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Abstract: As an environmentally friendly approach to generate
H2, electrocatalytic water splitting has attracted worldwide
interest. However, its broad employment has been inhibited by
costly catalysts and low energy conversion efficiency, mainly
due to the sluggish anodic half reaction, the O2 evolution
reaction (OER), whose product O2 is not of significant value.
Herein, we report an efficient strategy to replace OER with
a thermodynamically more favorable reaction, the oxidation of
5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA), catalyzed by 3D Ni2P nanoparticle arrays on nickel
foam (Ni2P NPA/NF). HMF is one of the primary dehydration
intermediates of raw biomass and FDCA is of many industrial
applications. As a bifunctional electrocatalyst, Ni2P NPA/NF is
not only active for HMF oxidation but also competent for H2

evolution. In fact, a two-electrode electrolyzer employing Ni2P
NPA/NF for simultaneous H2 and FDCA production required
a voltage at least 200 mV smaller compared with pure water
splitting to achieve the same current density, as well as
exhibiting robust stability and nearly unity Faradaic efficien-
cies.

To address the challenges of impending global energy needs
and associated climate change resulting from unsustainable
fossil fuel consumption, great efforts have been devoted to
exploiting clean and renewable alternative energy sources
(such as solar and wind).[1] H2, when generated from water
splitting with renewable energy inputs, is a green energy
carrier and is predicted to play a significant role in a future
sustainable energy sector.[2, 3] Unfortunately, the sluggish
kinetics of the two half-reactions of water splitting, the H2

and O2 evolution reactions (HER and OER), require high
overpotentials to achieve appreciable catalytic current den-
sity, resulting in relatively low energy conversion efficien-
cies.[4] At present, the prevailing approach to this challenge is
the rational design and synthesis of highly active, stable, and
cost-effective catalysts. For example, transition metal car-
bides,[5] nitrides,[6] phosphides,[7] sulfides,[8] and selenides[9]

have been reported with promising HER catalytic perform-
ances. On the other hand, many transition metal oxides,[10]

hydroxides,[11] and oxyhydroxides[12] exhibit attractive OER

activities. More recently, nonprecious bifunctional catalysts
with both HER and OER activities have also been
reported.[13] In spite of these advances, OER is still the
bottleneck of overall water splitting and demands a much
higher overpotential to match the rate of HER.[5–13] In
addition, the product of OER, O2, is not of significant value
and the potential mixing of H2 and O2 in the headspace of an
electrolyzer poses safety concerns, requiring costly gas
separation steps. Therefore, we reasoned that replacing
OER with thermodynamically more favorable biomass oxi-
dation reactions would not only generate value-added
products at both electrodes (H2 and updated bioproducts),
but also increase the energy conversion efficiency of an
electrolyzer.[14]

Biorefinery, referring to conversion of biomass into fuels
and chemicals, is a complementary and attractive alternative
to petroleum refining because biomass consists of contempo-
rary carbon and its utilization will not alter our current
ecosystem.[15] Among many biomass-derived intermediates, 5-
hydroxymethylfrufural (HMF) has been classified as one of
the top biomass-derived building block chemicals and can be
used as a versatile precursor for the production of fine
chemicals, plastics, pharmaceuticals, and liquid fuels.[16] For
instance, one of its oxidation products, 2,5-furandicarboxylic
acid (FDCA, Scheme 1), can serve as a monomer to produce

polyamides, polyesters, and polyurethanes, being a replace-
ment of terephthalic acid.[16] Although the conversion of
HMF to FDCA has been reported, most previous catalytic
systems were conducted under high-pressure O2 or air at
elevated temperatures and catalyzed by precious metals, such
as Au, Pd, Pt, or their alloys.[15] In this regard, electrocatalytic
oxidation offers an more sustainable strategy as the con-
version will be driven by electricity and no chemical oxidants
are necessary. Preferably, the electrocatalytic oxidation of
HMF to FDCA will be solely catalyzed by low-cost catalysts
and carried out under ambient conditions (1 atm and room
temperature). However, very few electrocatalytic systems

Scheme 1. Two possible pathways of HMF oxidation to FDCA.
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have been reported for HMF oxidation. The recent work of
Choi et al. employed a redox mediator (TEMPO) to facilitate
the HMF oxidation and expensive electrodes were utilized
(Au and Pt), both of which resulted in high cost of the whole
process.[17] We propose that it will be economically attractive
if inexpensive catalysts could be developed to integrate both
oxidative biomass valorization and H2 generation under
ambient conditions.

Herein, we report a bifunctional electrocatalyst of 3D
Ni2P nanoparticle arrays on nickel foam (Ni2P NPA/NF) to
couple HMF oxidation and H2 evolution in alkaline media.
Ni2P NPA/NF was readily prepared by a scalable and lost-cost
method, phosphidation of commercial nickel foam. Owing to
the excellent catalytic performance of Ni2P NPA/NF for HMF
oxidation relative to OER, a two-electrode electrolyzer
employing the Ni2P NPA/NF catalyst couple on both cathode
and anode was able to produce high current density (ca.
50 mAcm¢2) with a voltage at least 200 mV less than that of
pure water splitting electrolysis. In addition, near unity
Faradaic efficiencies were achieved for both H2 (100 %) and
FDCA (98 %) generation, together with robust stability. The
low-cost composite and preparation method of Ni2P NPA/NF,
as well as its superior performance for H2 and FDCA
production, render the current catalytic systems very appeal-
ing for sustainable energy conversion technologies. It is also
anticipated that this coupling concept can be extended to
combine HER with many other oxidative biomass valor-
ization reactions for diverse energy-related applications.

As a model electrocatalyst, the 3D bifunctional Ni2P NPA/
NF electrocatalyst was prepared by a facile and straightfor-
ward phosphidation of commercially available nickel foam
(Supporting Information). The X-ray diffraction (XRD)
pattern (Figure 1a) confirmed the partial transformation of
metallic Ni to Ni2P (PDF: 65-3544). Scanning electron
microscopy (SEM) imaging (Figure 1b) indicated that Ni2P
NPA/NF still maintained the 3D macroporous framework of
the pristine nickel foam (Figure S1a). While, the high-
magnification SEM image of Ni2P NPA/NF revealed its
rough and porous morphology composed of numerous Ni2P
nanoparticles (Figure 1c), in sharp contrast to the smooth
surface of the original nickel foam (Figure S1b). Figure 1d
showed the corresponding elemental mapping images of Ni
and P in Ni2P NPA/NF, and demonstrated that both Ni and P
were uniformly distributed throughout the whole sample, in
agreement with the successful chemical conversion of metallic
Ni to Ni2P by the low-temperature phosphidation. X-ray
photoelectron spectroscopy (XPS) analysis corroborated the
presence of Ni and P in Ni2P NPA/NF (Figure S2), in line with
the elemental mapping results (Figure 1d). The high-resolu-
tion Ni 2p3/2 spectrum was fitted by three sub-peaks at binding
energies of 853.1, 854.4, and 860.4 eV (Figure S2a), assignable
to Nid+ in Ni2P, oxidized Ni species, and the Ni 2p3/2 satellite
peak of Ni2P, respectively.[13g] Similarly, the high-resolution P
2p XPS spectrum (Figure S2b) could be deconvoluted into
three sub-peaks at 129.3, 130.0, and 134.3 eV, corresponding
to P 2p3/2, P 2p1/2, and oxidized P species (arising from
superficial oxidation due to exposure in air), respectively.[7c–e]

The Ni 2p peak at 853.1 eV was positively shifted compared to
that of metallic Ni (� 852.5 eV) and the P 2p peak at 129.3 eV

was negatively shifted relative to that of elemental P
(130.2 eV). These binding energy shifts imply that Ni in
Ni2P NPA/NF has a partial positive charge (d+) while P has
a partial negative charge (d¢), indicative of charge transfer
from Ni to P, consistent with previous reports.[7c–e]

For the electrocatalytic oxidation of HMF in an aqueous
electrolyte (1.0m KOH), OER is the major competing
reaction. Therefore, the electrochemical HMF oxidation and
OER catalyzed by Ni2P NPA/NF were first compared by
linear sweep voltammetry (LSV; Figure 2a). In the absence of
HMF, Ni2P NPA/NF exhibited a catalytic onset potential of
~ 1.50 V vs. RHE (reversible hydrogen electrode) and high
catalytic current density beyond 1.60 V vs. RHE, suggesting
excellent OER activity. Upon the addition of 10 mm HMF, the
onset potential shifted to 1.35 V vs. RHE, and a rapid current
density rise could be observed within 1.40 V vs. RHE,
indicating that the oxidation of HMF was significantly
easier than OER catalyzed by Ni2P NPA/NF. It is important
to mention that the pristine nickel foam showed inferior
performance for both OER and HMF oxidation (Figure S3),
highlighting the important role of Ni2P on nickel foam.

To identify and quantify the oxidation products as well as
calculate the corresponding Faradaic efficiencies, Ni2P NPA/
NF-catalyzed HMF oxidation was performed by applying
a constant potential of 1.423 V vs. RHE and passing charge of
~ 59 C (Figure S4). Based on our calculations, ~ 59 C corre-
sponds to complete HMF oxidation to FDCA if a 100%
Faradaic efficiency could be achieved. As shown in Figure 2a,
no appreciable water oxidation could occur at 1.423 V, thus
a high Faradaic efficiency for HMF oxidation was anticipated.
High-performance liquid chromatography (HPLC) was used
to monitor the concentration changes of HMF and its
oxidation products during electrolysis (see the Supporting

Figure 1. a) XRD pattern of Ni2P NPA/NF with the corresponding
standard patterns of Ni2P and Ni. b, c) SEM images of Ni2P NPA/NF
at different magnifications. d) SEM and the corresponding elemental
mapping images of Ni2P NPA/NF.

Angewandte
ChemieCommunications

9914 www.angewandte.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 9913 –9917

http://www.angewandte.org


Information for details) and the resulting chromatograms
(Figure S5) clearly showed the concentration decrease and
rise of HMF and FDCA, respectively, over time, suggesting
the conversion of HMF into FDCA (Figure 2b). After passing
charge of ~ 59 C, the peak of HMF completely disappeared
and the color of the electrolyte solution changed from pale
yellow to colorless (Figure S5i, inset). The concentration
changes of HMF, its oxidation intermediates, and FDCA
during the electrolysis were plotted in Figure 2 b, resulting in
near unity Faradaic efficiencies for both HMF conversion and
FDCA production.

Generally, there are two pathways for HMF oxidation:
one is through an initial alcohol oxidation to form DFF as the
intermediate (Scheme 1a), while the other is through an
initial aldehyde oxidation to form HMFCA as the intermedi-
ate (Scheme 1b). Both pathways converge at the formation of
FFCA prior to FDCA. In the present case, HMF oxidation
catalyzed by Ni2P NPA/NF likely followed the HMFCA
route, as revealed by the relatively higher concentration of
HMFCA compared to that of DFF (Figure 2b). This pathway
is similar to other reported aerobic oxidation reactions.[18]

However, the DFF route could not be completely excluded as
DFF was also detected during electrolysis. The stability of
Ni2P NPA/NF for HMF oxidation was also investigated by
performing three successive cycles of the constant potential
electrolysis utilizing the same Ni2P NPA/NF. As shown in
Figure 2c, the calculated Faradaic efficiencies of FDCA
formation for these electrolysis trials were in the range of
98–100%, illustrating the robust stability of Ni2P NPA/NF for
HMF oxidation.

Although the low-magnified SEM image (Figure S6a) and
XRD pattern (Figure S7) of Ni2P NPA/NF after HMF
oxidation (named as post-HMF Ni2P NPA/NF) indicated

the inheritance of the overall 3D hierarchically porous
configuration and primary Ni2P phase, a close inspection of
the post-HMF Ni2P NPA/NF in the high-magnified SEM
images (Figure S6b–d) revealed the presence of featureless
monoliths and cracks, in contrast to the fresh sample (Fig-
ure 1c). Elemental mapping results (Figure S6d) demon-
strated that the post-HMF Ni2P NPA/NF mainly consisted of
Ni and P, plus a large concentration of O over the newly
formed monoliths. On the other hand, the high-resolution Ni
2P3/2 XPS spectrum of the post-HMF Ni2P NPA/NF sample
displayed an intensity decrease at 853.1 eV (assignable to Ni
d+ in Ni2P) while an increase at 856.9 eV (corresponding to
oxidized Ni species), confirming the partial oxidation of Ni2P
(Figure S8 a). This oxidation phenomenon was also revealed
by the increased intensity of the peak ascribed to oxidized P
species in the high-resolution P 2p XPS spectrum (Fig-
ure S8b). Taken together, it is safe to conclude that the real
catalytically active sites for HMF oxidation reaction are the
oxidized Ni species. These types of electrochemical oxidations
have been commonly observed for many bifunctional water
splitting electrocatalysts during OER.[13a,d–j]

To successfully couple HER and HMF oxidation for
simultaneous H2 and FDCA production, the Ni2P NPA/NF
electrocatalyst has to maintain excellent HER performance in
the presence of HMF due to the potential permeation of
HMF across the membrane from the anode compartment to
the cathode site. Therefore, we sought to evaluate the impact
of HMF on the HER activity of Ni2P NPA/NF under the
harshest condition (assuming all of the HMF was present in
the cathode compartment). As demonstrated in Figure 3a, b,
the HER LSV curves of Ni2P NPA/NF in 1.0m KOH before
and after the addition of 10 mm HMF exhibited a small
cathodic shift of 9 mV to reach ¢10 mA cm¢2, and the

Figure 2. a) LSV curves of Ni2P NPA/NF at a scan rate of 2 mVs¢1 in
1.0m KOH with and without 10 mm HMF. b) Conversion and yield
(%) changes of HMF and its oxidation products during the electro-
chemical oxidation of HMF at 1.423 V vs. RHE in 1.0 m KOH with
10 mm HMF. c) Faradaic efficiencies of Ni2P NPA/NF for FDCA
production under three successive electrolysis cycles.

Figure 3. a) LSV curves and b) the corresponding Tafel plots of Ni2P
NPA/NF at a scan rate of 2 mVs¢1 in 1.0 m KOH with and without
10 mm HMF. c) Chronopotentiometric curve of Ni2P NPA/NF at
¢10 mAcm¢2 in 1.0 m KOH containing 10 mm HMF. The inset in c)
shows the expanded chronopotentiometric curve with oscillations due
to the growth and release of H2 bubbles on the catalyst surface.
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calculated Tafel slope only increased from 86 to 93 mVdec¢1

(Figure 3b). Additionally, a 12-h chronopotentiometry
experiment conducted at a current density of ¢10 mAcm¢2

in 1.0m KOH containing 10 mm HMF demonstrated that the
overpotential required to afford ¢10 mAcm¢2 increased by
less than 45 mV (Figure 3 c). The fluctuationsin an expanded
chronopotentiometric curve also implied the formation and
release of H2 bubbles on the catalyst surface (Figure 3c inset).
Furthermore, XRD (Figure S7), XPS (Figure S8), and SEM
(Figure S9) results of Ni2P NPA/NF after the 12-h HER
stability test in 1.0m KOH with 10 mm HMF (named as post-
HER with HMF Ni2P NPA/NF) confirmed the retention of its
morphology and composition. These results unambiguously
demonstrated the negligible influence of HMF on the HER
activity and the strong stability of Ni2P NPA/NF under the
current condition.

Given the excellent electrocatalytic HER and HMF
oxidation performance of Ni2P NPA/NF in the same electro-
lyte (1.0m KOH with 10 mm HMF), we next assembled an
electrolyzer in a two-electrode configuration using Ni2P NPA/
NF as both anode and cathode electrocatalysts to achieve
simultaneous H2 and FDCA generation. For comparison,
overall water splitting was also tested for a Ni2P NPA/NF
catalyst couple in the absence of HMF. As shown in Fig-
ure 4a, the Ni2P NPA/NF couple needed cell voltages of only
1.65 and 1.80 V to afford 10 and 50 mAcm¢2, respectively,
lower than or comparable to those of recently reported
nonprecious overall water splitting electrocatalysts, including
Co-P (1.64 V for 10 mAcm¢2),[13a] NiFe LDH/NF (1.70 V for
10 mAcm¢2),[13b] Ni3S2/NF (1.76 V for 13 mA cm¢2),[13d] and

Ni5P4/NF (1.70 V for 10 mAcm¢2),[13e] suggesting its excep-
tional performance for overall water splitting. Remarkably,
after introducing 10 mm HMF, the cell voltages to reach 10
and 50 mAcm¢2 were dramatically reduced to 1.44 and 1.58 V,
respectively (Figure 4b), implying much better energy con-
version efficiency of Ni2P NPA/NF-catalyzed HER and HMF
oxidation relative to water splitting alone.

To quantify the produced H2 and FDCA under a two-
electrode configuration, a long-term electrolysis at a constant
cell voltage of 1.50 V vs. RHE was performed to pass the
charge of ~ 59 C. As shown in Figure 4c, the generated H2

quantified by gas chromatography (GC) matched the calcu-
lated amount based on passed charge very well, leading to
a Faradaic efficiency of 100 %. Analysis of the resulting
electrolyte by HPLC resulted in a ~ 98 % Faradaic efficiency
for FDCA production. It should be noted that such a long-
term controlled potential electrolysis was repeated three
times for the same Ni2P NPA/NF catalyst couple and no
apparent decrease in Faradaic efficiencies was observed
(Figure 4d), supporting the outstanding stability of Ni2P
NPA/NF for integrated HER and HMF oxidation.

In summary, we have demonstrated a facile and efficient
strategy for simultaneous H2 production and biomass upgrad-
ing with Faradaic efficiencies of 100 % and 98%, respectively,
which was achieved using a bifunctional Ni2P NPA/NF
electrocatalyst. Owing to the more favorable thermodynamics
and kinetics of HMF oxidation than OER catalyzed by Ni2P
NPA/NF, the cell voltage to reach benchmark current
densities (10, 20, and 50 mAcm¢2) for H2 production was
significantly reduced by more than 200 mV, and concom-
itantly the oxidation product FDCA is much more valuable
than raw HMF or O2 from pure water splitting. Given the low
cost for catalyst preparation, the high efficiency for the
production of both H2 and FDCA, as well as the abundance of
substrates (H2O and biomass), we envision that this strategy is
very promising and practical for future energy conversion
technologies. Moreover, this coupling concept is potentially
extendable to combine HER with many other hydrocarbon
oxidation reactions for various energy-related applications.
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Figure 4. a) LSV curves and b) comparison of the overpotentials to
achieve benchmark current densities (10, 20, and 50 mAcm¢2) for
a Ni2P NPA/NF catalyst couple in 1.0 m KOH with and without 10 mm
HMF. c) GC-measured H2 quantity compared with theoretically calcu-
lated H2 quantity assuming a 100% Faradaic efficiency for the H2

evolution catalysed by a Ni2P NPA/NF catalyst couple in 1.0 m KOH
solution with 10 mm HMF. d) Faradaic efficiencies of Ni2P NPA/NF
catalyst couple for simultaneous H2 and FDCA generation in 1.0 m
KOH solution with 10 mm HMF for three successive electrolysis
cycles.
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