygens,[18d] forming active NiFe-LDH/FeOOH heterostruc-
tures (see below). As a result, a nickel foam electrode
modified with iron in such a solution for just one minute
reached a current density of above 500 mAcm� 2 at a
potential of 1.478 V (vs. RHE) at an HMF concentration of
50 mM (Figure 1 and Figure S4), which is compatible with
cathodic current densities in alkaline electrolyzers.

The potential for oxygen evolution is sufficiently more
positive compared to HMF oxidation (Figure 1a) that
FDCA can be produced almost without oxygen evolution as
a competing reaction. The overpotential of electrochemical
oxidation of HMF coincides with the potential of the
transition from Ni2+!Ni3+, and a rapid current increase was
observed after this transition. This indicates that HMF
oxidation is mediated by the oxidation of the Ni species to
higher oxidation states in the oxyhydroxide, especially
taking into account that the applied potential during HMF
oxidation is more positive than that of the Ni2+/Ni3+

transition. This agrees well with findings for NiOOH
catalysts,[19] although the doping with transition metal

cations (e.g., Co and Fe) would substantially influence the
position of the reaction overpotential.[19a] Two mechanisms
are proposed for this reaction; one hypothesis is the indirect
oxidation mechanism involving chemical hydrogen atom
transfer to Ni3+ sites, while the other hypothesis relies on a
potential-dependent oxidation mechanism involving electro-
chemically induced hydride transfer to Ni4+ sites.[19b] The
mechanism could probably be clarified by in situ studies of
the electrode surface, which, however, are beyond the scope
of this study. In Figure 1c, the concentration of HMF,
FDCA, and the intermediates are plotted over the charge
passed in chronoamperometric experiments where samples
were taken at regular intervals. As one can notice, the
concentration of the intermediates is always low, which
suggests that the first oxidation step is the slowest one; then,
the reaction proceeds rapidly to FDCA. FDCA can be
formed by two pathways,[20] i.e. oxidation of the
hydroxymethyl-group first, which leads to the formation of
diformylfuran (DFF), or oxidation of the formyl-group first,
which leads to hydroxymethylfurancarboxylic acid
(HMFCA). HMFCA is observed at a slightly higher
concentration than DFF over time, which could suggest that
the reaction proceeds predominantly via the HMFCA path-
way. On the other hand, DFF is not stable under the
reaction conditions, so that also other pathways via side
reactions are conceivable.

Interestingly, the carbon balance is well closed through-
out the whole reaction. This is somewhat surprising at first
sight since HMF is known to degrade under basic conditions.
However, in a detailed study, we have demonstrated that
HMF degrades initially via a Cannizzaro reaction, the
products of which can also be oxidized to FDCA. This
explains the puzzling and widely neglected fact that HMF
can be electrooxidized with very high yields to FDCA in
spite of its instability under alkaline conditions.[21] The
protons eliminated from the substrate are essentially fully
used for cathodic H2 generation. The measured pH drop
during the reaction corresponds to the neutralization of the
protons from the FDCA generated, resulting in formation of
the carboxylate. Thus, overall the reaction can be carried
out at a high chemical yield close to 100% and a high
Faradaic efficiency close to 100%.

Based on the excellent performance of the anode at high
current densities, conditions allowing high space-time-yields
and approaching industrial conditions of such processes
were explored. In the range of concentration and electrode
surface area studied here, the reaction is first order in HMF
concentration and electrode surface area (Figures S7 and
S8), and thus in order to increase the current density further,
HMF starting levels were increased to 100 mM. This allows
high current density electrolysis at the initial current density
of 862 mAcm� 2 (Figure 1b and Supporting Information),
with both FDCA yield and Faradaic efficiency at >92%,
using either Nafion™ 117 as a proton-exchange membrane
or Fumasep FAB-PK-130 as an anion-exchange membrane.
However, the Nafion membrane results in a significant
crossover of HMF/intermediates from the anode to the
cathode chamber,[12] so for practical purposes, the anion-
exchange membrane is preferred (Figure S9). Moreover,

Figure 1. HMF electro-oxidation over a NiFe-1 electrode with different
concentrations of HMF. a) LSVs (without iR compensation, results with
85% iR compensation are shown in Figure S6), b) current densities,
charges vs. time curves, c) conversion and concentration changes of
HMF and its oxidation products during the electrochemical oxidation
of 50 mM HMF, and d) recyclability test: the FDCA yields (black
column), Faradaic efficiencies (FE, red column) and carbon balance
(blue) during 50 mM HMF electrooxidation. Reaction condition: 1 M
KOH, 50 mM or 100 mM HMF, applied potential 1.478 V (vs. RHE).
Current density is calculated by normalizing the current to geometrical
surface area of the electrode (10 mm ×10 mm, Supporting Informa-
tion).
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membrane stability issues over longer experiment times
were also noticed under the strongly alkaline conditions
(Figure S51 and explanation). The high current densities and
low reaction times required for full conversion also suggest
that the reaction can be carried out under single-pass flow-
through conditions, which would facilitate the practical
implementation of the oxidation process even further. Thus,
a flow H-cell configuration was assembled, and the electro-
chemical synthesis of FDCA using 100 mM HMF was
conducted at 1.478 V (vs. RHE, Figure 2a). Flow rate-
current density dependencies were explored, and the best
results were obtained with a Faradaic efficiency of 77–89%
to FDCA in a single pass at a flow rate of 0.4 mLmin� 1

(Figure 2b). Moreover, since the iR-compensation has sig-
nificant impact on the applied potentials for OER and HMF
oxidations (Figure S6), optimized cell design would mini-
mize the resistance, leading to improved current distribution
and overall performance for the oxidation reactions of the
different substrates.

In order to see whether the beneficial effect of hydrogen
peroxide is restricted to iron on nickel foam or more broadly
applicable, also other metals were studied, both as a
modifier of the nickel foam and as metal foams as the basis
of the electrode. The modified metal foams all showed
enhanced performance in HMF electrooxidation compared
to the untreated counterparts, suggesting that the use of
hydrogen peroxide is more generally applicable in the
fabrication of advanced and high-performance electrodes
(Supporting Information section 5). Particularly Cu-based
electrodes appear to be promising as well in HMF electro-
oxidation, showing high current density at a slightly higher

potential than that of the NiFe-1 electrode (Supporting
Information section 5.2.3).

In electrochemistry, the question of whether a modifica-
tion of the electrode increases the intrinsic site activity or
only increases the electrochemically active surface area
(ECSA), determined from the non-faradaic double-layer
capacitance (Supporting Information section 6), is important
for a better understanding of the relevant processes.[8a] The
ECSA-normalized electrochemical performance of the
NiFe-1 electrode is the highest, together with the smallest
charge transfer resistance compared with other samples as
obtained from electrochemical impedance spectroscopy
(EIS). Hence NiFe-1 is intrinsically more active. These
results indicate that an increased number of active sites are
created by the addition of FeCl3·6H2O in H2O2.

In order to trace back the improved performance of the
NiFe-1 electrode, the surfaces of both the Ni foam electrode
and Ni foil control electrodes were analyzed. The freshly
synthesized NiFe-1 electrode shows a slightly yellowish
color, and the originally smooth metal surface becomes
rough due to the formation of high-density nanosheet-like
units, which are well oriented with a high concentration of
edges, boundaries, and defects (Figures 3a,b and Supporting
Information section 7). The HAADF-STEM images clearly
show the nanosheet-like structures with a thickness of 1.4�
0.2 nm (Figure 3c), which are additionally confirmed by
AFM (Figure S58). Elemental mapping images suggest
homogeneous distribution of Fe, Ni, O, and C, confirming
the introduction of Fe species in the surface layer of the
NiFe-1 electrode (Figures S59 and S60). In the whole NiFe-1
electrode, the iron content is 230 ppm (wt/wt), determined
by AAS. However, it is not possible to determine the
loading of the active catalyst, mainly due to the complexity
of the synthetic processes and the fact that the nature of the
real active catalyst is not clear.

XPS data (Figure S61) suggest NiII species resembling
Ni(OH)2,

[22] the energy of the iron signals corresponds to
FeIII, with the spectra resembling Fe(OH)3. A shoulder at

Figure 2. HMF electro-oxidation over NiFe-1 electrode in a flow H-cell
configuration. a) Current densities, charge vs. time curves. Inset shows
a cartoon of the H-cell configuration used for single pass flow-through
reaction (WE, working electrode; RE, reference electrode; CE, counter
electrode; HPLC, high-performance liquid chromatography). b) HMF
conversion, FDCA yield, FE and carbon balance during the flow cell
HMF electro-oxidation. All electrochemical tests are conducted in 1 M
KOH with 100 mM HMF at the applied potential 1.478 V (vs. RHE) in
an aqueous H-cell configuration

Figure 3. Characterizations of the NiFe-1 electrode. a) SEM image of
the NiFe-1 electrode; b) Secondary electron image of the nanosheets
ultrasonically peeled from the NiFe-1 electrode; c) HAAD-STEM image
shows the nanosheet-like units with different thickness; d) XRD;
e) Normalized Fe K-edge X-ray absorption near-edge structure (XANES)
χ(E) spectra, and f) radial distance χ(R) space spectra. (Reference
samples: Fe foil, Fe2O3, and pristine NiFe layered double hydroxide
nanosheets (NiFe-LDH)).
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288 eV in the carbon 1 s peak might be attributed to
carbonate species. The XRD pattern of the NiFe-1 sample
measured with a rotating anode (Cu Kα radiation) shows
additional reflections consistent with nickel-iron carbonate
hydroxide hydrate (PDF#40-0215) that possesses analogous
structures to α-Ni(OH)2.

[23] Moreover, strong reflections
assigned to α-FeOOH also indicate the presence of this
highly reactive iron-containing species[24] in the NiFe-1

sample (Figure 3d). In order to further evaluate the chem-
ical state and local structure of the NiFe-1, X-ray absorption
fine structure measurements at the Fe K-edge, rather than
the Ni K-edge due to the bad contrast to bulk Ni foam, were
performed (Figures 3e, f, and S64, S64). The Fe K-edge X-
ray absorption near-edge structure (XANES) spectrum
showed binding and edge energies close to those of Fe2O3

and pristine NiFe-LDH samples, indicating the oxidation

Table 1: Electrochemical oxidative upgrading of organic molecules.[a]

Entry substrate product Current density[b]

[mAcm� 2]
Product yield[c]

[%]
Carbon balance
[%]

FE
[%]

1 862 92 97 92

2 723 94 102 92

3 756 97 103 96

4 855 96 98 94

5 669 96 91 88

6 634 87 94 82

7 632 99 84 82

8 757 81 81 77

9 841 99 87 86

10 479 84 97 84

11 236 89 96 86

12 699 77 91 74

13 814 94 94 96

14 651 86 86 86

15 612 85 96 85

16 585 88 88 88

17 351 74 88 75

18 292 77 71 78

19[d] 613 – – –

20[e] 791 – – –

21[e] N2H4 ·H2O 1420
22[e] NaBH4 727
23[f ] NH3 ·H2O – – – – –
24[f ] HCOOH – – – – –

[a] Reaction condition: 1 M KOH, 100 mM substrates in an H-cell and electrolysis at 1.478 V vs. RHE. [b] Measured at the initial reaction time of
20 s, as is already pre-settled by the system. [c] Yields calculated on the basis of HPLC and GC results. [d] We were not able to identify and
quantify the products. [e] Ultra-high current density and fast kinetics are observed, but we could not identify and quantify the products. [f ] No
reaction. [g] Standard deviations for the yields and FEs are �2%.
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state of Fe in the NiFe-1 electrode is about +3 (Figure 3e),
in agreement with the XPS analysis. The Fourier transform
(FT) of the k2χ(k) into radial distance χ(R) at the Fe K-edge
reveals substantial but less noticeable reductions in the peak
densities for Fe� O and Fe� O� Ni/Fe� O� Fe path, respec-
tively, compared to that of the pristine NiFe-LDH (Fig-
ure 3f). The average coordination numbers of Fe� O and
Fe� O� Ni/Fe� O� Fe paths were 4 and 6, respectively. Those
results suggest the presence of both oxygen vacancies and
metal defects in the NiFe-1 electrode.

FDCA is a highly interesting molecule, which could
reach production amounts in the range of multi-ten-million
tons per year and thus be a suitable product for the anode
reaction in hydrogen production units. Although this would
only correspond to about 2% of the current global hydrogen
demand, if synthesized at the scale of terephthalic acid, it
could facilitate ramping up sustainable hydrogen production.
Moreover, there are many other interesting oxidation
products which could be synthesized anodically in conjunc-
tion with water electrolysis. Thus, a range of additional
substrates was explored on the NiFe-1 electrode, and in
most cases, also these substrates could be oxidized at
similarly high current densities with high yields and high
faradic efficiency (Table 1, Supporting Information section
8). Various primary amines are also efficiently and selec-
tively oxidized to nitriles in water over the NiFe-1 anode
(Table 1, entries 13–16). The phase separation, with the oily
nitriles floating on the surface of the electrolyte, not only
avoids blocking of the active sites but would also enable the
continuous large-scale production/separation of nitriles with
industrial practicability (Figures S81–S87).

In glucose electrooxidation, formic acid was identified as
the final product instead of the expected gluconic acid
(Table 1, entry 9), suggesting electrochemical oxidative C� C
bond cleavage. This could have significance for the con-
version of biobased substrates because carbohydrates and
lignin, featuring C(OH)� C motifs, could be converted to
carboxylic acids via selective C� C bonds cleavage.[25] We
thus chose the lignin-derived cyclohexanol as substrate
(Table 1, entry 18), which was interestingly converted to
adipate via cyclohexanone as the intermediate, as confirmed
by HPLC analysis (Figure S89). Therefore, this electro-
chemical conversion offers a sustainable pathway for the
large-scale, efficient, and selective production of adipic acid
from renewable biomass substrates.[26] Adipic acid is an
important industrial intermediate to produce nylon 6,6
(polyester, plastic, etc.) and it is also used in the food and
cosmetics industry.[26] Moreover, hydrogen evolution at the
anode side is also observed. Thus, hydrogen evolution at the
cathode integrated with either electrooxidation of suitable
substrates (e.g., aldehydes, cyclohexanol) or electro-half-
oxidation of alcohols/aldehydes (e.g., Table 1, entries 3, 11,
17) in a controlled manner, could offer triple advantages:
anodic and cathodic H2 co-production, and anodic produc-
tion of valuable organics.[27] The potential of the electrodes
was also explored for fuel cell-type reactions (Table 1,
entries 20–23), and also their reactions delivered high
current density and fast kinetics for gas evolution on this
new type of electrode.

We have introduced a versatile method for the prepara-
tion of advanced nickel-based anodes with metal modifica-
tion of the base material in the presence of H2O2. These
electrodes sustain high current densities in the order of
several hundreds up to over 1000 mAcm� 2 in the oxidation
of various organic substrates at high selectivity for value-
added products. These products are highly demanded in the
industry, while the obtained current densities are in the
order of technical processes. The presence of the organic
substrates decreases the potential compared to oxygen
evolution, which is an additional benefit. Moreover, the
process can be carried out in a continuous fashion,
principally allowing scale-up for bulk production of the
target products. Given the high demand for some of the
products studied, the discovery could be an element to
substantially improve the economics of hydrogen production
by electrolysis in an electrolyzer configuration, where
cathodically hydrogen is evolved and anodically valuable
products such as furandicarboxylic acid, adiponitrile, or
adipic acid are synthesized.
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