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Abstract: The catalytic reduction of renewable furfural into furfuryl alcohol for various applications
is in the ascendant. Nonetheless, the conventional chemo-catalysis hydrogenation of furfural always
suffers from poor selectivity, harsh conditions, and expensive catalysts. Herein, to overcome the seri-
ous technical barriers of conventional furfuryl alcohol production, an alternative bio-electrocatalytic
hydrogenation system was established under mild and neutral conditions, where the dissolved
cofactor (NADH) and the alcohol dehydrogenase (ADH) participated in a tandem reaction driven by
the electron from a novel Rh (III) complex fixed cathode. Under the optimized conditions, 81.5% of
furfural alcohol selectivity can be realized at −0.43 V vs. RHE. This contribution presents a ‘green’
and promising route for the valorization of furfural and other biomass compounds.

Keywords: bio-electrocatalysis; furfuryl alcohol; furfural reduction; Rh (III) complex; alcohol dehydrogenase

1. Introduction

The production of renewable biochemicals from the abundant lignocellulosic biomass
is considered a practical alternative to address the issues of tremendous consumption
of fossil energy resources and global climate change [1,2]. Furfural, derived from the
hemicelluloses in lignocelluloses matrix, is regarded as a primary platform chemical for a
variety of valuable fuels and chemicals [3]. For instance, furfuryl alcohol, obtained from
furfural after selective hydrogenation, is regarded as a promising molecule that has been
extensively applied in the food, pharmaceutical, and polymers industries [4–6].

As for the potential routes for catalytic furfuryl alcohol production from furfural,
in contrast to the traditional thermo-chemical hydrogenation by expensive noble metal
catalysts and organic solvents under severe conditions [7–10], recently, the biocatalytic
furfuryl alcohol production by enzymes or whole-cells has attracted much attention owing
to the superiorities of the mild conditions, extraordinary selectivity, the low-cost, and
low-pollutions [11,12]. In a typical biological process for furfural hydrogenation, an ex
vivo or in vivo alcohol dehydrogenase (ADH) is commonly used [13], where a cofactor,
normally the nicotinamide adenine dinucleotide (NADH), acts as the reduction force to
actuate the reaction [14]. The mechanism for bio-catalysis transformation of furfural into
furfuryl alcohol by ADH is clear. Generally, NADH gives hydrogen and an electron, and
subsequently transforms into NAD+ [15], while stoichiometrically, one mole of furfuryl
alcohol can be generated from one mole of furfural using the hydrogen atom and electron
from NADH [16,17]. In this process, the rate-limiting step of the furfural biohydrogenation
is the speed of NADH regeneration [18].

To realize effective NADH regeneration in typical whole-cell catalysis process, sugars
are required in the initial substrate and are served as the energy source to guarantee the
supplementation of the reduction force in living cells. However, the sugar metabolism
induces the side reactions, and the by-products further cause complex downstream furfuryl
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alcohol separations. Another weakness of the whole-cell catalysis process is the poor
tolerance of furfural in living cells [19,20]. Consequently, the low furfural concentration in
substrate limits the bio-catalysis efficiency. In the enzymatic hydrogenation process, the
effective regeneration of the ex vivo NADH is recognized as a decisive factor in the high
furfuryl alcohol production efficiency [21]. Among the commonly used ex vivo NADH
regeneration methods, including the biological, chemical, photo-chemical, and electro-
chemical routes, the electro-chemical regeneration of NADH exhibited obvious advantages
of trace number of by-products, convenient product recovering, and the potential usage of
renewable electricity [22–24], and the corresponding bio-electrochemical system has been
applied in various chemical production processes [25–27].

In the electro-enzymatic catalysis process, the effective electron transfer between the
electrode and the NAD+ should be concerned so as to realize a high NADH regeneration
rate [28]. The redox mediator Rh-complex (M = [Cp*Rh(III)(bpy)Cl]+, Cp* = pentamethylcy-
clopentadienyl, bpy = 2,2′-bipyridine) is suggested as an efficient electronic mediator for the
NAD+ reduction to NADH [29,30], which exhibits outstanding performance in facilitating
the NADH regeneration and restraining the undesired by-products (e.g., NAD2 dimer) [31].
In previous research, the suspended Rh-complex was involved in photo-catalytic NADH
regeneration. After hybriding the ADH with the semiconductor photocatalyst for furfural
biohydrogenation, a high furfuryl alcohol selectivity (nearly 100%) can be realized [32].
However, the primary limitation of the process is the difficulties in Rh-complex recovery
from the homogeneous reactant [33]. In order to overcome the obstacle, the immobilization
of Rh-complex on the surface of electrodes is proved as an efficient way [34]. For instance,
high faradic efficiency of 97% for NADH regeneration can be realized on an electrode made
of Rh-modified NU-1000 films [35].

Herein, for the first time, bio-electrocatalytic hydrogenation of furfural into more
valuable furfuryl alcohol was realized by integrating the ex vivo NADH regeneration
with enzyme reaction in an H-cell. To actualize high NADH regeneration in the bio-
electrocatalysis process, Rh-complex, the redox mediator, was fixed on the surface of amino-
modified carbon paper and served as the cathode. After the characterization of the novel
Rh-complex fixed cathode and investigation of the NADH regeneration performances, the
bio-electrocatalysis system for furfuryl alcohol production from furfural was conducted by
introducing ADH and NAD+ into the buffer. Results indicated the novel bio-electrocatalytic
process exhibited high furfuryl alcohol yield and selectivity. The bio-electrocatalysis system
also showed a lot of promises in other biochemical valorizations.

2. Results and Discussion
2.1. Characterization of the Rh-Complex Fixed Electrode

The Rh-complex fixed electrode to be used in bio-electrocatalytic hydrogenation of
furfural into furfuryl alcohol was prepared and characterized. SEM morphology suggested
the Rh-complex presents an irregular block structure (Figure 1a). Meanwhile, the cross-
section SEM image of the Rh-complex fixed electrode (Figure 1b) proves the Rh-complex
was evenly loaded on the surface of amino-modified carbon paper. Elemental mappings of
the Rh-complex fixed electrode (Figure 1c and Figure S2) further illustrated the uniform
distribution of Rh element and N element on the surface of the functionalized electrode,
demonstrating the successful introduction of amino groups and the conjugation of the
Rh-complex onto the amino-modified carbon paper.

X-ray photoelectron spectroscopy (XPS) measurements were further adopted to iden-
tify the chemical composition and valence states of the Rh-complex. As shown in Figure 1d,
the characteristic peak of Rh was detected, confirming the successful construction of the
Rh-complex on the surface of the amino-modified carbon paper. The XPS spectrum also in-
dicated that Rh 3d5/2 and Rh 3d3/2 are composed of the Rh (III) complex (309.8 and 314.2 eV,
respectively) [36]. The O 1s and C 1s spectrum indicated the carboxyl group was effectively
introduced into the Rh-complex (Figure S3). Besides, the PXRD patterns suggested that the
Rh-complex maintained a certain crystallinity rather than amorphousness (Figure S4). Fur-
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thermore, 1H NMR (MeOD as solvent) was conducted to analyze the chemical structure of
the synthesized Rh-complex (Figure 1e). The characteristic signals at 9.49 and 8.79 ppm can
be assigned to the chemical structure of 2,2′-bipyridine-5,5′-dicarboxylic acid, suggesting
the effective chelation of the Rh precursor.
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Figure 1. Characterizations of the Rh-complex. (a) SEM image of the Rh-complex, (b) cross section
SEM image and (c) elemental mappings of the Rh-complex fixed electrode. (d) The Rh 3d XPS
spectrum, and (e) 1H NMR spectrum of the Rh-complex.

2.2. Catalytic Regeneration of NADH by the Rh-Complex Fixed Electrode

The priority in bio-electrocatalytic hydrogenation of furfural is efficient NADH regen-
eration with high sustainability and stability [37]. Therefore, in this section, the performance
of electrocatalytic reduction of NAD+ into NADH was investigated using the Rh-complex
fixed electrode in an H-cell. The CV curves of the Rh-complex fixed electrode were analyzed
to investigate the electrocatalytic activity of NAD+ reduction. The CVs of the Rh-complex
were collected with the potential range from 0.7 to−0.8 V (vs. RHE). As shown in Figure 2a,
a reduction peak at −0.22 V vs. RHE and an oxidation peak at −0.08 V vs. RHE appeared,
inferring the Rh (III) was reduced to the Rh (I) on the surface of the cathode and the adsorp-
tion and desorption of protons occurred on the Rh-complex [28,38]. Besides, the reductive
current peak of the Rh-complex after the addition of the NAD+ (2.9 mA cm−2) was signifi-
cantly higher than the NAD+ absent system (1.6 mA cm−2), reflecting the reduction of the
NAD+ [35]. Moreover, no reduction peak or oxidation peak was observed in the CV curves,
and the current density was always maintained at a low level on the bare amino-modified
electrode. All the aforementioned phenomena suggest the NADH regeneration on the
Rh-complex fixed electrode can be realized by a two-step process. In the first step, the Rh
(III) was reduced to the Rh (I), which was driven by the applied potentials. Subsequently,
in the second step, the shuttling NAD+ on the surface of the electrical double layer quickly
combined with the Rh (I), and regenerated the NADH [39].
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The scan rate was 20 mV s−1.

In order to better understand the NADH regeneration mechanism in the electrocataly-
sis process, CV curves of the Rh-complex fixed electrode with different NAD+ dosages in
buffer were further investigated. Figure 2b clearly shows that the reductive current peak at
−0.22 V vs. RHE raised rapidly with the increase of NAD+ concentration in buffer, imply-
ing the Rh-complex fixed electrode possessed a significant electrocatalytic performance in
NAD+ reduction [38].

The NADH regeneration efficiency by the Rh-complex fixed electrode was analyzed
using 0.5 mM of NAD+ solution. As presented in Figure 3, the equilibrium of NAD+

reduction appeared within 30 min of reaction at −0.43 V vs. RHE, and the conversion of
NAD+ reached 87.4%. As expected, in the control group using a similar cathode without
the applied potential, the NADH was barely detected in the buffer at the end of the reaction,
suggesting that certain applied potential is the precondition for the NADH regeneration in
the electrocatalytic process. These results are as comparative as the results in the literature
using other types of cathodes. For instance, a high yield of NADH (80.75%) was reported
using the Rh-complex-grafted electrode [39]. Chen et al. also introduced an Rh–FTO glass
electrode to regenerate NADH with a conversion rate of more than 90% at −1.1 V vs.
Ag/AgCl [40].
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2.3. Bio-Electrocatalysis Production of Furfural Alcohol from Furfural

The attractive NADH regeneration performances of the Rh (III) complex fixed electrode
derived us to further extend the system to bio-electrocatalytic hydrogenation of furfural
into furfuryl alcohol. In the bio-electrocatalysis process, the as-prepared Rh-complex fixed
electrode was adopted to provide sustainable and stable NADH, whilst ADH was used
for catalytic reduction of furfural that was driven by the regenerated NADH. The bio-
electrocatalysis was carried out using 0.1 M phosphate buffer (PBS, 0.1 M, pH = 8) with
0.5 mM of NAD+ and 0.5 mM of furfural, and the effect of applied potentials on furfuryl
alcohol production was evaluated. As can be seen from Figure 4a, a volcano-like trend of
furfuryl alcohol selectivity was obtained along the change of voltage. A maximum furfuryl
alcohol selectivity of 81.5% with a conversion of 56.1% was obtained at −0.43 V vs. RHE.
Besides, relatively lower furfuryl alcohol selectivity appeared when the applied potentials
were above −0.43 V vs. RHE, which can be attributed to the increase of the competitive
hydrogen evolution reaction (HER) [41]. The yields of furfuryl alcohol follow the same
trend of the selectivity, reaching a maximum of 45.7% at −0.43 V vs. RHE. The conversion
of furfural, however, continuously increased with the increase of the applied potentials and
finally reached 61.0% at −0.63 V vs. RHE. As expected, the current densities for furfural
hydrogenation over different applied potentials suggested the current densities raised
along with the increase of the charged potentials (Figure S5).
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Figure 4. Bio-electrocatalytic reduction of furfural into furfuryl alcohol using the Rh-complex fixed
electrode. (a) The effect of the applied potentials on furfuryl alcohol production, (b) time course
of the bio-electrocatalysis furfural transformation at −0.43 V vs. RHE, (c) comparison of the bio-
electrocatalytic furfural conversion and the furfuryl alcohol yield with the control groups. Rh-ADH-P:
The Rh-complex fixed electrode with ADH and the applied potential, Rh-ADH: The Rh-complex
fixed electrode with ADH and no applied potential, ADH-P: Bare amino-modified carbon paper with
ADH and the applied potential, Rh-P: The Rh-complex fixed electrode with the applied potential and
without ADH, (d) stability of the bio-electrocatalytic reduction of furfural into furfuryl alcohol using
the recovered Rh-complex fixed electrode.
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The time course of the bio-electrocatalysis of furfural was investigated using the Rh-
complex fixed electrode at −0.43 V vs. RHE in order to better understand the catalytic
kinetics of the furfural hydrogenation process. As it is shown in Figure 4a, the furfural
conversion constantly increased with the prolongation of the reaction time, and finally
reached 90.6% at 30 h. The furfuryl alcohol selectivity generally maintained around ~80%
in the entire period of reaction. Due to the formation of by-products, it slightly decreased
with the increase in reaction time.

To verify the synergistic effect of the Rh-complex fixed electrode and ADH on fur-
furyl alcohol production, several groups of control experiments were also conducted. As
illuminated in Figure 4c, the furfuryl alcohol can be barely detected on the Rh-complex
fixed electrode with ADH and no applied potential in NAD+ contained electrolyte, im-
plying the regenerated of NADH requires electricity as the energy resource. Additionally,
there was almost no furfuryl alcohol production when using bare amino-modified carbon
paper with ADH, and the applied potential in NAD+ contained electrolyte, indicating
only NADH can be utilized as the reduction force by ADH. Moreover, a trace amount of
furfuryl alcohol was obtained in the group using the Rh-complex fixed electrode with the
applied potential and absent with ADH, suggesting ADH is the main biological catalyst for
furfural hydrogenation.

The stability of the bio-electrocatalysis system was further explored. For each batch of
operation (30 h of reaction was performed for every cycle), the Rh-complex fixed electrode
was washed, recycled, and reused for the following batches of bio-electrocatalysis. As
shown in Figure 4d, after five batches of operation, the recovered electrode still sustained a
remarkably high selectivity towards furfuryl alcohol, although the catalytic performance
slightly went down with the increase of the recycling times owing to the exfoliation of
Rh-complex on the electrode surface [11]. Specifically, the relative activity of the furfuryl
alcohol (compared with the primordial furfuryl alcohol selectivity) remained up to 88.6%
using the recycled Rh-complex fixed electrode after five cycles.

Therefore, the tandem electro-chemical regeneration of the NADH and enzymatic
reaction for selective hydrogenation of the aldehyde group in furfural molecule paves
the way to combine the advantages of both electrocatalysis and enzymic catalysis. In this
case, the Rh-complex fixed on the amino-modified carbon paper provided a sustainable
and stable method for NADH regeneration. Meanwhile, ADH distributed in the electrical
double layer efficiently performed both the electroenzymatic furfural hydrogenation and
simultaneous cofactor regeneration [40].

3. Materials and Methods
3.1. Materials

Reduced and oxidized nicotinamide adenine dinucleotide (NADH/NAD+, 98 wt%),
and alcohol dehydrogenase (ADH, 1981.2 U/mg) from Saccharomyces cerevisiae were pur-
chased from Shanghai Yuanye Bio-Technology Co., Ltd. Furfural, furfuryl alcohol, potas-
sium phosphate dibasic, potassium phosphate dibasic trihydrate, poly(ethyleneimine)
(PEI), dopamine hydrochloride (DA), ether, 2,2′-bipyridyl-5,5′-dicarboxylic acid, dichloro-
(pentamethylcyclopentadienyl) rhodium (III) dimer ([Cp*RhCl2]2), and methanol were
obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Unless oth-
erwise stated, the above chemicals were all under analytical grade and were used as
received. Nafion N-117 membrane (0.180 mm thick), Toray carbon paper (CP, TGP-H-60,
20 cm × 20 cm), and Nafion D-521 dispersion were provided by Alfa Aesar China Co., Ltd.
(Shanghai, China) Deionized water (18.2 MΩ cm−1) was used in all experiments.

3.2. Preparation of the Rh-Complex Fixed Electrode

The Rh-complex was synthesized according to the reported method [42]. Typically,
[Cp*RhCl2]2 (61.8 mg) and 2,2′-bipyridine-5,5′-dicarboxylic acid (48.8 mg) were mixed in
15 mL of methanol, followed by stirring the mixture at 300 rpm for 6 h at room temperature
(~25 ◦C). Subsequently, excess diethyl ether was added to the suspension. After centrifu-
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gation at 10,000 rpm for 5 min, the solid fraction was collected, and the Rh-complex was
obtained after vacuum drying at 40 ◦C.

As for the preparation of the Rh-complex fixed electrode, carbon paper was first
modified with amino groups according to the literature [43]. Briefly, carbon paper (1 cm
× 1 cm) was ultrasonic in deionized water, ethanol, and acetone for 15 min, respectively.
Then, 2 mg mL−1 of PDI and 2 mg mL−1 of PEI were added into Tris-HCl buffer (pH = 8.5)
under vigorous stirring at room temperature (~25 ◦C), and the ultrasonic pretreated carbon
paper was coprecipitated with PDI and PEI solutions. After stirring at a speed of 400 rpm
for 10 h, the received amino-groups functionalized carbon paper was cleaned by deionized
water three times, and dried out in vacuum.

Then, the Rh-complex was loaded on the as-prepared amino-modified carbon paper,
according to the protocol as follows: 2 mg of Rh-complex suspended in 200 µL of methanol
was uniformly drop-casted on the surface of the as-prepared amino-modified carbon
paper. Subsequently, 10% (v/v) Nafion solution (20 µL Nafion in 200 µL methanol) was
loaded. After drying out at room temperature (~25 ◦C), the Rh-complex fixed electrode
was gathered and stored at 4 ◦C before use. For more details on the electrode preparation
process, please see Figure S1.

3.3. Electro-Chemical NADH Regeneration

A typical H-cell with two compartments separated by a cation exchange membrane
(Nafion N-117) was conducted to analyze the electro-chemical NADH regeneration behav-
iors on a CHI760E workstation (Shanghai CH Instruments Co., Shanghai, China) at room
temperature (~25 ◦C). The Rh-complex fixed electrode was used as the working electrode,
while the Ag/AgCl (3.5 M KCl) electrode was equipped as the reference electrode. Be-
sides, the platinum gauze served as the counter electrode. 0.1 M of phosphate buffer (PBS,
pH = 8) was applied as the electrolytes in both anode and cathode chambers. Before the
electro-chemical catalysis carried out, the electrolytes were purged with N2 for 30 min to
remove the dissolved oxygen. The cyclic voltammetry (CV) curves were measured in the
NAD+ solution with a scan rate of 20 mV s−1 under the potential range from 0.7 to −0.8 V
vs. RHE. Electrolysis was performed to accomplish the regeneration of NADH from NAD+

using the Rh-complex fixed electrode at −0.43 V vs. Ag/AgCl.

3.4. Bio-Electrocatalytic Hydrogenation of Furfural

The bio-electrocatalytic hydrogenation of furfural into furfuryl alcohol was imple-
mented in an H-cell (Figure S6) that was equipped with three electrodes. Generally, 2 mg
of ADH was uniformly dispersed in 30 mL of PBS buffer (pH = 8) that containing 0.5 mM
of NAD+ and 0.5 mM of furfural in the cathode chamber. Then, the Rh-complex fixed
electrode was immersed in the catholyte for 0.5 h before the reaction. Finally, the bio-
electrocatalytic hydrogenation of furfural was performed at different applied potentials
(−0.13 V to −0.63 V vs. Ag/AgCl).

3.5. Assay

Scanning electron microscope (SEM) images and Scanning Electron Microscope-Energy
Dispersive X-Ray Spectroscopy (SEM-EDX) images were gathered from Zeiss Gemini
300. X-ray diffraction (XRD) patterns were performed on a Bruker D8 Advance X-ray
diffractometer using Cu Kα radiation (λ = 1.54184 Å). X-ray photoelectron spectroscopy
(XPS) was implemented by a SHIMADZU Kratos AXIS SUPRA spectrometer. 1H nuclear
magnetic resonance (1H NMR) was conducted to investigate the chemical structure of the
as-prepared Rh-complex on Bruker AVANCE III HD 400.

The NADH concentration was detected by ultraviolet and visible spectrophotometer
(Shanghai Spectrum Instruments Co., Ltd., Shanghai, China) at 340 nm, andthe standard
curve of NADH can be seen in Figure S7. The bio-electrocatalysis products were analyzed
as follows: High-performance liquid chromatography (HPLC) that was equipped with an
ultraviolet (UV) detector was adopted to detect the concentration of furfural and furfuryl
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alcohol in the electrolytes. Next, 55% (v/v) acetonitrile and 45% (v/v) ultrapure water
served as the mobile phase. The flow rate of the mobile phase was 0.5 mL min−1. The
standard curves of furfuryl alcohol and furfural can be found in Figure S8. Furfural
conversion and selectivity can be calculated by the following equations:

Conversion (%) =
n0 − n f ur f ural

n0
× 100% (1)

Selectivity (%) =
n f ur f uryl alcohol

n0 − n f ur f ural
× 100% (2)

where n0 is the initial concentration of furfural, the nfurfural is the furfural concentration after
reaction, and the nfurfuryl alcohol refer to the concentration of furfuryl alcohol production.

All the applied potentials measured against Ag/AgCl can be converted to the re-
versible hydrogen electrode (RHE) scale by the following equation:

E(V vs. RHE) = E(V vs. Ag/AgCl) + 0.196 V + 0.059× pH (3)

4. Conclusions

Bio-electrocatalysis hydrogenation of furfural for furfuryl alcohol production was
realized by integrating the electro-chemical NADH regeneration and enzymatic catalysis
by ADH. In this process, the synthesized Rh-complex was successfully fixed on the amino-
modified carbon paper, and the as-prepared Rh-complex fixed electrode ensures sustainable
and stable NADH regeneration under mild conditions. After combing the enzymic catalysis
with the NADH regeneration in bio-electrocatalysis system, a high furfuryl alcohol selec-
tivity of 81.5% at −0.43 V vs. RHE was achieved. The current research showed promising
green alternatives for the valorization of furfural and other biomass-derived compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13010101/s1, Figure S1: Flowchart for the preparation of the
Rh-complex fixed electrode; Figure S2: Elemental mappings of the Rh-complex fixed electrode. The
purple dots represent N element; Figure S3: XPS spectrum of (a) Cl 2p; (b) O 1s; and (c) C 1s; Figure
S4: XRD patterns of the Rh-complex; Figure S5: The current densities of the bio-electrocatalytic
hydrogenation of furfural under different applied potentials; Figure S6: The H-cell used in the
bio-electrocatalytic hydrogenation of furfural; Figure S7: UV-vis standard curve of NADH at 340 nm;
Figure S8: HPLC standard curves of furfuryl alcohol and furfural.
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