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Electrocatalysis of Furfural Oxidation Coupled with H, Evolution
via Nickel-Based Electrocatalysts in Water

Nan Jiang®,® Xin Liu*,™" Jinmei Dong,” Bo You,” Xuan Liu,” and Yujie Sun*®

(Abstract: Electrocatalytic water splitting has been widely
considered as a promising approach to produce clean H,.
The anodic half reaction of water splitting, the O, evolution
reaction (OER), is the kinetic bottleneck of the overall pro-
cess and its product O, is not of high value. Herein, we
report a novel strategy to replace OER with a thermodynami-
cally more favorable anodic reaction, furfural oxidation to 2-
furoic acid. Furfural is one of the dehydration products of
biomass and its oxidation product 2-furoic acid has many in-
dustrial applications. A bifunctional electrocatalyst of Ni,P-
derived arrays on nickel foam (Ni,P/Ni/NF) was developed
for the integrated electrocatalysis of both furfural oxidation

and H, production. When Ni,P/Ni/NF acts as the electrocata-\
lyst for both anode and cathode, nearly 100% Faradaic effi-
ciencies for H, evolution and furfural oxidation were ob-
tained. Such an integrated electrolysis catalyzed by Ni,P/Ni/
NF required an applied voltage =~ 110 mV smaller than that
of pure water splitting to achieve the current density of
10 mAcm ™, together with robust stability. Overall, our novel
electrolyzer produced valuable products at both electrodes
(H, at cathode and 2-furoic acid at anode) and may extend
to the coupling of H, evolution with many other valuable or-
ganic oxidation reactions.

/

Introduction

Rapid growth of global energy demands, declining fossil fuel
reserves, and climate change resulting from the utilization of
fossil fuels collectively drive the academic interest to explore
renewable and clean energy resources.” As such, electrochem-
ical or photoelectrochemical water splitting with renewable
energy input, such as solar and wind, to produce H, and O,
has been widely recognized as a promising approach to meet
future energy needs with minimal environmental impact.”
However, the oxidative half reaction of water splitting, the O,
evolution reaction (OER), is always the bottleneck of the overall
water splitting process because of its more sluggish kinetics;®
while the product of OER, O,, is not a chemical of high market
value. On the other hand, even though H, is a great energy
carrier (and fuel) produced from water splitting, there are no
carbon-based organic compounds that could be derived from
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water splitting electrocatalysis. In fact, fossil materials still play
the dominant role in producing organic chemicals. Therefore,
it will be highly desirable to replace OER with alternative or-
ganic oxidation reactions which are not only more thermody-
namically favorable than OER but also produce carbon-based
products of significant value. Under this scenario, two types of
value-added products (i.e., H, and upgraded organic com-
pound) will be yielded at both the cathode and anode of an
electrolyzer, maximizing the return of voltage input.

In order to realize a green and carbon-neutral economy, bio-
mass refining has attracted increasing attention these years, as
biomass is the largest natural source of carbon whose utiliza-
tion will not alter the carbon balance of the current ecosystem
because biomass stores contemporary carbon.”’ Derived from
the hydrolysis/dehydration of carbohydrates such as corncobs
and bagasse,” furfural is widely regarded as a versatile plat-
form biomass intermediate, because it can be converted to
many highly valuable chemical feedstocks.” For instance, fur-
fural can be reduced to furfuryl alcohol, furan, cyclopentanone,
cyclopentanol, and tetrahydrofurfuryl alcohol, etc., most of
which can act as biofuels or building blocks for the synthesis
of fine chemicals.” On the other hand, its oxidation product,
2-furoic acid, is an excellent feedstock in organic synthesis and
an important intermediate in the production of medicines and
perfumes.®? Meanwhile, 2-furoic acid can also work as a starting
material for the production of furoate esters” As a result,
many efforts have been devoted to exploring the conversion
of furfural into 2-furoic acid recently. Most previous studies of
oxidation of furfural into 2-furoic acid have been investigated
in traditional heterogeneous systems under aerobic conditions
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with noble metal catalysts (Pt, Au, and Pd)."” Under
certain conditions, the conversion even needs strong
chemical oxidants rather than 0,."" These high-cost
and energy-demanding strategies prompted us to
develop alternative approaches for furfural oxidation.
Electrocatalytic oxidation of furfural in which the oxi-
dation is driven by electricity is a promising approach
(Scheme 1).

O Electrocatalytic o)
0 H oxidation

\_/ \ / ©OH

Scheme 1. Oxidation of furfural to 2-furoic acid.

Our group and others have been interested in de-
veloping inexpensive electrocatalytic systems strat-
egies for water splitting"? and biomass upgrading,!
such as the oxidation of 5-hydroxymethylfurfural
(HMF) to 2,5-furandicarboxylic acid. The two function-
al groups (alcohol and aldehyde) in HMF complicate the mech-
anistic understanding of its oxidation process. In this regard,
furfural with only an aldehyde for oxidation can act as perfect
control candidate to be investigated. In addition, the oxidation
of furfural is an important reaction by itself, as mentioned
above. In the present study, we demonstrate that a low-cost
bifunctional nickel-based electrocatalyst is able to catalyze
both H, production and furfural oxidation to 2-furoic acid in al-
kaline electrolyte. A nearly complete furfural conversion and
98% yield of 2-furoic acid were obtained at the anode under
ambient conditions. Similarly, efficient H, production was ach-
ieved at the cathode with nearly unity Faradaic efficiency and
long-term stability. When a two-electrode electrolyzer was con-
structed with the nickel-based electrocatalysts acting as both
cathode and anode electrocatalysts, integrated generation of
H, and 2-furoic acid was realized simultaneously with nearly
100% Faradaic efficiency and robust stability for both half re-
actions.

Results and Discussion

Ni,P/Ni/NF was prepared according to our published method
(see the Experimental Section for details)."” The commercially
available nickel foam has a porous structure with smooth skel-
eton as shown in Figure 1a. After electrodeposition of nickel,
fine nickel particles (diameter of 0.5-1 um) were grown on the
nickel foam (Ni/NF, Figure 1b-c), in sharp contrast to the
smooth surface of the pristine nickel foam (Figure 1a). Upon
low-temperature phosphidation, the metallic Ni transformed to
Ni,P (Figure 1d-f), which could be confirmed by their XRD pat-
terns (Figure S1 in the Supporting Information). The corre-
sponding elemental mapping images of Ni and P in Ni,P/Ni/NF
demonstrated the uniform distribution of Ni and P throughout
the whole sample (Figure 1g), in agreement with the success-
ful conversion from Ni/NF to Ni,P/Ni/NF post phosphidation. X-
ray photoelectron spectroscopy (XPS) was conducted to probe
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Figure 1. SEM images of (a) NF, (b, c) Ni/NF at different magnifications, (d-f) Ni,P/Ni/NF at
different magnifications, and (g) the elemental mapping images of Ni,P/Ni/NF showing
the distributions of Ni and P.

the composition of Ni,P/Ni/NF and the valence state of each
element. The XPS survey spectrum shown in Figure S2 exhibits
all the anticipated elements including Ni and P. The high-reso-
lution Ni 2p XPS spectrum shown in Figure S3a could be de-
convoluted to peaks at 853.2, 855.6, and 860.9 eV, which were
assigned to Ni 0 in Ni,P, oxidized Ni species, and the Ni 2p;),
satellite peak of Ni,P, respectively.™ The deconvolution of the
high-resolution P 2p XPS spectrum (Figure S3b) led to a promi-
nent peak in the region of 129-130 eV, which could be attrib-
uted to the phosphide signal. The other peak around 134.4 eV
was due to the oxidized phosphorus species on surface be-
cause of exposure to air prior to the XPS measurement. Over-
all, Ni has partial positive charge (6*) while P shows partial
negative charge (07) in Ni,P/Ni/NF, indicative of the transfer of
electron density from Ni to P, which is consistent with previous
reports.'¥

Since Ni,P has been well-demonstrated to be an effective
electrocatalyst for H, evolution in water,"™ herein we were
more interested in exploring whether it was able to catalyze
the furfural oxidation in alkaline electrolyte (1.0 m KOH). All the
electrochemical experiments were conducted in a three-elec-
trode configuration with a two-compartment cell separated by
an anion-exchange membrane, unless otherwise noted. For
most organic oxidation reactions in water, it is well-known that
0, evolution could potentially be the competing reaction.'”
Therefore, it is important to check the oxidation current in the
absence of organic substrates. As shown in Figure 2a, the
cyclic voltammogram of Ni,P/Ni/NF in 1.0m KOH exhibited
a catalytic oxidation current at an onset of 1.55V vs. RHE (re-
versible hydrogen electrode). In order to avoid the interference
of the redox feature of the nickel catalyst itself, only cathodic
scan of the cyclic voltammogram was plotted in Figure 2a.l'”
Further scanning towards more positive potential produced
a dramatic increase in current density accompanied with vigo-
rous O, bubble formation on the electrode surface. Upon the
addition of 30 mm furfural, a catalytic current was observed at
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Figure 2. (a) The cathodic scans of cyclic voltammograms of Ni,P/Ni/NF with (red) and
without (black) 30 mm furfural at a scan rate of 2 mVs™' in 1.0 M KOH. (b) Comparison of
the current density of Ni,P/Ni/NF and NF at 1.40, 1.42, and 1.44 V vs. RHE in 1.0m KOH
with 30 mwm furfural. (c) Yield curve of 2-furoic acid at 1.423 V vs. RHE in 1.0 M KOH with
30 mw furfural. (d) Ni 2p region for Ni,P/Ni/NF after (red) and before (black) electrocata-
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The robustness of Ni,P/Ni/NF was assessed by con-
secutive oxidation electrolysis with the same concen-
tration of furfural (30 mm) in fresh 1.0m KOH electro-
lyte and the same catalyst. The yields of 2-furoic acid
of three continuous cycles were plotted in Figure S6,
with all the yields falling in the range of 96% to
98%, demonstrating the remarkable stability of our
Ni,P/Ni/NF  for furfural oxidation under alkaline
condition.

Post-electrolysis analysis was also performed for
Ni,P/Ni/NF to shed light on its morphology and com-
position change. The low-magnification SEM image
showed that the post-furfural-oxidation Ni,P/Ni/NF
inherited the overall 3D porous structure (Fig-
ure S7a). However, a close inspection of its high-mag-
nification SEM images (Figure S7b-c) revealed the
presence of featureless monoliths in addition to
urchin-like microparticles, which was quite different
from the fresh (Figure 1) and the post-HER samples
(Figure S9). Elemental mapping results (Figure S7d)
demonstrated that the post-furfural-oxidation Ni,P/
Ni/NF mainly consisted of Ni and P, plus a large con-
centration of O. Indeed, the high-resolution Ni 2p
XPS spectrum of the post-furfural-oxidation Ni,P/Ni/

lytic furfural oxidation.

a much smaller potential. The catalytic onset cathodically shift-
ed to 1.34V vs. RHE, indicative of the more thermodynamically
favorable oxidation of furfural to 2-furoic acid relative to water
oxidation. Rapid catalytic current rise was obtained when scan-
ning towards more positive potential. In fact, a current density
of 200 mAcm™ was achieved at ~1.41V vs. RHE, nearly
180 mV smaller than that of pure water oxidation to reach the
same current density. As demonstrated in Figure 2b, the cur-
rent densities at 1.40, 1.42, and 1.44V vs. RHE in the presence
of furfural were at least 20 times larger than those in the ab-
sence of furfural.

In order to track the conversion of furfural and the yield of
2-furoic acid, a long-term chronoamperometry of furfural oxi-
dation catalyzed by Ni,P/Ni/NF was conducted at a constant
potential of 1.423 V vs. RHE (Figure S4), as it was prior to the
catalytic onset of water oxidation (Figures 2a). Since the oxida-
tion of furfural to 2-furoic acid is a two-electron process, it was
calculated that 116 C was required to transform 30 mm furfural
(20 mL) completely to 2-furoic acid if a 100% Faradaic efficien-
cy was assumed.

The concentration change of furfural and 2-furoic acid were
quantified via high-performance liquid chromatography (HPLC)
(Figure S5) according to pre-established calibration curves. As
shown in Figure 2¢, the concentration of furfural decreased
along with the increasing concentration of 2-furoic acid as
more charge was consumed over time, suggesting the contin-
uous conversion of furfural into 2-furoic acid during the elec-
trocatalytic process. After 116 C charge was consumed, nearly
complete conversion of furfural (98%) was obtained with
a 94% yield of 2-furoic acid.
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NF displayed a new peak at 858.8 eV (Figure 2d top),
which could be attributed to nickel oxides formed
during the electrocatalysis of furfural oxidation.

With the aforementioned results in hand, we are optimistic
that Ni,P/Ni/NF was able to catalyze both HER (Figure S8) and
furfural oxidation simultaneously. Hence, a two-electrode elec-
trolyzer employing Ni,P/Ni/NF as both the anode and cathode
catalysts was constructed. The two compartments of this elec-
trolyzer were separated by an anion exchange membrane and
1.0m KOH was used as the electrolyte. As a comparison, pure
water splitting electrolysis was also assessed. In the absence of
furfural in the anodic compartment, the Ni,P/Ni,P couple was
able to catalyze overall water splitting to produce H, and O,
(Figure 3a). It required a voltage of 1.59 V to produce a catalytic
current density of 10 mAcm™. In sharp contrast, upon addition
of 30 mm furfural in the anodic compartment, the Ni,P/Ni/NF
catalyst couple exhibited a catalytic current at an onset poten-
tial less than 1.4V (Figure 3a). Only 1.48 V was required to ach-
ieve the current density of 10 mAcm™ 110 mV smaller than
that of sole water splitting. Figure 3b compares the produced
catalytic current densities of our Ni,P/Ni/NF catalyst couple in
the presence and absence of furfural at three different voltag-
es, 1.50, 1.55, and 1.60 V. The integrated HER and furfural oxi-
dation system shows substantially higher catalytic current den-
sities relative to those of only water splitting electrolysis, high-
lighting the improved return of voltage input of the former
electrocatalytic coupling strategy.

Furthermore, the robustness of the Ni,P/Ni/NF catalyst
couple for this integrated electrolysis was evaluated by five
successive electrolysis cycles using the same catalyst couple
and fresh 1.0m KOH electrolyte containing 30 mwm furfural for
each cycle. As plotted in Figure 3¢, the yields of 2-furoic acid
were maintained in the range of 97-99%, suggesting the
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Figure 3. (a) LSV curves of Ni,P/Ni/NF couple with (red) and without (black) 30 mm furfural in 1.0 M KOH. (b) Comparison of the current densities of Ni,P/Ni/NF
couple at 1.50, 1.55, and 1.60 V vs. RHE in 1.0 m KOH with (red) and without (black) 30 mwm furfural. (c) Yield of 2-furoic acid catalyzed by the same Ni,P/Ni/NF
catalyst couple in 1.0 m KOH for five successive electrolysis cycles with 30 mm furfural for each cycle. (d) GC-measured H, quantity (red) compared with the
calculated H, quantity (black) based on passed charge during the electrocatalysis with a Ni,P/Ni/NF catalyst couple in 1.0 m KOH solution.

strong robustness of the Ni,P/Ni/NF catalyst couple for this in-
tegrated electrolysis. In addition, nearly unity Faradaic efficien-
cy was also obtained for the cathodic H, evolution reaction
(Figure 3d), as confirmed by the near overlap of gas-chroma-
tography-measured H, quantity and the calculated amount
based on passed charge during electrolysis (Figure S10). Post-
electrolysis analysis was also carried out on the N,P/Ni/NF cata-
lyst couple. Figure S11 and S12 present the SEM and elemental
mapping results of Ni,P/Ni/NF as cathode and anode electroca-
talysts, respectively, displaying similar results as those observed
for the corresponding half reactions discussed previously.

Conclusions

In summary, we have demonstrated a highly efficient electro-
chemical process employing Ni,P/Ni/NF as a bifunctional elec-
trocatalyst for the integrated H, production and furfural oxida-
tion to 2-furoic acid. Ni,P/Ni/NF solely consists of earth-abun-
dant elements and it can be synthesized in a facile manner,
suggesting its low cost for large-scale manufacture. When
acting as the electrocatalysts for both cathode and anode,
Ni,P/Ni/NF demonstrated excellent reactivity, strong robust-
ness, and nearly unity Faradaic efficiencies for both H, produc-
tion and 2-furoic acid formation. High current density (i.e.,
250 mAcm?) can be achieved at applied voltages much small-
er than that of pure water splitting, manifesting its enhanced
energy conversion efficiency. In addition, since furfural oxida-
tion is only one of many potential organic oxidation reactions,
we envision such an integrated strategy of H, production and
organic oxidation will be able to be applied to a wide variety
of organic transformations, resulting in numerous value-added
products at the anode, instead of O,.
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Experimental Section

Chemicals: Nickel chloride hexahydrate (NiCl,-6H,0), ammonium
chloride  (NH,CI),  sodium hypophosphite  monohydrate
(NaH,PO,-H,0), and potassium hydroxide (KOH) were all purchased
from commercial vendors and used directly without any further
purification. Furfural and 2-furoic acid were purchased from Tokyo
Chemical Industry and Acros, respectively, and used as received.
Nickel foam with purity >99.99% was purchased from MTI. Water
was deionized (18 €2:cm) using a Barnstead E-Pure system.

Synthesis of Ni/NF: The preparation of Ni/NF was conducted via
chronopotentiometry according to our reported method."™ Prior
to electrodeposition, Ni foam was sonicated in 1.0 HCI for 10 min
to remove residual organic species. Typically, the electrodeposition
of 3D porous Ni nanoparticles on nickel foam (Ni/NF) was per-
formed in a standard two-electrode system at room temperature
with an electrolyte consisting of 2.0m NH,ClI and 0.1m NiCl,. A
piece of nickel foam with a size of 0.5 cmx1 cm was used as the
working electrode and a Pt wire as the counter electrode. The elec-
trodeposition was carried out at a constant current of —1.0 Acm >
for 500 s to obtain Ni/NF samples.

Synthesis of Ni,P/Ni/NF: The resulting Ni/NF was placed at the
center of a tube furnace, and 1.0 g NaH,PO,-H,0 was placed at the
upstream side and near Ni/NF. After flushed with Ar for ~20 min,
the center of the furnace was quickly elevated to the reaction tem-
perature of 400°C with a ramping rate of 10°Cmin " and kept at
400°C for 2 h to convert the metallic nickel to nickel phosphides.

Physical Methods: Scanning electron microscopy (SEM) and ele-
mental mapping measurements were conducted on a FEI QUANTA
FEG 650 (FEI, USA). X-ray diffraction (XRD) data were collected on
a Rigaku Minifexll Desktop X-ray diffractometer. X-ray photoelec-
tron spectra were recorded on a Kratos Axis Ultra instrument
(Chestnut Ridge, NY). The samples were affixed on a stainless steel
Kratos sample bar, loaded into the instrument’s load lock chamber,
and evacuated to 5x10 2 torr before they were transferred into
the sample analysis chamber under ultrahigh vacuum conditions
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(~ 10" torr). X-ray photoelectron spectra were collected using the
monochromatic Aly, source (1486.7 eV) at a 300x 700 um spot size.
High resolution regions at the binding energy of interest were
taken for each sample. The samples were also sputter cleaned
inside the analysis chamber with 1 keV Ar" ions for 30 s to remove
adventitious contaminants. The XPS data were analyzed using
CASA XPS software and the energy corrections for high resolution
spectra were calibrated by referencing the C 1s peak of adventi-
tious carbon to 284.5 eV.

Electrocatalytic Measurements: Electrochemical experiments were
performed on a computer-controlled Gamry Interface 1000 electro-
chemical workstation with a three-electrode configuration. Aque-
ous Ag/AgCl reference electrodes (saturated KCl) were purchased
from CH Instruments. The reference electrode in aqueous media
was calibrated with ferrocenecarboxylic acid whose Fe**2* couple
is 0.284 V vs. SCE. All potentials reported in this paper were con-
verted from vs. Ag/AgCl to vs. RHE (reversible hydrogen electrode)
by adding a value of 0.197+0.059xpH. iR (current times internal
resistance) compensation was applied in polarization and con-
trolled potential electrolysis experiments to account for the voltage
drop between the reference and working electrodes using the
Gamary Framework™ Data Acquisition Software 6.11. The catalyst-
coated NF was directly used as the working electrode. A Pt wire
was used as the counter electrode. All the electrochemical meas-
urements were conducted in 1.0m KOH with a two-compartment
cell in which the anode and cathode compartments were separat-
ed by an anion exchange membrane (Fumasep FAA-3-PK-130) pur-
chased from Fuel Cell Store.

Quantitative Product Analysis: In order to analyze the product
and furfural oxidation quantitatively, 100 pL of the electrolyte solu-
tion was periodically collected from the electrolyte solution during
chronoamperometry and diluted with 900 uL water. Subsequently,
the aforementioned solutions were further diluted 3 times with
water. The final samples were then analyzed by HPLC (Shimadzu
Prominence LC-2030C system) at room temperature to calculate
the furfural conversion and the quantity of 2-furoic acid. The HPLC
instrument was equipped with an ultraviolet-visible detector set at
265 nm and a 4.6 mmx 150 mm Shim-pack GWS 5 um C18 column.
The eluent solvent is a mixture of 5 mm ammonium formate aque-
ous solution and methanol. Separation was accomplished using an
isocratic elution by using 50% ammonium formate aqueous solu-
tion and 50% methanol for 10 min with the flow rate set at
0.5 mLmin™". The quantification of furfural and its oxidation prod-
uct was calculated based on the calibration curves of those stan-
dard compounds with known concentrations.
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