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1. Introduction

Replacing traditional

non-renewable
environmentally friendly and sustainable energy sources is

Electrochemical semi-sacrificial growth of a self-
supporting MOF-based electrode for urea
electrooxidation-coupled water electrolysisy

Jiang Ji,?® Yinsheng Wang,?® Changsheng Cao, & *P
Xin-Tao Wu @° and Qi-Long Zhu @ *°

Replacing the anodic oxygen evolution reaction in water electrolysis with thermodynamically more
favorable oxidation reactions is appealing for reducing the energy consumption of hydrogen production
but is limited by the lack of efficient yet cost-effective electrodes. Herein, a self-supporting NiFe-based
Prussian blue analogue (PBA) electrode (NiFe-PBA-NF) was directly prepared via a facile semi-sacrificial
anodic electrodeposition strategy, in which ultrasmall NiFe-PBA nanoparticles were grown uniformly and
compactly on the nickel foam (NF) surface. Benefiting from its ingenious structure and the synergistic
effect between Ni and Fe sites, the as-prepared NiFe-PBA-NF exhibited excellent electrochemical
performance in the urea oxidation reaction (UOR) with a required potential of only 1.375 V to deliver a
current density of 100 mA cm™2, outperforming the powdered NiFe-PBA and even the commercial RuO,
catalyst. Moreover, a Ru-NiFe-PBA-NF electrode assembled with ultrathin Ru-doped NiFe-PBA nanosheets
was fabricated through further Ru-modification treatment, which exhibited a remarkable electrochemical
performance in the hydrogen evolution reaction (HER), even better than that of the commercial Pt/C
catalyst. Ultimately, a UOR-coupled energy-saving hybrid water electrolysis system was constructed by
employing Ru-NiFe-PBA-NF and NiFe-PBA-NF as the electrodes for the cathodic HER and anodic UOR,
respectively, which only requires a cell voltage of 1.36 V to deliver a current density of 10 mA cm™2, far
superior to a conventional water electrolysis system. This work provides a novel way to design advanced
organic-inorganic hybrid-based electrodes and innovative water electrolysis systems for efficient hydrogen
production.

It is well-known that a typical water electrolysis process
involves two half-reactions, ie., the hydrogen evolution
reaction (HER) at the cathode and the oxygen evolution
reaction (OER) at the anode.'®'" Generally, the sluggish four-

fossil fuels with

expected to alleviate the increasingly serious environmental
and energy dilemma, which is of great significance to achieve
the sustainable development of human society."* Among all
alternatives, hydrogen is considered as the best choice due to
its high energy density and zero carbon emission features.”™®
Different from traditional thermocatalytic strategies,
electrocatalytic water splitting driven by sustainable energy
including solar and wind is more in line with the modern
concept of green hydrogen production.’
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electron transfer kinetics and large overpotentials of the OER
make it a bottleneck reaction in water electrolysis.">** The
most straightforward approach to address this issue is to
develop efficient OER electrocatalysts."*'®> However, the high
thermodynamic potential (i.e., 1.23 V vs. reversible hydrogen
electrode (RHE)) of the OER makes it an insurmountable
moat to substantially reduce the electric energy consumption
of water electrolysis.’® Alternatively, replacing the anodic
OER with the thermodynamically favorable urea oxidation
reaction (UOR) in a water electrolysis system is expected to
significantly reduce the energy input for H, production while
enabling the treatment of urea-rich wastewater, since the
thermodynamic potential (0.37 V vs. RHE) of the UOR is
much lower compared to the OER."” " Nevertheless, the key
to improving the performance of a UOR-coupled water
electrolysis system remains to be the development of efficient
yet cost-effective electrocatalysts for the UOR.
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Recently, metal-organic frameworks (MOFs) have been
widely used in the field of electrochemistry because of their
high surface areas, ordered porous structures, and easily
tunable composition and morphology.?>® However, the
Achilles heel of MOFs as electrocatalysts is their poor
conductivity and stability. Moreover, most MOFs prepared by
conventional methods are in powder form, making organic
binders indispensable during the fabrication of working
electrodes, which will lead to partial coverage of active sites,
and is thus detrimental to the electrocatalytic
performance.””*® Alternatively, direct growth of MOFs on
conductive substrates with intimate contact not only
facilitates charge transfer but also exposes more accessible
active sites, thus leading to enhanced electrochemical
performance.*® Although several effective strategies including
solvothermal self-assembly have been reported to fabricate
MOF-based self-supporting electrodes with significantly
promoted electrocatalytic performance,**> the complex and
tedious synthetic conditions with low controllability in most
cases limit their large-scale application.*

Compared with conventional strategies, electrochemical
deposition (ECD) techniques including anodic electrodeposition
(AED) and cathodic electrodeposition (CED) have been proven
to be environmentally friendly and time-saving, and show
precise controllability and easy scalability, thus showing great
potential in  fabricating =~ MOF-based  self-supporting
electrodes.**®” More notably, the metal ion sources required for
the construction of MOFs can be directly provided from their
own metal substrate by the applied electric field due to
electrochemical oxidization. Thereafter, the generated metal
ions will further react with organic ligands to form MOFs and
deposit on the surface of the substrate. For example, by
precisely controlling the electrochemical conditions such as the
applied potential and reaction time, Liu et al. realized the in situ
growth of large-area Cuz(HHTP), (HHTP: 2,3,6,7,10,11-
hexahydroxytriphenylene) MOF films on Cu (100) foil.*®
Moreover, other Cu-MOF films using different ligands can also
be synthesized through a similar growth strategy, confirming
the effectiveness and universality of this strategy.®® On the other
hand, it has been reported that Ni-based catalysts are the most
attractive candidates for the UOR under alkaline conditions.*’
Therefore, it is appealing to fabricate Ni-MOF-based self-
supporting electrodes with excellent UOR performance via ECD
techniques. Unfortunately, to the best of our knowledge, there
are few reports on the synthesis of Ni-MOFs through
electrochemical technologies so far.

Herein, a self-supporting NiFe-MOF-based nanocomposite
electrode (NiFe-PBA-NF) composed of ultrasmall NiFe-based
Prussian blue analogue (PBA) nanoparticles was prepared for
the first time via a semi-sacrificial AED strategy, during which
nickel foam (NF) was used as both the Ni source and the
substrate, while K;[Fe(CN)g] was used as both the Fe source and
the ligand. Notably, the composition and morphology of the
NiFe-PBA-NF electrode and its corresponding electrochemical
performance can be easily tuned by adjusting the AED
conditions (e.g., applied potential and reaction time). When
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used directly as the working electrode for the UOR, the optimal
one displayed excellent performance with a required applied
potential of only 1.375 V to deliver a current density of 100 mA
em™?, which is superior to powdered NiFe-PBA and even
commercial RuO,. Moreover, the Ru-NiFe-PBA-NF electrode with
excellent HER activity was fabricated through further Ru-
modification on the NiFe-PBA-NF electrode, in which ultrathin
Ru-doped NiFe-PBA nanosheets were uniformly and densely
distributed on the NF surface. Consequently, the UOR-coupled
water electrolysis system assembled with Ru-NiFe-PBA-NF and
NiFe-PBA-NF as the cathode and the anode, respectively, only
needs a cell voltage of 1.36 V to deliver a current density of 10
mA cm™2, which is 102 mV lower compared with that for a
conventional water electrolysis system.

2. Experimental section
2.1 Chemicals

Hydrochloric acid (HCl, ~37 wt%), potassium ferricyanide(im)
(Ks[Fe(CN)g], = 99.5%), KOH (85%), urea, and anhydrous
ethanol were purchased from Sinopharm Chemical Reagent
Co. Ltd. Ruthenium trichloride (RuCls, 99%, 48.2% Ru) was
bought from Energy Chemical Co. Ltd. Nickel foam (NF) was
purchased from Kunshan Jiayisheng Electronics Co., Ltd. All
chemicals were used directly without any further purification.
Deionized water (DI) was used in all experiments.

2.2 Fabrication of the NiFe-PBA-NF electrode

The self-supporting NiFe-PBA-NF electrode was fabricated by
a semi-sacrificial electrodeposition (AED) strategy, where
nickel foam (NF) was employed as both the Ni source and the
substrate, while K;[Fe(CN)s] was used as both the Fe source
and the ligand. Typically, a piece of NF with a size of 2.0 x
3.0 cm® was first treated with HCI solution (1.0 m) and then
washed with deionized water and ethanol several times. After
vacuum drying at 60 °C, the pre-treated NF was collected for
further use. The electrochemical fabrication of NiFe-PBA-NF
was conducted in a three-electrode system with Ni foam (2.0
x 3.0 cm?) as the working electrode and a Pt mesh (1.0 x 1.0
cm®) and a saturated Ag/AgCl electrode as the counter and
reference electrodes, respectively. 0.025 m Kj[Fe(CN)¢]
solution was used as the electrolyte. The growth of NiFe-PBA-
NF was achieved through a potentiostatic method with the
appropriate potential and reaction time. Without a specific
method, the sample named as NiFe-PBA-NF was fabricated at
3.0 V vs. Ag/AgCl for 3000 s. The mass loading of NiFe-PBA
on NF was about 3.65 mg cm ™.

2.3 Preparation of the Ru-NiFe-PBA-NF electrode

The Ru-NiFe-PBA-NF self-supporting electrode was prepared
by a Ru-decorating treatment on the as-prepared NiFe-PBA-
NF. Typically, 5.0 mg RuCl; was first dissolved in a mixed
solution containing 14.0 mL ethanol and 1.0 mL HCI solution
(1.0 m). Then the above solution was transferred into a
Teflon-lined autoclave (25 mL). After immersing a piece of

This journal is © The Royal Society of Chemistry 2023
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the as-prepared NiFe-PBA-NF (2.0 x 3.0 cm?), the autoclave
was sealed and heated at 120 °C for 12 h. After naturally
cooling the sample to room temperature, it was taken out,
washed with deionized water and ethanol several times, and
finally dried at 60 °C overnight. Next, the pre-treated NiFe-
PBA-NF was immersed in 20.0 mL methanol containing 160.0
mg NaBH, under vigorous stirring for 30 min. Finally, the
obtained Ru-NiFe-PBA-NF electrode was collected, washed
with methanol several times, and dried under vacuum at
room temperature.

2.4 Preparation of NiFe-PBA@NF, RuO,@NF and Pt/C@NF
electrodes

The NiFe-PBA@NF, RuO,@NF and Pt/C@NF electrodes were
prepared as follows: 5.0 mg NiFe-PBA-p, commercial RuO,
and 20 wt% Pt/C were dispersed in a solution containing 0.45
mL H,0, 0.5 mL isopropyl alcohol, and 0.05 mL 5 wt%
Nafion solution with ultrasonic treatment for 1 h. Then, 0.1
mL of the ink was dropped onto the surface of a piece of NF
with a size of 1.0 x 1.0 cm” and this was then dried at room
temperature.

2.5 Physical characterization

The powder X-ray diffraction (PXRD) patterns of the samples
were recorded on a Rigaku MiniFlex 600 benchtop X-ray
diffraction instrument with Cu Ko radiation. Scanning
electron microscopy (SEM) images of the samples were
collected using a Carl Zeiss Sigma 300 instrument.
Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images of the samples were collected by using
a FEI Tecnai G®> F30 instrument. X-ray photoelectron
spectroscopy (XPS) spectra were obtained using a Thermo
Fisher ESCALAB 250Xi X-ray photoelectron spectrometer with
monochromatic Al Ko radiation (E = 1486.2 eV), and the
binding energies were calibrated using C 1s to 284.8 eV.
Raman spectra were recorded on a LabRAM HR Raman
microscope with a 325 nm laser.

2.6 Electrochemical characterization

The OER, UOR and HER measurements were performed in a
three-electrode cell connected to an electrochemical
workstation (CHI 760E), in which a saturated Ag/AgCl
electrode and a Pt mesh (1.0 x 1.0 cm?) were used as the
reference electrode and the counter electrode, respectively.
The as-prepared electrodes with a size of 1.0 x 1.0 cm?* were
directly used as the working electrodes. 1.0 m KOH with or
without 0.33 m urea was used as the electrolyte. Linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) curves were
collected at a scan rate of 5 mV s . All the measured
potentials in this work were converted to reversible hydrogen
electrodes (RHES): Erpp = Eagiagc T 0.059 X pH + 0.197 (V).
Without a specific description, all electrochemical data
presented in this work were corrected with 90% iR-
compensation. The electrochemical impedance spectra (EIS)
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in this work were recorded with the frequency ranging from
0.05 to 10° Hz at an AC amplitude of 5 mV.

The electrochemical performances of UOR||HER and
OER||HER were evaluated in a two-electrode cell, in which
NiFe-PBA-NF and Ru-NiFe-PBA-NF were used as the anode
and the cathode, respectively. 1.0 m KOH with or without
0.33 m urea was used as the electrolyte.

3. Results and discussion

As displayed in Scheme 1, the self-supporting NiFe-PBA-NF
electrode was fabricated via a facile semi-sacrificial AED
strategy, where NF was employed as both the Ni source and
the substrate, while K;[Fe(CN)s] was used as both the Fe
source and the ligand. The powder X-ray diffraction (PXRD)
patterns (Fig. 1a) and Raman spectra (Fig. 1b) of the as-
fabricated NiFe-PBA-NF electrode and powdered NiFe-PBA
(NiFe-PBA-p) are all consistent with the typical NiFe-PBA (i.e.,
Ni,Fe(CN),) reported in the literature,'® indicating the
successful formation of Ni,Fe(CN), on the NF surface, which
was further evidenced by the color change from the argenteus
with metal luster to dull yellow (Fig. S1t1). Moreover, scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to reveal the microstructure
of NiFe-PBA-NF. As can be observed in Fig. 1c and d and S1,f
irregular cubic nanoparticles with a size of about 30-50 nm
grew uniformly on the NF surface. Meanwhile, lattice fringes
with a lattice spacing of 0.577 nm were observed in high-
resolution TEM (HRTEM, inset in Fig. 1d), indicating the
existence of Ni,Fe(CN), crystals, which is consistent with the
PXRD patterns and Raman spectra. Additionally, the SEM
energy-dispersive X-ray (EDX) spectra (Fig. S27) illustrate that
the Ni/Fe ratio is 8.27 in NiFe-PBA-NF. SEM-EDX elemental
mapping images (Fig. S31) show that C, O, N, Fe and Ni are
uniformly distributed throughout the entire NiFe-PBA-NF,
demonstrating the uniform growth of the Ni,Fe(CN)e
nanocrystals on the NF surface.

Besides its overall composition and morphology, the
surface chemical composition and electronic states of NiFe-
PBA-NF were further analyzed by X-ray photoelectron
spectroscopy (XPS). As shown in the survey spectra (Fig.
S16at), both NiFe-PBA-NF and NiFe-PBA-p are composed of

° Ni*
2 [Fe(CN)g]* A

Scheme 1 Schematic illustration of the fabrication of the NiFe-PBA-
NF and Ru-NiFe-PBA-NF electrodes.
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Fig. 1 (a) PXRD patterns and (b) Raman spectra of NiFe-PBA-NF and NiFe-

PBA-p. (c) SEM and (d) TEM images of NiFe-PBA-NF (inset in (d) is the HRTEM
image). (e) N 1s and (f) Ni 2p spectra of NiFe-PBA-NF and NiFe-PBA-p.

0

C, N, O, Fe and Ni. In the N 1s spectrum (Fig. 1e), the peak at
398.0 eV is assigned to the C=N bond of the CN~ species.*"
Characteristic Ni 2p peaks in the Ni 2p spectrum (Fig. 1f)
appeared at 856.3 eV (Ni 2p;/,) with a satellite peak at 861.5
eV, indicating their 2+ oxidation state. Meanwhile, another
peak at 858.6 eV can be attributed to Ni*" or the Ni-OH
bond.?*** Moreover, the two peaks at around 708.9 and 721.7
eV in the Fe 2p spectrum (Fig. S16bt) demonstrate their +2
oxidation state.”® Notably, the binding energies of the peaks
corresponding to the C=N bond, Ni*" and Fe*" in NiFe-PBA-
NF and NiFe-PBA-p are almost the same, which further
confirms the successful growth of NiFe-PBA on the NF
surface. Since Ni** originates from the electrochemical
oxidation of NF, the in situ formed Ni,Fe(CN)y crystals can
tightly adhere to the substrate, which is beneficial to enhance
the electrochemical performance.

According to previous studies, the growth of NiFe-PBA on
the NF surface should be affected by AED conditions
including the applied potential and reaction time.** As
shown in Fig. S4a and b, at low applied potentials (e.g:, 2.0
and 2.5 V), only a few nanoparticles grew randomly on the
NF surface due to the low generated Ni*‘concentration.
Afterward, the Ni*‘concentration gradually increased as the
applied potential increased, thereby accelerating the
nucleation and growth of NiFe-PBA nanoparticles. As a result,
dense NiFe-PBA nanoparticles were tightly and uniformly
grown on the NF surface (Fig. S4c and df). However,
overgrowth of NiFe-PBA nanoparticles at a too high applied
potential (4.0 V) leads to the cracking of the uniform and
dense MOF layer (Fig. S4et), which may be detrimental to the
electrocatalytic performance. Moreover, it is unsurprising
that the reaction time has a similar effect on MOF growth to
the applied voltage. As shown in Fig. S5b,f a too short
reaction time (1000 s) results in incomplete formation of a
dense MOF layer, while a too long reaction time (5000 s)
leads to the destruction of the MOF layer (Fig. S5df).
Additionally, the SEM-EDX spectra and SEM-EDX elemental
mapping images show that C, O, N, Fe, and Ni are all
uniformly distributed throughout the as-prepared NiFe-PBA-
NF electrodes with different applied potentials and reaction
times (Fig. S2, S3 and S6-S13t). Meanwhile, the Ni/Fe ratio
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decreases with the increase of applied potential and reaction
time (Fig. S147), further demonstrating the gradual growth of
NiFe-PBA nanoparticles, which corresponds to the result
mentioned above. Furthermore, the -electrochemical
performance of the as-prepared NiFe-PBA-NF electrodes was
determined in 1.0 m KOH with 0.33 m urea. From the results
in Fig. S15; the NiFe-PBA-NF electrode obtained by
electrolysis at 3.0 V for 3000 s displayed the best UOR activity.
Therefore, an appropriate applied potential and reaction time
are critical for the fabrication of a uniform and robust self-
supporting  NiFe-PBA-NF electrode  with optimal
electrochemical performance.

The electrocatalytic OER performance of the as-prepared
electrodes was first studied in 1.0 m KOH. As shown in
Fig. 2a and S17 and 18a,} a pair of redox peaks corresponding
to the Ni**/Ni*" couple was clearly observed between 1.0 and
1.5 V. Meanwhile, NiFe-PBA-NF displayed the best OER
activity with required overpotentials of only 266 and 338 mV
to deliver current density () values of 10 and 100 mA cm?,
respectively, outperforming NiFe-PBA@NF (281 and 392 mV)
and even the benchmark RuO,@NF catalyst (302 and 427
mV). Further measurements revealed that NiFe-PBA-NF
exhibits a lower Tafel slope compared with other electrodes
(Fig. S18b¥), indicating the improved reaction kinetics, which
can greatly improve the OER performance. More notably,
when 0.33 m wurea was added, accompanied by the
disappearance of the oxidation peak, the current densities for
all electrodes increased significantly (Fig. 2b and S177),
demonstrating the occurrence of the UOR. Meanwhile, it is
worth noting that the onset potentials of the UOR are near
those of the oxidation peaks, implying that the UOR should
be catalyzed by the in situ generated Ni** species, which is
consistent with previous studies.'® Therefore, the larger peak
area of the oxidation peak in NiFe-PBA-NF would contribute
to better UOR activity. As a result, NiFe-PBA-NF exhibited the
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Fig. 2 (a) LSV curves of NiFe-PBA-NF in 1.0 m KOH with and without
0.33 m urea. (b) LSV curves of NiFe-PBA-NF, NiFe-PBA@NF, RuO,@NF
and NF in 1.0 m KOH with 0.33 m urea. (c) LSV curves of NiFe-PBA-NF
in 1.0 m KOH with 0.33 m urea at scan rates from 20 to 120 mV s™*
(the inset shows the relationship between the current density and the
square root of the scan rate at 1.37 V vs. RHE). (d) Tafel plots and (e)
electrochemical impedance plots for NiFe-PBA-NF, NiFe-PBA@NF,
RuO,@NF and NF in 1.0 m KOH with 0.33 m urea. (f) Long-term

stability test for NiFe-PBA-NF at 1.48 V in 1.0 m KOH with 0.33 m urea.
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best UOR activity with required potentials of only 1.339 and
1.375 V to deliver j = 10 and 100 mA ¢cm™ >, respectively, which
were much lower than those of NiFe-PBA@NF (1.373 and
1.464 V), RuO,@NF (1.369 and 1.623 V), and the most
recently reported noble-metal free electrocatalysts (Table
S1t), making the as-prepared NiFe-PBA-NF one of the most
active MOF-based electrodes for the UOR.

To gain more insight into the enhanced UOR activity, the
reaction kinetics were first investigated. As shown in Fig. 2c, the
nearly overlapping LSV curves collected at scanning rates from
20 to 120 mV s imply that the UOR is a kinetic controlled
process. Therefore, the corresponding Tafel plots were obtained
to further analyze the reaction kinetics. As shown in Fig. 2d,
NiFe-PBA-NF exhibited a lower Tafel slope (29.66 mV dec ')
compared with NiFe-PBA@NF (39.34 mV dec '), RuO,@NF
(35.81 mV dec '), and NF (68.40 mV dec '), suggesting its
favorable UOR kinetics. Meanwhile, the charge-transfer kinetics
were studied by electrochemical impedance spectroscopy (EIS),
and the collected EIS plots are shown in Fig. 2e. Notably, the
calculated charge-transfer resistance for NiFe-PBA-NF is much
smaller than those of other electrodes, which would accelerate
the electrocatalytic process. Furthermore, the measurement of
electrochemically active surface areas (ECSAs) reveals that NiFe-
PBA-NF possesses more exposed active sites with higher
intrinsic activity compared with other electrodes (Fig. S197).
Consequently, the improved charge-transfer and reaction
kinetics, as well as the adequate exposure of active sites with
high intrinsic activity, synergistically endow NiFe-PBA-NF with
excellent UOR performance. Additionally, control experiments
show that the concentration of urea has an obvious effect on
the UOR activity, where 0.33 m is the optimal value in this work
(Fig. S207).

Besides exhibiting excellent UOR activity, NiFe-PBA-NF
also showed pretty good long-term stability. Specifically, it
can deliver j = ~100 mA cm > for more than 10 h (Fig. 2f).
The gradually decreasing current density should be ascribed
to the gradually decreasing urea concentration during
continuous electrolysis. At the same time, the morphology
and structure of NiFe-PBA-NF after a long-term stability test
were further analyzed. As shown in Fig. S21,f the SEM and
TEM images show inconspicuous changes after the stability
test, implying a robust morphology. However, the drastically
changed PXRD patterns and Raman and XPS spectra indicate
the complete structural evolution of NiFe-PBA (Fig. S22 and
S23). In particular, the signal of Fe 2p XPS sharply decreased,
which may be due to the dissociation of ferricyanide ligands
from NiFe-PBA during the UOR process. Therefore, we
speculate that the in situ generated Fe-doped Ni(OH),/NiOOH
should be the real active species for the UOR, which has been
extensively demonstrated previously.>®?°

Apart from the OER and UOR in the anode, the
electrocatalytic activity for the cathodic HER of NiFe-PBA-NF
was also evaluated in alkaline electrolyte. Unfortunately, the
HER performance of NiFe-PBA-NF is far behind that of
commercial Pt/C (Fig. S24t). As a remedy, the Ru-decorated

NiFe-PBA-NF electrode (Ru-NiFe-PBA-NF) was fabricated
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Fig. 3 (a) PXRD patterns and (b) Raman spectra of NiFe-PBA-NF and
Ru-NiFe-PBA-NF. (c) SEM and (d) TEM and HRTEM images of Ru-NiFe-
PBA-NF. (e) Ru 3p spectra of Ru-NiFe-PBA-NF. (f) Ni 2p spectra of
NiFe-PBA-NF and Ru-NiFe-PBA-NF. (g) LSV curves and the
corresponding (h) Tafel plots of Ru-NiFe-PBA-NF, NiFe-PBA-NF, Pt/
C@NF and NF in 1.0 m KOH with 0.33 m urea. (i) Long-term stability
test for Ru-NiFe-PBA-NF at —0.12 V in 1.0 m KOH with 0.33 m urea.

accordingly, since Ru has a comparable HER activity to Pt in
alkaline electrolyte yet is much cheaper.** Notably, the Ru
content in Ru-NiFe-PBA-NF was only 0.79 wt% as determined by
inductively coupled plasma atomic emission spectrometry (ICP-
AES). The PXRD patterns (Fig. 3a) and Raman spectra (Fig. 3b)
indicate that Ru-decorating has no effect on the structure of
NiFe-PBA. Meanwhile, the diffraction peaks belonging to Ru-
based species are not observed in the PXRD pattern, which may
due to the low content and good dispersion of Ru species.
Moreover, it is unexpectedly found that ultrathin Ru-decorated
NiFe-PBA nanosheets are uniformly anchored on the NF
surface, which is quite different from the parent
nanoparticulate NiFe-PBA (Fig. 3c and S257), demonstrating the
occurrence of structural reorganization of NiFe-PBA during the
Ru-decorating process. The SEM-EDX elemental mapping
images show the even distribution of Ni, Ru and Fe throughout
the entire Ru-NiFe-PBA-NF (Fig. S267), illustrating the uniform
dispersion of Ru species in Ru-NiFe-PBA-NF. The TEM and
HRTEM images (Fig. 3d) show that the lattice spacing of Ru-
NiFe-PBA-NF (0.577 nm) is the same as that of NiFe-PBA-NF,
implying that the structure of NiFe-PBA remains unchanged
after Ru decoration, corresponding to the result of the PXRD
pattern. Meanwhile, no obvious metallic or oxidized Ru-based
nanoparticles were observed (Fig. 3d and S277), implying that
Ru-based species may exist in Ru-NiFe-PBA-NF in the form of
single atoms or ultrasmall clusters. Moreover, from the Ru 3p
spectrum of Ru-NiFe-PBA-NF shown in Fig. 3e, the peaks at
462.3 and 484.5 eV are attributed to Ru’, while the peaks at
465.2 and 486.6 eV belong to the Ru*" species, indicating the co-
existence of metallic and oxidized Ru species.** Furthermore,
the Ni 2p (Fig. 3f) and Fe 2p (Fig. S28b¥) spectra of Ru-NiFe-
PBA-NF were also collected. Compared with NiFe-PBA-NF, both
Ni 2p and Fe 2p spectra in Ru-NiFe-PBA-NF shifted towards
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higher binding energy after Ru decoration, demonstrating that
partial electrons were transferred from Ni and Fe sites to Ru
sites, which will regulate the local electronic structure of the
active  sites, thereby enhancing the electrochemical
performance.

Accordingly, the HER performance of Ru-NiFe-PBA-NF was
investigated in 1.0 m KOH with 0.33 m urea. Based on the
preliminary experiment, the presence of urea in the
electrolyte has little effect on the HER activity of Ru-NiFe-
PBA-NF (Fig. S297). As shown in Fig. 3g, Ru-NiFe-PBA-NF
exhibited a boosted HER activity with an ultralow
overpotential of 43 mV to deliver j = 10 mA cm 2, which is far
superior to NiFe-PBA-NF (286 mV) and NF (306 mV) and
comparable to commercial Pt/C (46 mV). More impressively,
the needed overpotential to deliver j > 100 mA ¢cm™> for Ru-
NiFe-PBA-NF is even much lower compared with Pt/C,
indicating its excellent HER activity. Fig. 3h shows the Tafel
plots for the as-prepared electrodes based on their
corresponding LSV curves displayed in Fig. 3g. It can be
clearly observed that the Tafel slope of Ru-NiFe-PBA-NF is
much lower compared with NiFe-PBA-NF and NF within the
whole test potential region (Fig. 3h and S307), indicating the
superior HER kinetics for Ru-NiFe-PBA-NF. Notably, the Tafel
slope of Ru-NiFe-PBA-NF (85.48 mV dec ') is slightly higher
than that of Pt/C (51.21 mV dec ™) within a low-overpotential
region of 0 to 0.05 V. However, within the high-overpotential
region larger than 0.18 V (Fig. S307), the derived Tafel slope
for Ru-NiFe-PBA-NF (182.69 mV dec ') is much lower than
that for Pt/C (314.62 mV dec '), illustrating that Pt/C has
more excellent HER kinetics under low j values, while it is
inferior to Ru-NiFe-PBA-NF at relatively high j values.
Furthermore, as displayed in the EIS plots (Fig. S31af), the
semicircle diameter of Ru-NiFe-PBA-NF is close to that of Pt/
C and is much smaller than those of NiFe-PBA-NF and NF,
demonstrating the improved charge-transfer kinetics, which
is helpful to promote HER performance. Moreover, the
measurement of ESCAs shows that Ru-NiFe-PBA-NF is able to
expose more accessible active sites with higher intrinsic
activity than NiFe-PBA-NF and NF and even Pt/C (Fig. S31b
and S327t), which may originate from the synergistic effect of
Ru-decorating and the restructured nanosheet morphology.
Besides having a notable activity, Ru-NiFe-PBA-NF also
showed excellent long-term stability during the HER process.
As shown in Fig. 3i, the value of j = ~10 mA cm™> can be
maintained well without obvious decay during the long-term
(>14 h) electrolysis.

Encouraged by the excellent UOR and HER performances
of NiFe-PBA-NF and Ru-NiFe-PBA-NF, respectively, an
undivided advanced hybrid water electrolysis system (UOR||
HER) was constructed by replacing the anodic OER with the
UOR, in which NiFe-PBA-NF and Ru-NiFe-PBA-NF were used
as the anode and the cathode, respectively. Fig. 4a shows the
electrochemical performance of UOR||HER and the
conventional water electrolysis system (OER||HER) over the
NiFe-PBA-NF||Ru-NiFe-PBA-NF pair. Impressively, it requires
only 1.36 V to deliver a current density of 10 mA cm> for
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Fig. 4 (a) LSV curves of the constructed OER||HER and UOR||HER
cells based on the NiFe-PBA-NF||Ru-NiFe-PBA-NF pair. (b) LSV curves
and (c) comparison of the needed cell voltages at different current
densities of the NiFe-PBA-NF||Ru-NiFe-PBA-NF and RuO,@NF||Pt/
C@NF pairs in the UOR||HER cell. (d) Long-term stability test for the
NiFe-PBA-NF||Ru-NiFe-PBA-NF (1.36 V) and RuO,@NF||Pt/C@NF (1.45
V) pairs in the UOR||HER cell.

UOR||HER, which is 0.25 V lower than that for OER||HER
(1.61 V), demonstrating the effectiveness of replacing the
anodic OER with the UOR to facilitate H, production in water
electrolysis systems. Meanwhile, the UOR ||HER performance
of the RuO,@NF || Pt/C@NF pair was measured for
comparison. As displayed in Fig. 4b and ¢, the RuO,@NF||Pt/
C@NF pair requires an undesirably higher energy input to
output the same current density compared with the NiFe-
PBA-NF||Ru-NiFe-PBA-NF pair, especially at high current
density. For example, the cell voltages are 1.927 and 2.256 V
to deliver current densities of 100 and 200 mA cm™ for the
NiFe-PBA-NF||Ru-NiFe-PBA-NF pair, respectively, which are
564 and 740 mV lower than those for the RuO,@NF||Pt/
C@NF pair, respectively. To the best of our knowledge, this
performance is superior to most recently reported hybrid
water electrolysis systems (including UOR ||HER) by using
noble-metal free electrocatalysts as electrodes (Table S27).
Besides having a gratifying activity, the NiFe-PBA-NF||Ru-
NiFe-PBA-NF pair also presents fairly good long-term stability
toward UOR||HER. As shown in Fig. 4d, it can maintain an
output current density of 10 mA cm™> for 24 h without
significant decay, implying its potential application in hybrid
water electrolysis devices.

Conclusions

In summary, a self-supporting NiFe-MOF-based nanocomposite
electrode with a tunable composition and morphology was
fabricated via an electrochemical strategy, in which ultrasmall
NiFe-PBA nanoparticles are tightly anchored on the NF surface.
Notably, the as-prepared NiFe-PBA-NF electrode exhibited an
excellent UOR performance superior to the powdered NiFe-PBA
and even commercial RuO,. Further coupling the NiFe-PBA-NF
anode with the Ru-NiFe-PBA-NF cathode in a UOR-coupled
water electrolysis system enables efficient hydrogen production

This journal is © The Royal Society of Chemistry 2023
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while greatly reducing the energy input compared with a
conventional water electrolysis system. This work provides an
attractive way for the design of integrated MOF-based electrodes
and novel water electrolysis systems for efficient hydrogen
production.
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