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Hiltropb, Justus Masaa, Martin Muhlerb, Wolfgang Schuhmann*,a 

 

Abstract: The electrochemical oxidation of the biorefinery product 5-

(hydroxymethyl)furfural (HMF) to 2,5-furandicarboxylic acid (FDCA), 

an important platform chemical for the polymer industry, receives in-

creasing interest. FDCA-based polymers such as polyethylene 2,5-

furandicarboxylate (PEF) are potential sustainable green candidates 

for replacing polyethylene terephthalate (PET). Here, we report the 

highly efficient electrocatalytic oxidation of HMF to FDCA using Ni 

foam modified with high surface area nickel boride (NixB) as electrode. 

Constant potential electrolysis in combination with high performance 

liquid chromatography (HPLC) revealed a high faradaic efficiency of 

close to 100 % towards the production of FDCA with a yield of 98.5 %. 

Operando electrochemistry coupled to attenuated total reflection in-

frared spectroscopy indicates that HMF is oxidized preferentially via 

5-hydroxymethyl-2-furancarboxylic acid rather than 2,5-diformylfuran 

as intermediate in agreement with HPLC results. This study does not 

only report a low cost active electrocatalyst material for the electro-

chemical oxidation of HMF to FDCA, but additionally provides new 

insight into the reaction pathway.  

Upgrading of biorefinery products such as 5-(hydroxymethyl)fur-

fural (HMF) into important industrial feedstock tackles the transi-

tion from petroleum-based chemistry towards green and renew-

able resources. Hydrogenation of HMF leads to the formation of 

high energy biofuels like 2,5-dimethylfuran (DMF),[1] whereas 2,5-

furandicarboxylic acid (FDCA) derived from HMF oxidation was 

reported to be a “green” platform chemical for the chemical 

industry with the prospect to replace terephthalic acid as building 

block for the synthesis of highly valuable polymers.[2,3] FDCA-

based polyethylene 2,5-furandicarboxylate (PEF) is considered to 

be a renewable alternative for the massively used polyethylene 

terephthalate (PET).[1,2] The thermochemical or electrochemical 

oxidation of HMF is mostly performed at alkaline conditions to 

provide the necessary hydroxide ions.[4] Thus, electrocatalytic 

HMF oxidation can be suitably coupled with the electrocatalytic 

hydrogen evolution reaction (HER), leading to an additional 

product of high economic value, thereby increasing the energy 

efficiency of the electrochemical HER.[5] HMF can be converted to 

FDCA by either homogeneous or heterogeneous catalysts.[6] 

However, homogeneous catalysis of HMF conversion mainly suf-

fers from relatively low FDCA yields and poor selectivity. Although 

an optimised metal bromide-based homogenous catalyst deve-

loped already in 1958 allows FDCA yields of 90 %, the separation 

of FDCA and the recycling of the catalyst remain challenging.[7] 

On the other hand, heterogeneous catalysts can be separated 

from the reaction mixture more easily. High costs of the conven-

tionally employed heterogeneous noble metal catalysts such as 

Pt[8], Au[9], Pd[10] and Ru[11] warrant the effort to replace them with 

transition metal-based catalysts and to find alternative methods 

for HMF oxidation. In 1990, Grabowski et al. reported the selective 

electrochemical oxidation of HMF to FDCA in NaOH (1.0 M) using 

a Ni(OH)2 electrode. However, the yield was only 71 %.[12] The 

comparatively low yield despite high selectivity can be explained 

by the decomposition of HMF in alkaline solutions.[13,14] At high pH 

values (>13), HMF degrades into humin-type products thereby 

decreasing the effective HMF concentration, hence leading to 

lower than expected product yields. However, HMF oxidation at a 

Pt electrode at lower pH values (pH 10) formed only trace 

amounts of FDCA.[13] Evidently, a high working pH value therefore 

facilitates the selective electrochemical oxidation of HMF to FDCA 

notwithstanding its degradation.[14] Thus, in order to increase the 

product yield, the development of highly active electrocatalysts is 

of extreme importance. HMF oxidation using Au, Pd and their 

alloys supported on carbon black revealed a dependence from 

catalyst properties, applied potential and oxidation pathway.[15] 

However, despite noble metal-based electrocatalysts exhibit a 

low overpotential for HMF oxidation, they only provide low current 

densities due to surface oxidation and surface blocking. Thus, 

large electrode surfaces with high catalyst loading are required in 

order to achieve fast reaction rates.[15] Recently, transition metal-

based electrocatalysts, especially compounds or alloys of nickel 

and cobalt with main-group elements (e.g. P and S) as well as 

layered double hydroxides (LDHs), were reported to be efficient 

elecrocatalysts for the selective oxidation of HMF to FDCA achie-

ving high conversion and yield.[14,16] However, recent reports show 

that NiFe LDHs lack stability during prolonged exposure to highly 

alkaline electrolyte solutions[17], while transition metal/main group 

element alloys, e.g phosphides and borides form a highly stable 

core-shell structure with the initial alloy in the core protected by a 

metal hydroxide/oxyhydroxide shell.[18,19] We reported ultrathin 

high surface area nickel boride as highly active bifunctional HER 

and oxygen evolution reaction (OER) catalyst.[18] Inspired by pro-

mising results about HMF oxidation using metal/non-metal alloys, 

we report high surface area nickel boride (NixB) as electrocatalyst 

to efficiently and selectively oxidize HMF to the prospective 
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platform chemical FDCA in an electrochemical flow-through reac-

tor coupled with downstream analysis of the products by means 

of high performance liquid chromatography (HPLC). Additionally, 

we investigated - to the best of our knowledge for the first time - 

the preferred reaction pathway by operando electrochemistry 

coupled attenuated total reflection infrared (EC-ATR-IR) spec-

troscopy. 

High surface area NixB was prepared as already reported in 

detail elsewhere.[18,20] Briefly, NixB was formed by the reduction of 

nickel chloride by means of sodium borohydride under oxygen-

free conditions and subsequent annealing at 300 °C under Ar 

atmosphere. The product consisted of discrete nanoparticles and 

very thin sheets that were X-ray amorphous.[18] For an in-depth 

characterisation of the NixB used in this work, including X-ray 

photoelectron spectroscopy, X-ray absorption spectroscopy, X-

ray diffraction, high resolution transmission electron microscopy, 

atomic force microscopy and electrochemical water splitting, see 

Masa et al.[18] This work is intended to solely focus on the electro-

chemical transformation of HMF into FCDA and its investigation 

by means of HPLC and operando EC-ATR-IR. Electrochemical 

HMF oxidation over NixB was performed in an electrochemical 

flow-through reactor (Figure 1) consisting of a NixB-modified Ni 

foam (NF) and unmodified NF as anode and cathode, respectively 

(for further information see SI). Both electrode compartments 

were separated by a PEEK-reinforced anion exchange mem-

brane. A Hg/HgO reference electrode was placed in the anode 

compartment for potential determination. The anode and cathode 

compartments were fed with 1 M KOH with and without 10 mM 

HMF, respectively. 

 
 

 

Figure 1. Schematic representation of the electrochemical flow reactor (top). 

LSV of NixB-modified NF in 1 M KOH in the absence and presence of 10 mM 

HMF with a scan rate of 2 mV s-1 at an electrolyte flow rate of 18 mL min-1 

(bottom).  

SEM images of bare and NixB spray-coated NF show a clear 

distinction with small NixB particles clearly visible on the latter 

(Figure S1). The activity of NixB-modified NF towards HMF oxida-

tion was determined by hydrodynamic linear sweep voltammetry 

(LSV) at an electrolyte (1 M KOH) flow rate of 18 mL min-1 (Figure 

1). The electrochemical HMF (10 mM) oxidation achieves a high 

current density of 100 mA cm-2 at a potential of 1.45 V vs. RHE, 

170 mV lower than the potential necessary to drive the OER at 

the same current density (Figure 1). In the absence of HMF, Ni2+ 

to Ni3+ oxidation is represented by a pronounced pre-OER peak 

at 1.44 V vs. RHE. There is a discernible shoulder on the cathodic 

side of the Ni2+ to Ni3+ oxidation peak, which reveals that the Ni2+ 

to Ni3+ peak is a convolution of the oxidation of Ni from NixB and 

from the NF support (Figure S2). In the presence of HMF (10 mM), 

the Ni2+ to Ni3+ oxidation peak was no longer observed. Interes-

tingly, the more cathodic oxidation feature originating from the NF 

substrate also disappears in the presence of HMF although HMF 

oxidation starts at slightly more anodic potentials. Similar obser-

vations can be made when bare Ni foam is investigated for the 

electrochemical HMF oxidation (Figure S2), in the presence of 

HMF, the Ni2+ to Ni3+ peak is not visible anymore although HMF 

oxidation starts at more anodic potentials. It can be observed that 

the currents in the presence of HMF rise slowly prior the potential 

of the Ni2+/3+ oxidation recorded in the absence of HMF (Figure 

S2b). The absence of the Ni oxidation feature is indeed correlated 

with the presence of HMF and might be overlaid by it. The for-

mation of the higher oxidation state of the transition metal, in this 

case Ni3+, is a necessary prerequisite for the electrochemical oxi-

dation of alcohols and aldehydes.[21] The presence of HMF altered 

the electrochemical response showing an oxidation process at 

more cathodic potentials as compared to the OER, which is evi-

dently due to electrochemical HMF oxidation. Although the high 

currents observed by LSV indicate high activity of NixB towards 

HMF oxidation, however, no conclusion about selectivity, reaction 

pathway, product distribution and yield can be drawn solely based 

on this data. Thus, down-stream analysis is necessary in order to 

elucidate the reaction pathways ultimately leading to the products 

of electrochemical HMF oxidation. Constant potential electrolysis 

at a potential with apparently negligible OER (1.45 V vs. RHE) 

coupled with HPLC at different stages of the electrolysis allowed 

monitoring HMF oxidation and the nature of the formed products 

or intermediates. Oxidation of HMF begins with the oxidation of 

either the carbonyl or the hydroxyl group to form 5-hydroxymethyl-

2-furancarboxylic acid (HMFCA) or the dialdehyde 2,5-diformyl-

furan (DFF), respectively. Thus, the reaction can proceed via two 

different pathways (Figure 2). Further oxidation of the intermedi-

ates HMFCA and DFF leads to the formation of 5-formyl-2-furan-

carboxylic acid (FFCA) and finally to FDCA. Upon applying a con-

stant potential of 1.45 V vs. RHE the current density instantane-

ously increased to around 55 mA cm-2. After 2 min, the current 

density started to decrease, approaching zero after around 35 min 

(Figure 3a). Correspondingly, the transferred charge showed a 

steep increase approaching 58.2 C after around 30 min. A charge 

of 58.2 C for the oxidation of 10 mL 10 mM HMF solution agrees 

well with the theoretically necessary 6 F mol-1 for the complete 6 

e- oxidation of HMF to FDCA, thus pointing to a high faradaic 

efficiency of HMF oxidation to the desired product FDCA. 

KOH (1 M) in

KOH (1 M) out
KOH (1 M)
+ HMF (10 mM) out

KOH (1 M)
+ HMF (10 mM) in

NixB modified 
NF anode

NF cathode

Hg/HgO/KOH (1 M) RE
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Figure 2. Reaction pathways of HMF oxidation. Path I begins with the aldehyde 

oxidation forming HMFCA. Path II begins with the oxidation of the alcohol group 

of HMF leading to the formation of DFF. 

HPLC results at different times of the electrolysis qualitatively 

reveal HMF oxidation to FDCA (Figure 3b, reference chromato-

grams Figure S3). The signal attributed to HMF at a retention time 

of 6.92 min continuously decreased while that of FDCA at a 

retention time of 2.88 min increased with time. The intermediate 

products HMFCA and FFCA were also detected in traces. Inter-

estingly, DFF as possible intermediate of HMF oxidation was not 

observed in the chromatograms. Calibration with standard solu-

tions of pure HMF, FDCA and the intermediates allows for quanti-

fication of the compounds during electrolysis (Figure S4). After 

10 min of electrolysis, 64 % HMF was converted mainly into 

FDCA and trace amounts of HMFCA and FFCA as intermediates 

(Figure 3c). Since the intermediate products do not accumulate 

during the process, fast transformation of HMFCA and FFCA into 

FDCA is suggested. Full HMF conversion was achieved within 30 

min with a high FDCA yield of 98.5 % and a faradaic efficiency of 

close to 100 % (Figure 3c). The very high yield of 98.5 % empha-

sises the high activity of NixB towards electrocatalytic HMF oxida-

tion at the applied potential, especially considering a HMF decom-

position rate of 10 %/h (for a 10 mM HMF in 1 M KOH solution, 

see Figure S5). Evidently, using a highly active catalyst for elec-

trochemical HMF oxidation substantially minimizes the extent of 

the competing chemical degradation of HMF in highly alkaline 

solution.  

NixB modified NF was investigated after electrolysis by means of 

SEM and X-ray photoelectron spectroscopy (XPS). SEM images 

after electrochemical HMF oxidation (Figure S6) show an intact 

catalyst film with no obvious changes in the film appearance as 

compared with a freshly prepared electrode. Additionally, the 

freshly prepared catalyst powder, a fresh NixB modified NF and 

NixB modified NF after electrochemical HMF oxidation were inves-

tigated by XPS (Figure S7). A main binding energy of 852.5 eV in 

the Ni 2p3/2 spectrum of the freshly prepared NixB powder is in 

good agreement of metallic Ni and Ni in contact with B as in Ni2B 

(Figure S7a).[18] Slight surface oxidation occurring when exposed 

to air[18] is indicated by the presence of a Ni(OH)2 related peak at 

binding energies of 855.8 eV (Figure S7a). Similarly, the B 1s 

core-level spectrum shows signals originating from elemental 

B/B-Ni and boron-oxo species at binding energies of 187.9 eV and 

191.8 eV, respectively (Figure S7b). After spray coating and sub-

sequent HMF electrolysis, the Ni 2p3/2 core-level spectra reveal 

an oxidized catalyst surface, with Ni(OH)2, NiO and NiOOH as 

main components (Figure S7c,e). After spray coating, boron is 

only present in its oxidized form (B 1s at 192.8 eV) at the catalyst 

surface (Figure S7d), while it can barely be detected at the sur-

face after electrolysis (Figure S7f). Recently, we investigated NixB 

and surface oxidation by suspending NixB in a water/ethanol mix-

ture (for spray coating) and applying anodic potentials was simi-

larly observed.[18] The surface oxidation leads to the formation of 

a core-shell type catalyst with oxidized Ni species (Ni(OH)2, NiO 

and NiOOH) in the shell and NixB in the core.[18]  

 

Figure 3. Current-time and charge-time transients during constant potential 

(1.45 V vs. RHE) electrolysis of a 10 mL solution of 10 mM HMF in 1 M KOH 

using a NixB modified NF anode in a flow reactor with an electrolyte flow rate of 

18 mL min-1 (a). HPLC chromatograms taken at various electrolysis times (b). 

Concentration vs. time plot of HMF, FDCA and the intermediates at various 

electrolysis times (c). 
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In order to obtain further insight into the mechanistic details of 

the electrochemical oxidation of HMF over NixB, operando elec-

trochemistry coupled attenuated total reflection infrared (EC-ATR-

IR) spectroscopy was employed. A detailed description of the EC-

ATR-IR unit and its micrometer-precise positioning of the working 

electrode above the ATR crystal was recently reported.[22] LSV at 

EC-ATR-IR conditions reveals a minor current increase at poten-

tials lower than 1.45 V vs. RHE and a steep increase in the current 

response with increasing potential (Figure S8). The early increase 

in current cannot unambiguously be assigned to HMF oxidation, 

since it might overlay with the Ni2+ to Ni3+ oxidation. Additional 

discussion of operando IR can be found in the supporting informa-

tion (Figures S9-S12). The assignment of the IR bands and thus 

the correlation with the different reaction intermediates was based 

on comparison with reference spectra (Figure S9) of the pure 

compounds. The representation of the ATR-IR spectra as the 

logarithm of the reciprocal reflection leads to downwards and 

upwards pointing bands for consumed and formed species, res-

pectively. IR spectra recorded during a potential step experiment 

in the potential range from 0.98 V to 1.78 V vs. RHE do not only 

confirm the oxidation of HMF to FDCA, but also indicate a poten-

tial of 1.18 V vs. RHE, at which first IR bands point towards slow 

HMFCA formation. The bands at wavenumbers of 1386 cm-1 and 

1351 cm-1 and their typical fork-type shape correlate well with the 

appearance of the HMFCA reference spectrum. At a potential of 

1.38 V vs. RHE the reaction is considerably enhanced, leading to 

more pronounced HMFCA bands at 1355 cm-1, 1388 cm-1, 1529 

cm-1 and 1569 cm-1, while simultaneously, HMF is consumed as 

indicated by the downwards pointing bands at 1027 cm-1, 1189 

cm-1, 1513 cm-1 and 1660 cm-1. The fork-shaped signal at wave-

numbers between 1335 cm-1 and 1400 cm-1 clearly points to 

HMFCA as the first detectable intermediate at low potentials. 

Higher potentials led to further HMF depletion and the ap-

pearance of characteristic bands for FFCA and FDCA. The bands 

at 960 cm-1, 975 cm-1, 1276 cm-1, 1407 cm-1, and 1674 cm-1 

correlate well with the reference spectrum of FFCA. The very 

intense peak at 1351 cm-1 can neither be unambiguously as-

signed to FFCA nor to FDCA, since both compounds give rise to 

this band due to the symmetric vibration of their carboxylate 

groups. However, FDCA formation is indicated by its charac-

teristic band at 1386 cm-1. Complete conversion of HMF to FDCA 

cannot be achieved in the thin layer cell of the EC-ATR-IR unit 

due to fast reactant depletion in front of the electrode, slow mass 

transport solely governed by diffusion and short reaction times. 

Therefore, the recorded spectra at higher potentials remain con-

volutions of formed FFCA and FDCA. Nevertheless, complete 

HMF oxidation into FDCA in the flow reactor was proved by HPLC. 

The possible formation of DFF and its fast oxidation, and thus its 

absence in the IR spectra and HPLC chromatograms, cannot be 

ruled out completely. Additionally, the close similarity of the IR 

spectra of HMF and DFF complicates their clear differentiation. 

However, IR spectroscopy of DFF and HMFCA in KOH (0.1 M) 

without applying any potential reveals base-catalysed oxidation of 

DFF to FFCA, while HMFCA did not react without an applied 

potential (Figures S11&S12). Consequently, although DFF 

signals might not be clearly assignable, if HMF oxidation would 

preferentially follow the reaction pathway II depicted in Figure 2, 

FFCA-related signals must appear in the IR spectra recorded at 

low potentials and without the appearance of HMFCA related 

bands. The absence of DFF- and FFCA-related bands at low 

applied potentials is in good agreement with the HPLC data and 

strengthens our conclusion that electrocatalytic HMF oxidation on 

NixB preferentially follows the HMFCA pathway. 

 

Figure 4. Operando ATR-FTIR spectra at various applied potentials between 

0.98 V vs. RHE and 1.78 V vs. RHE after 20 minutes of applied potential. 

Potential steps were 100 mV. 

In conclusion, we present the selective and efficient elec-

trocatalytic oxidation of the biorefinery product HMF to FDCA over 

NixB-modified NF in an electrochemical flow-through reactor. A 

very high FDCA yield of 98.5 % was achieved at a faradaic effi-

ciency of 100 %. Investigation of the product formation and inter-

mediate formation by means of HPLC and operando EC-ATR-IR 

complementary revealed HMF oxidation via the HMFCA interme-

diate rather than the DFF pathway. Thus, NixB appears is 

identified as promising catalyst for electrocatalytic HMF oxidation, 

an important reaction for upgrading biorefinary products thus 

paving the way into “green chemistry”.  
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