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The high overpotential of the oxygen evolution reaction (OER) and the undesirable chlorine evolution
reaction (CIER) severely limit the hydrogen production efficiency of seawater electrolysis. The organic
electrooxidation reactions, involving C—H bond oxidation with low bond dissociation energy in the rate-
limiting step, can possess lower oxidation potential than the OER as well as prevent the CIER. Herein, we
demonstrate a strategy for replacing the sluggish OER by thermodynamically favorable biomass oxidation
for scaling up the electrolysis of alkaline seawater. A xylose electrooxidation reaction (XOR) holds great
promise for superseding the OER in seawater electrolysis, which not only simultaneously produces valu-
able formic acid and hydrogen, but also improves energy utilization. By utilizing NiCoP metal phosphide
as the bifunctional electrode, the XOR shows an apparent overpotential reduction of 290 mV at 100 mA
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seawater electrolysis exhibits a high formic acid selectivity of at least 94.6% and a high hydrogen pro-
duction rate of 150 mL cm™2. This work provides a universal and an effective pathway for hydrogen pro-
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Introduction

Solar and wind energy are considered as alternative sources for
reducing the dependence on fossil fuels." However, the high
cost of electrical transmission and inherent intermittence
hinder the development of sustainable energy.” Seawater elec-
trolysis for hydrogen (H,) production powered by solar and
wind is a carbon-neutral and promising solution for growing
energy demand.® To date, numerous efforts have been devoted
to high-efficiency electrocatalysts for the oxygen evolution reac-
tion (OER) and the hydrogen evolution reaction (HER), includ-
ing non-metals,” noble metals®® and transition metals.”™*
However, some critical issues of the present electrolysis

“State Key Laboratory of Pulp and Paper Engineering, South China University of
Technology, Guangzhou 510641, Guangdong, China. E-mail: fexwpeng@scut.edu.cn
bSchool of Materials Science and Hydrogen Energy, Foshan University, Foshan
528231, Guangdong, China. E-mail: l.yunpeng@fosu.edu.cn

“School of Science and Engineering, The Chinese University of Hong Kong, Shenzhen
518172, Guangdong, China

School of Materials Science and Engineering, South China University of Technology,
Guangzhou 510640, Guangdong, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3gc00684k

4104 | Green Chem., 2023, 25, 4104-4112
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technology remain unresolved, such as its high cost,'® low
efficiency’®>'* and poor durability,"> which hinder the scalable
development of seawater electrolysis. Theoretically, the energy
threshold for the water-splitting reaction is 1.23 V, but the
voltage required by loads is always larger than 1.8 V because of
the sluggish kinetics of the OER.'® The substantial overpoten-
tial results in high electricity input,’” which is the major bot-
tleneck for seawater splitting. Furthermore, the low value of
oxygen and the additional energy consumption to avoid
explosion of mixed gases sharply reduce the economic benefits
of seawater electrolysis."®'? In addition, the abundant chloride
anions in seawater participate in the chlorine evolution reac-
tion (CIER) involving only two-electron transfer steps, which
may compete with other anodic reactions such as the OER.*
Another critical challenge of seawater electrolysis is the short-
term stability of the electrocatalyst, because chloride corrosion
and the formation of insoluble magnesium/calcium hydrox-
ides will cover the electrode surface.*">>

An alternative strategy to the OER is the biomass electrooxi-
dation reaction,>** which can significantly reduce costs and
prevent the CIER process during the seawater electrolysis.
Biomass electrooxidation, which requires a much lower overpo-
tential, can inhibit the CIER, protecting the electrocatalyst
from chloride corrosion.>® As a renewable carbon neutral
resource, biomass also offers the opportunity to obtain high-
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value-added products at the anode. Marketable organic acids
can be obtained, in principle, from biomass electrooxidation
by controlling the potential applied to the cell.>® Xylose, the
major structural unit of xylan, is the second most abundant
saccharide in plants. Currently, an efficient xylose oxidation
reaction (XOR) for organic acids production is reported,>” exhi-
biting many advantages such as mild reaction conditions,
high-value liquid products and low overpotential. Recently,
Jiang et al. have reported a PtRh catalyst for decoupled hydro-
gen evolution by integrating ethylene glycol oxidation in alka-
line seawater electrolyte,® creating new opportunities for sea-
water electrolysis. Biomass electrooxidation can suppress the
undesired byproducts in seawater electrolysis and provide valu-
able chemicals at a low potential. However, H, evolution
assisted by biomass electrooxidation from seawater remains a
great challenge, and non-noble metals as electrocatalysts for
hybrid electrolysis have been rarely reported.

Herein, we proposed a hybrid electrolyser, where green
hydrogen and value-added formic acid (FA) were simul-
taneously produced in alkaline water or seawater. The self-sup-
ported transition metal phosphide of NiCoP on nickel foam
(NF) was prepared as the bifunctional electrocatalyst. The
NiCoP electrode exhibits an excellent XOR performance, which
requires only 1.35 V versus a reversible hydrogen electrode (vs.
RHE) to reach a current density of 100 mA cm™ in alkaline
seawater with 100 mM xylose. In addition, an optimal yield of
FA is nearly 50% and the selectivity is not less than 95%.
Furthermore, due to the acceptable HER activity, a two-elec-
trode cell can deliver a current density of 100 mA ecm ™ at 1.57
V in seawater, and the lowest selectivity of FA remains 94.6%
at 1.9 V with no oxygen production. Selective biomass electro-
oxidation coupled with hydrogen evolution will provide a sus-
tainable approach for seawater electrolysis and high-value util-
ization of biomass.

Experimental section

Materials

Chemicals including hydrochloric acid (HCl, 36.0%), cobalt
nitrate hexahydrate (Co(NOj),:6H,0, 98%), urea (CO(NH,),,
99%), ammonium fluoride (NH,F, 97%), sodium hypopho-
sphite monohydrate (NaH,PO,-H,0, 98%), xylose (CsH;,0s,
98%) and potassium hydroxide (KOH, 95%) were purchased
from Aladdin and used as received.

Synthesis of the NiCo hydroxide precursor on Ni foam

NiCo hydroxide was prepared according to a reported
method.”® A piece of 3 x 3.5 ecm” nickel foam (NF) was carefully
cleaned with 3 M HCI, deionized (DI) water and ethyl alcohol
in sequence for 20 min. The pre-treated NF was immersed in
30 mL of water solution containing 873 mg of Co(NO3),-6H,0,
901 mg of urea and 296 mg of NH,F in a 50 mL Teflon-lined
autoclave. The autoclave was then heated at 120 °C for 6 h to
obtain NiCo hydroxide as the precursor, which was labeled as
NiCoOH.

This journal is © The Royal Society of Chemistry 2023
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Synthesis of NiCoP bimetallic phosphide

The obtained NiCoOH precursor was placed at the end of a
porcelain boat and 1 g of NaH,PO,-H,O was placed at the
upstream side near NiCoOH. The porcelain boat was placed
in a furnace and heated at 300 °C under an N, atmosphere
for 2 h, with a heating rate of 2 °C min™". Then the sample
was rinsed with DI water thoroughly and then dried to
obtain NiCoP bimetallic phosphide (denoted as NiCoP).
For comparison, NF was also annealed under an N, atmo-
sphere with the same conditions to obtain an NiP
electrocatalyst.

Characterization studies

Scanning electron microscopy (SEM) was performed on a
HITACHI SU5000 at 3.0 kV. Transmission electron microscopy
(TEM) was carried out on a Philips-FEI Tecnai G,S-Twin micro-
scope at an acceleration voltage of 200.0 kV, and the powder
used for TEM characterization was obtained from NF that had
been treated by ultrasonication rather than directly using the
NF samples. X-ray powder diffraction (XRD) patterns were
recorded using a Bruker D8 Focus diffractometer with Cu-K,
radiation. X-ray photoelectron spectroscopy (XPS) was carried
out on a Thermo Scientific K-Alpha" system, and the energy
correction was calibrated by referencing the C 1s peak of
adventitious carbon to 284.8 eV. Raman spectra were recorded
on a Horiba LabRAM HR Evolution instrument with an exci-
tation wavelength of 532 nm. The content of Co and P was
measured by inductively coupled plasma-optical emission
spectrometry (ICP-OES, Agilent 720ES).

Electrocatalytic measurements

The electrochemical measurements were evaluated using a
CHI 760E electrochemical analyzer (Shanghai, China) with a
standard three-electrode cell system at room temperature. The
as-prepared electrocatalysts (0.5 x 0.5 cm?), an Ag/AgCl (stan-
dard KCI) electrode and a platinum sheet electrode served as
the working electrode, the reference and the counter electro-
des, respectively. The measured potential was calibrated to the
reversible hydrogen electrode (RHE) using the following
equation: V(vs. RHE) = V(vs. Ag/AgCl) + 0.197 + 0.0591 x pH.
The OER and HER were tested in 1.0 M KOH solution, and the
electrolyte for the XOR was 1.0 M KOH with 0.1 M xylose. The
linear sweep voltammetry (LSV) tests were applied to measure
the activities of the electrocatalysts at a scan rate of 2 mV s~
with 85% iR compensation. All electrocatalysts were activated
by the repetitive LSV experiments until the data were consist-
ent. LSV was scanned at a potential range of —0.8 to —1.6 V (vs.
Ag/AgCl) for the HER and 0 to 0.7 V (vs. Ag/AgCl) for the OER
and XOR.

Product detection

H, was analyzed using a gas chromatograph (GC-979011, Fuli,
China) equipped with a thermal conductivity detector (TCD)
and a 5A molecular sieve column (3 mm X 1 m). 0.1 mL
volumes of liquid samples were immediately extracted, diluted
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in distilled water (0.9 mL) and analyzed by high-performance
liquid chromatography (HPLC, LC-5090, Fuli, China) equipped
with an ultraviolet detector at 210 nm and a differential refrac-
tive index detector. The liquid samples were eluted by 5 mM
H,SO, with a flow rate of 0.6 mL min™" through a Bio-Rad
Aminex HPX-87H column (300 mm x 7.8 mm x 9 um) at 35 °C.
The Faraday efficiency is calculated using the equation: fara-
daic efficiency (%) = (n. x n x F)/Q x 100%, where n. is the
number of electrons exchanged, 7 is the mole of products, F is
Faraday’s constant, and Q is the total charge. The yields and
selectivity of the products were calculated using eqn (1) and
(2), respectively:

Moles of carbon in product

- - x 100%
Moles of carbon in feedstock input 0

(1)

Productyield(%) =

. Moles of a certain product
Product selectivity(%) = P

Moles of all the detected products
X 100%. (2)
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Results and discussion
Structural analysis of materials

As depicted in Fig. 1a, the NiCoOH precursor was first grown
on NF through a hydrothermal process, and subsequently con-
verted to NiCoP by phosphorization treatment. Digital photo-
graphs in Fig. S1 show that the colors of Ni foam after hydro-
thermal and phosphorization treatments had turned to purple
for the NiCoOH precursor and black for NiCoP, respectively.
The surface topography changes in the preparation process of
electrocatalysts were investigated by SEM and TEM. Differing
from the smooth surface of NF (Fig. S2t) and the rough
surface of NiP (Fig. S31), the NiCoOH precursor shows a
smooth nanorod structure with a diameter of around 1.5 nm,
whose nanorods are uniformly distributed across the NF
(Fig. S4at). Such a structure is beneficial for the mass transfer
of the electrolyte and offers a large active surface area with
abundant active sites for the XOR.>* HRTEM images of the
NiCoOH in Fig. S4bt further reveal the lattice fringe spacing of
0.228 nm and 0.255 nm, which accurately index the (015)

0.166 nm
NiCoP (211)

Fig. 1 (a) Schematic of the preparation of the NiCoP electrocatalyst and the corresponding SEM images of Ni foam, NiCoOH and NiCoP samples. (b
and c¢) TEM, (d) HRTEM images and (e) elemental mappings of NiCoP nanorods.
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plane of CoNi LDH and the (111) plane of Ni(OH),,*"**
respectively. The energy-dispersive X-ray spectroscopy (EDS)
elemental mapping images confirm that only Co, Ni and O
exist inside each NiCoOH nanorod (Fig. S4ct). The SEM
(Fig. S51) and TEM (Fig. 1b and c) images of NiCoP demon-
strate that the nanorod array remains uniformly distributed on
NF after phosphorization treatment. The HRTEM results
(Fig. 1d) exhibit the lattice spacings of 0.279, 0.166 and
0.283 nm, which are consistent with the (101) and (211) planes
of NiCoP**?* and the (011) planes of CoP,****?° respectively.
The EDS mapping images (Fig. 1e and Fig. S5ct) verify the
uniform distributions of Ni, Co, P and O elements in the
nanorod, further demonstrating that the bimetallic phosphide
NiCoP was fabricated successfully.

The crystal structures of NiCoOH and NiCoP are shown in
Fig. 2a. The peaks of NiCoOH at 46.9 and 53.1° demonstrate
the NiCo-LDH phase (PDF#33-0429)>"® and the peaks at 33.7,
39.0 and 59.6° relate to the Ni(OH), (PDF#22-0444) phase,*”
confirming the formation of metal hydroxides in NiCoOH.
After phosphorization, the diffraction peaks centering at 35.5,
41.0, 47.6 and 55.3° are ascribed to the (200), (111), (210) and
(211) planes of CoNiP (JCPDS 71-2336), respectively.*” The
diffraction peaks at 20 = 31.6, 48.1 and 56.0° corresponding to
the CoP phase (PDF#29-0497) are also observed.*' Except for
the strong peaks of Ni (PDF#04-0850),** there are no diffrac-
tion peaks of NiCo-LDH or Ni(OH), phases in the spectra of
NiCoP, demonstrating that the NiCoOH precursor is entirely
converted to the bimetallic phosphide NiCoP. The detailed
surface chemical composition and elemental state of the elec-
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trocatalysts were analyzed by XPS spectra. As shown in Fig. 2b,
the survey spectrum of NiCoP reveals the presence of P, Co, Ni
and O. The peaks of Co, Ni and O are also observed in the
survey spectrum of NiCoOH, but without the signal for
P. These results are consistent with the EDS analysis. The Ni
2p high-resolution spectrum of NiCoP can be deconvoluted
into three spin orbit doublets, accompanied by satellite peaks
(Sat.). The peaks at binding energies of 856.2 and 873.9 eV can
be assigned to Ni**,** and the other two peaks at 858.9 and
876.3 eV correspond to Ni** (Fig. 2c).** Furthermore, the peaks
with binding energies at 853.1 and 870.7 eV are attributed to
Ni°, indicating the presence of Ni-P.>***° Similarly, these spin
orbit doublets caused by Co®>", Co®" and Co occur in Co 2p
high-resolution spectra of NiCoP (Fig. 2d).*>*® Fig. 2e shows
the P 2p region, where the peaks centering at 130.8 and 129.6
eV are associated with P 2p;, and P 2p;p,, relating to the
metal-phosphide (M-P) bond.*” The predominant peak at
133.9 eV corresponds to the oxidized PO,>~ species on the
surface of NiCoP, originating from the inevitable surface oxi-
dation of NiCoP.***° The O 1s XPS spectra (Fig. 2f) indicate
that both NiCoOH and NiCoP show the peaks of a metal-
hydroxy group (M-OH) and metal-oxo bonding (M-0).”
Moreover, the O 1 s peak of NiCoP is lower than that of
NiCoOH, further implying the realization of conversion from
NiCoOH to NiCoP.

Electrocatalytic performances for xylose oxidation

The electrocatalytic performances of NiCoP were investigated
in a typical three-electrode configuration at a scan rate of 2 mv
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3 ”MW"‘J 35 35
8 s s
2 2 2
[} ~ 6 7’
8| -8 & |NiCoOH 8
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Fig. 2 (a) XRD patterns and XPS spectra of (b) broad scans, (c) Ni 2p, (d) Co 2p, (e) P 2p and (f) O 1s of NiCoP and NiCoOH electrocatalysts.
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s~ with an Ag/AgCl reference electrode and Pt foil as a counter
electrode. Before investigating the XOR performance, the
NiCoP catalyst was activated by LSV from 1.0 to 1.7 V (vs. RHE)
until the OER performance stabilized. In alkaline water (1.0 M
KOH), the LSV curves with 100 mM xylose plotted in Fig. 3a
show that the current density for the XOR is significantly
larger than that of the OER. NiCoP exhibits an anodic potential
of 1.57 V (vs. RHE) at a current density of 100 mA cm™ for the
OER, which strikingly reduces to 1.29 V (vs. RHE) for the XOR,
owing to the thermodynamically and kinetically more favor-
able XOR over the OER.?” In comparison with other electroca-
talysts applied in organic chemicals (Table S1t), the NiCoP
catalyst exhibits a lower potential at the same current density,
demonstrating the advantage of the NiCoP electrode.
Additionally, NiCoOH, NiP and Ni electrocatalysts (Fig. 3a and
Fig. S6t1) require higher overpotentials to deliver a current
density of 100 mA cm 2 for the OER, and lower overpotentials
in the XOR, as compared with those for NiCoP. The enhance-
ment of catalytic performance should be attributed to the
richer oxidation reaction sites of the NiCoP bimetallic phos-
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phides.*® The XOR performance of NiCoP was also examined
at different concentrations of xylose (Fig. S71). When xylose
concentrations increases from 50 mM to 100 mM, both the
onset potential and the overpotential at a current density of
100 mA cm™2 decrease. The xylose oxidation reaction was con-
trolled by the surface process. At low xylose concentrations,
the reaction rate relates to the diffusion transport of xylose.
However, under the condition of high concentrations of xylose,
the excess xylose may hamper the formation of active inter-
mediates CoOOOH and NiOOH.’"** Hence, the current density
changes little with further increases of xylose concentration
from 100 mM to 150 mM. Compared with OER, the current
densities of the XOR at 1.2, 1.3, 1.4, 1.5 and 1.6 V (vs. RHE)
remarkably increase by 10.9, 102.8, 361.6, 649.8 and 734.5 mA
em™?, respectively (Fig. 3b), strongly confirming the better
energy conversion efficiency of the XOR."®

The performance of xylose oxidation was further evaluated
by chronoamperometric measurements conducted at a con-
stant potential and the products were detected by high-per-
formance liquid chromatography (HPLC) via the calibration
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Fig. 3 (a) LSV curves of the NiCoP electrocatalyst in 1.0 M KOH with and without 100 mM xylose. (b) The corresponding current densities at various
potentials with and without 100 mM xylose. (c) The yield of FA after passing different charges at 1.52 V (vs. RHE). (d) The yield of FA in 8 mL of
100 mM xylose at different potentials. (e) Four consecutive runs of the XOR at a constant current of 100 mA cm™2 with the intermittent addition of
100 mM xylose. (f) Multi-potential chronoamperometry of NiCoP in 1.0 M KOH and 1.0 M KOH when injecting 100 mM xylose during open circuit
time. The Raman spectra of NiCoP for (g) the OER and (h) the XOR. (i) LSV curves of the NiCoP electrocatalyst in 1 M KOH seawater electrolytes with

and without 100 mM xylose.
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curve (Fig. S81). The HPLC results indicate that the products
mainly contain formic acid (FA), lactic acid (LA) and acetic
acid (AA) (Fig. S91). As shown in Fig. 3c, the optimal yield of
FA after passing a charge of 693 C at 1.52 V (vs. RHE) is
61.75%, with an FA selectivity of 97.35%. The faradaic
efficiency of FA is 68.60% (Fig. S10t), when the conversion of
xylose is 89.90% (Fig. S111). Moreover, the yields and faradaic
efficiencies of FA are all over 60% (Fig. 3d and S12f) at
different potentials. The possible mechanism of xylose electro-
oxidation to formic acid is proposed in Fig. S13.f Then the
stability of the NiCoP electrode for xylose oxidation was evalu-
ated by chronopotentiometry measurements at 100 mA cm™>
with 50 mM and 100 mM xylose (Fig. 3e and S14%). The
electrocatalytic activity is well maintained after four successive
cycles, implying the excellent durability of the NiCoP electrode
for the XOR. The increasing potential during the reaction is
attributed to the decrease of xylose substrate and pH of the
solution due to the production of organic acid (Fig. S157).>
The SEM images (Fig. S161) and XPS spectra (Fig. S171) of
NiCoP after consecutive runs indicate that the structure of
NiCoP remains unchanged during the electrooxidation
reaction.

Different potentials were applied on NiCoP to separate the
proton deintercalation of the catalyst and oxidation of xylose
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(Fig. 3f). At a high potential of 1.5 V (vs. RHE), the oxidation
current is attributed to the conversion of Co®"/Ni*" (M**) to
Co>*/Ni** (M*"), and a reduction current of M** to M*" was
observed after changing the potential to 1.0 V (vs. RHE) in 1.0
M KOH. When 100 mM xylose was added during the open-
circuit state, the reduction current disappeared, indicating the
spontaneous reduction from Co®*/Ni*" to Co**/Ni** by accept-
ing protons from xylose.”® Raman spectra were used to reveal
this process, as shown in Fig. 3g. In the electrolyte of 1.0 M
KOH, the peak at 835 cm ™" corresponded to O-P-O stretching
vibrations associated with metal phosphide.>® When the
applied potential was raised to 1.5 V (vs. RHE), two bands
located at 476 and 546 cm™" are attributed to the e, bending
and the A, stretching vibration mode of M*'-O,
respectively,>®>® demonstrating that the metal oxyhydroxides
are generated from metal phosphide. However, the peaks
related to M*>"-O disappear in the presence of xylose (Fig. 3h),
further indicating the reduction of M*" by xylose.’® The XRD
pattern after the XOR shows almost no peak (Fig. S187%),
suggesting that the electrogenerated metal oxyhydroxides are
amorphous. The contents of Co and P were then tested by
ICP-OES (Table S27). The contents of Co in fresh and used
NiCoP electrocatalysts changed little, and were 12.81 and
11.14 wt%, respectively. But the contents of P in fresh and
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Fig. 4 (a) LSV curves and (b) the corresponding Tafel plots of NiCoOH and NiCoP electrocatalysts in 1.0 M KOH. (c) A comparison of the HER in 1.0
M KOH at a current density of 100 mA cm™2 between NiCoP and other noble-metal catalysts reported to date. (d) 45 h stability test of NiCoP for a
cathodic HER at 100 and 200 mA cm™2 and (e) LSV curves of the NiCoOH and NiCoP electrocatalysts in 1.0 M KOH and alkaline seawater.
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used NiCoP decrease from 6.86 to 2.78 wt% owing to the con-
version from metal phosphide to metal oxyhydroxides. These
results demonstrate that M*" ions in oxyhydroxides generated
by electrochemical activation are the active sites of xylose elec-
trooxidation. A schematic of the reversible redox cycles of Ni**/
Ni*" and Co**/Co®" during the XOR with the HER is displayed
in Fig. S19.f

Then the XOR activity was also measured in alkaline
natural seawater (1.0 M KOH seawater). The LSV scans of
NiCoP in alkaline seawater with or without the addition of
100 mM xylose are shown in Fig. 3i. The overpotential to
achieve a current density of 100 mA cm™> is significantly
reduced by 277 mV compared with the OER. At 1.2, 1.3, 1.4,
1.5 and 1.6 V (vs. RHE), the current densities of the XOR are
significantly raised to 14.188, 51.84, 189.16, 408.4 and
695.6 mA cm > compared with the OER (Fig. S201). These
results suggest that the XOR is thermodynamically and kineti-
cally more favorable than the OER in alkaline seawater electro-
lyte. The organic products of the XOR in alkaline seawater
were also tested by chronoamperometric measurements at
1.52 V (vs. RHE). The optimal FA yield still reaches 48.20%
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with a high selectivity of 95.12% after passing a charge of 540
C (Fig. S217). Furthermore, the faradaic efficiency of FA is
68.84% (Fig. S12}) and the xylose conversion is 69.13%
(Fig. S227). Additionally, in 1.0 L of alkaline seawater with the
addition of 100 mM xylose, the potential changes negligibly at
a constant current density of 50 mA cm > during 25 h of
chronopotentiometry testing (Fig. S23f), demonstrating the
acceptable stability of NiCoP in seawater. In summary,
biomass electrooxidation shows great promise for energy-
saving and cost-effective seawater electrolysis, which is of great
significance to large-scale H, production from seawater.

Electrocatalytic performances for the HER

The NiCoP electrode also presents prominent performance for
the HER under alkaline conditions. The LSV curves in Fig. 4a
and Fig. S247 prove that NiCoP shows a remarkable advantage
over the NiCoOH precursor, NiP and bare NF, indicating that
the NiCoP bimetallic phosphide possesses abundant active
sites for the HER. The NiCoP electrocatalyst requires an over-
potential of only 119 mV to drive a current density of 100 mA
cm~?, which is much smaller than that of NiCoOH (201.6 mV).
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Fig. 5 Electrochemical performances of NiCoP || NiCoP. (a) A schematic illustration of the hybrid seawater electrolysis system. (b) LSV curves of the
NiCoP electrocatalyst in 1.0 M KOH seawater with and without 100 mM xylose. (c) The corresponding current densities at various potentials with
(green bars) and without (orange bars) 100 mM xylose. (d) H, and O, production rates with and without 100 mM xylose at 1.9 V. (e) The HPLC traces

of products; the inset exhibits the selectivities of FA, LA and AA.

410 | Green Chem., 2023, 25, 4104-4112

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3gc00684k

Published on 19 April 2023. Downloaded on 10/17/2025 12:35:02 PM.

Green Chemistry

As compared with NiP (312.6 mV), the lower overpotential of
bimetallic phosphide further demonstrates the more efficient
HER catalytic activity. Meanwhile, the Tafel slope of the NiCoP
electrode for the HER is calculated as 87.52 mV dec™?, less
than that of NiCoOH (112.11 mV dec™") and NiP (219.97 mV
dec™), which demonstrates the higher transfer coefficient and
the favorable reaction kinetics of the HER.”” Such performance
is competitive among the noble metal electrocatalysts reported
to date (Fig. 4c and Table S37). Additionally, the NiCoP catalyst
shows a comparable HER activity with slight degradation after
introducing 50 and 100 mM xylose, illustrating the xylose toler-
ance of the HER (Fig. S25t). The hydrogen production agrees
well with theoretical amounts, demonstrating an approxi-
mately 100% faradaic efficiency for the HER (Fig. S267).
Furthermore, after continuous chronopotentiometry measure-
ment for 45 h conducted at 100 and 200 mA cm™2, the
required potential barely increases by 7.1 and 0.5 mV, respect-
ively (Fig. 4d), suggesting excellent stability of the NiCoP cata-
lyst for the HER. Then the HER performances of NiCoOH and
NiCoP were assessed in alkaline seawater. As depicted in
Fig. 4e, NiCoP still displays excellent HER activity with an over-
potential of 152.6 mV at a current density of 100 mA cm™>. The
HER performance of NiCoP has limited degradation in alka-
line seawater, which is caused by a decrease of conductivity in
complicated natural seawater.’®

Electrochemical property of a two-electrode system

Considering that the NiCoP electrode simultaneously pos-
sessed optimal electrocatalytic activity in the XOR and HER in
alkaline natural seawater, a two-electrode electrolytic cell
employing NiCoP as a bifunctional electrocatalyst was con-
structed with 1.0 M KOH seawater as the electrolyte (Fig. 5a).
As presented in Fig. 5b, the overpotential of NiCoP to afford a
current density of 100 mA cm™? is 1.86 V in the absence of
xylose, while the cell voltage reduces to 1.57 V to deliver a
current density of 100 mA cm™> in the presence of xylose,
which is nearly 290 mV lower than that for overall water split-
ting. Besides, after adding 100 mM xylose, the current den-
sities to obtain the voltages of 1.6, 1.7, 1.8, 1.9 and 2.0 V are
reduced by 115.64, 206.47, 275.24, 302.00 and 296.92 mA
cm >, respectively (Fig. 5c). The gas products in the hybrid
system were investigated at 1.9 V (Fig. 5d). After chronoam-
perometric measurement for 60 min, the H, production rate in
the presence of xylose reaches 150 mL ¢cm™2, which is much
faster than the production rate in the absence of xylose
(36.67 mL cm™). No bubbles were observed at the anode,
implying that no oxygen is produced, owing to the dominance
of the XOR. The reaction products after passing 693 C were
also investigated by HPLC. The FA selectivity was retained as
high as 94.6%, while the selectivity values of LA and AA were
4.6% and 0.7%, respectively (Fig. 5e). These results indicate
that our strategy for biomass-assisted seawater electrolysis is
low-cost and highly efficient in producing hydrogen and
chemicals with high selectivity.

This journal is © The Royal Society of Chemistry 2023
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Conclusions

In summary, we designed a hybrid electrolyser that coupled
xylose electrooxidation and the HER to coproduce value-added
organic acid and H, using NiCoP as a bifunctional electrode,
aiming to boost the economic benefit of seawater electrolysis.
Thermodynamically favorable xylose-assisted seawater electro-
lysis required less energy than traditional overall water split-
ting. In a three-electrode cell system with alkaline seawater as
the electrolyte, the overpotential of the XOR to achieve a
current density of 100 mA cm™> was reduced by 277 mV as
compared with that of the OER, while the two-electrode elec-
trolytic cell only required 1.57 V to deliver a current density of
100 mA cm™? in the presence of xylose. Furthermore, formic
acid was obtained with high selectivity of 94.6% and the H,
production rate was 150 mL cm > without oxygen. Therefore,
our work offers an energy-saving xylose-assisted seawater elec-
trolysis system to produce pure H, and valuable chemicals,
which is promising for seawater electrolysis and biomass
valorization.
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