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Synergistic doping and structural engineering over
dendritic NiMoCu electrocatalyst enabling highly
efficient hydrogen productiont
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The development of non-precious metal electrocatalysts with remarkable activity is a major objective for
achieving high-efficiency hydrogen generation. Here, a trimetallic electrocatalyst with a dendritic nano-
structure, which is denoted as NiMoCu-NF, was fabricated on nickel foam via a gas-template electrode-
position strategy. By virtue of the metallic doping and structural optimization, NiMoCu-NF exhibits
superior HER electrocatalytic activity with an overpotential of 52 mV at 10 mA cm™2. Additionally, the
NiMoCu-NF-derived nickel-based (oxy)hydroxide species in the oxidation operating state deliver con-
siderable electrocatalytic urea oxidation reaction (UOR) performance to match the efficient H, generation,
with a low voltage of 1.54 V to realize overall electrolysis at 50 mA cm™2. Impressively, combined experi-
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mental and simulation analysis demonstrate that the NiMoCu-NF with a favorable 3D nanostructure
feature effectively regulates the heterogeneous interface states, inducing a "Gas Microfluidic Pumping”
(GMP) effect that improved electron—mass transfer properties to accelerate the electrocatalytic reaction

rsc.li/nanoscale kinetics of either the HER or UOR.
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Introduction

Owing to its strengths of eco-friendliness and sustainability,
alkaline water electrolysis is regarded as one of the main-
stream strategies for future high-purity hydrogen production,
but its practical application is limited by the high energy con-
sumption due to the inherently slow reaction kinetics, which
urgently need to be overcome.'” In this regard, significant
efforts have been committed to develop electrocatalysts with
the properties of low cost, high intrinsic activity and outstand-
ing durability, especially to satisfy the requirements of the
hydrogen evolution reaction (HER) as the core half-reaction.*”
Among the desirable candidates, nickel-based metals/alloys
have been regarded as potential electrocatalysts by virtue of
their unique d-band electronic states for adjustable immediate
hydrogen absorption/desorption behavior.®® Notably, exploit-
ing the synergistic effect of heteroatom doping can allow
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effective tuning of the site electronic configuration, thereby
enhancing the HER activity of Ni-based electrocatalysts, as well
as providing bifunctionality.” > This feasible strategy has been
illustrated widely in recent representative studies of such bi-
metallic cooperation (Ni-Mo and Ni-Cu), since the modulated
d-band center position is beneficial for promoting both water
dissociation (Vomler step) and hydrogen bonding (Heyrovsky
or Tafel step).”>'® Moreover, it can be concluded that the
rational construction of Ni-Mo—-Cu trimetallic cooperation may
further strengthen the analogous favourable influence in
nickel-based electrocatalysts.

On the other hand, general research efforts have been
devoted to improving the intrinsic activity of sites; however,
favorable heterogeneous electrode-solution-gas interface pro-
perties are of crucial importance for the expression of electro-
catalytic activity, which is often overlooked.'”™*° Typically, the
interfacial electron-mass transfer process, which is a prerequi-
site during electrocatalytic reactions, determines the overall
kinetics, and is directly affected by the heterogeneous micro-
environment states.”’®>> It can be speculated that the liquid
infiltration and dynamic gas evolution-release behavior in the
both the cathode and anode half-reactions of water electrolysis
can be regulated by rationally designing the nanostructures of
self-supported electrocatalysts based on the structural fluid
effect. The optimization of the solid-liquid—-gas compatible
states contributes to the fully exploited electrocatalytic
performance.
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Enlightened by the above, here we designed and fabricated
a ternary nickel-molybdenum-copper electrocatalyst on nickel
foam (denoted as NiMoCu-NF) with a delicate dendritic nano-
structure via a novel gas-template electrodeposition strategy.
The trimetallic synergy for modulation of the electronic con-
figuration enables the self-supported electrocatalyst NiMoCu-
NF to exhibit superior alkaline HER activity, with an overpoten-
tial of only 52 mV at 10 mA cm ™. Supported by the anodic
urea oxidation reaction (UOR, with a lower theoretical poten-
tial of 0.37 V vs. RHE than the oxygen evolution reaction), a
symmetrical couple constructed by bifunctional NiMoCu-NF
realizes alkaline urea electrolysis for high-efficiency hydrogen
production, and is driven by a sustainable solar-powered
system. Comprehensive characterizations illustrate that
NiMoCu-NF maintains structural and compositional stability
during the HER, while at the oxidative operating potential,
nickel-based (oxy)hydroxide species can be derived as active
contributors for efficient UOR. Importantly, we focused on
exploring the correlation between the catalyst nanostructure
and catalytic performance. Detailed experimental observations
and stimulation analyses together demonstrated that the
NiMoCu-NF, with its favorable 3D nanostructure, has an
effective influence on the interfacial states during the hetero-
geneous HER and UOR processes. A gas microfluidic pumping
(GMP) effect was proposed to illustrate the structure-directed
gas release, and the flow field disturbance, which is enhanced
by optimizing the nanostructure, could accelerate the inter-
facial electron-mass transfer performance, thereby boosting
the electrocatalytic performance.

Experimental

Materials

The chemicals used in this work include NiSO,-6H,0 (>99.0%,
Aladdin), NaMoO,-2H,0 (>99.0%, Aladdin), CuSO,-5H,0
(>299.0%, Aladdin), Na,P,0,-10H,0 (>99.0%, Aladdin), NH,Cl
(>299.0%, Aladdin), ultrapure water (>18.25 MQ cm), C,H;OH
(99.7%), acetone, hydrochloric acid (HCl, >99.0%), KOH
(>299.0%), Ni foam (NF, 99.8%), and platinum on carbon
(20 wt% Pt/C). All reagents were directly used without further
purification.

Ultrasonic treatment of the nickel foam (NF) was carried out
in deionized water, ethanol and acetone, respectively.
Hydrochloric acid was then used to activate the nickel foam for
15 min to remove the oxide species. The electrolyte contained
160 ¢ L' Na,P,0,-10H,0, 20 g L' NH,CI, 50 g L'
NiSO,-6H,0, 2 g L' CuS0O,4-5H,0, and 0.5 g L™" NaMo0O,-2H,0.
The pH of the solution was adjusted to be slightly acidic (5.5) to
ensure that the deposited layer was an alloy phase rather than
an oxide/hydroxide phase. A two-electrode system was con-
structed in which NF was used as the working electrode, and
titanium dioxide as the counter electrode. The deposition area
was 1 x 1 em ™2, and the deposition was performed for 4 min
with a current density of 2.5 A cm™>. Additionally, the plating
solution was stirred at 500 rpm during the reaction.
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Electrochemical measurements

All the electrochemical performance measurements were
obtained using a CHI 660e Electrochemistry Workstation. In
the standard three-electrode system, the working electrode was
the deposited samples, and Pt foil and HgO/Hg were employed
as the counter and reference electrode, respectively. All the
polarization curves were measured by linear sweep voltamme-
try (LSV) at a scanning speed of 2 mV s™'. CV activation (scan
rates: 20 mV s~') in the same potential range was carried out
before LSV. Electrochemical impedance spectroscopy (EIS) was
conducted in the frequency range of 10~ to 105 Hz under
different potentials. Cyclic voltammetry (CV) was used to
measure the capacitance of the working electrode in the range
of 0 to 0.1 V (vs. RHE) at gradient scanning rates from 10 to
200 mV s~', and the ECSA values were evaluated by Cq,/0.04.

Characterization

Scanning electron microscopy (SEM, Hitachi S4800, 5 kV),
transmission electron microscopy (TEM, JEM 2100, 200 kV)
and X-ray diffraction (XRD, D/max 2550 V with Cu Ka radiation
of A = 1.541841 A) were adopted to determine the morphology
and crystal structure of the as-prepared samples. X-ray photo-
electron spectroscopy (XPS, Thermo Escalab 250, C 1s peak at
284.5 eV, and monochromatic He I light source of 21.2 eV) was
used to investigate the elemental composition and surface
chemical states of the sample. In situ Raman analysis was per-
formed in a self-made electrochemical cell with Hg/HgO as the
reference electrode and Pt wire as the reference electrode;
RENISHAW (excitation wavelength of 432 nm) was conducted
to monitor the in situ reaction at different operating potentials.

Theoretical simulation

All modelling was conducted in the Vienna Ab initio
Simulation package (VASP), and the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional was utilized within the
generalized gradient approximation. The vacuum layers were
set at around 15 A in the z-direction to avoid interaction
between planes. The cut-off energy and the k-point mesh were
set to 400 eV and 4 x 4 x 1, respectively. The geometry regu-
lation for energy and force were defined as 0.02 eV A™ and
1077 eV, respectively.

COMSOL multiphysics simulation

Numerical simulation was carried out using COMSOL
Multiphysics. A two-dimensional symmetric model was used,
and the radius of the reaction area was set as 0.3 cm. The ter-
tiary current distribution in the electrochemistry module
together with bubble flow and laminar flow in the CFD
module were coupled together to simulate the gas evolution
process during the HER and UOR. The parameters, including
the exchange current and charge transfer coefficient for the
HER and UOR, were calculated from the Tafel curves from the
electrochemical measurements. Details are shown in the ESL.{
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Results and discussion

A novel strategy for the preparation of the ternary NiMoCu
solid solution is illustrated schematically in Fig. 1a, in which
commercial Ni foam (NF) serves as a substrate and dendrite
arrays are uniformly fabricated via one-step gas-templated elec-
trodeposition. Under the high deposition current density, the
inevitable hydrogen evolution side reaction is exploited as a
dynamic template, resulting in the deposition of plating with a
delicate three-dimensional nanostructure (Fig. S1t). The scan-
ning electron microscopy (SEM) images in Fig. 1b and ¢ show
that the electrodeposition layer fully covered the substrate with
a dendritic morphology, and the corresponding EDS analysis
in Fig. S2t reveals the co-existence of Ni, Mo and Cu in
NiMoCu-NF. Subsequently, the nanostructural characterization
of the as-deposited NiMoCu sample was investigated using
transmission electron microscopy (TEM). As shown in the
HRTEM image in Fig. 1d and a well-defined interplanar
spacing of 0.21 nm corresponding to the Ni (111) facets veri-
fies the metallic phase distribution, and is consistent with the
analysis of the selected area electron diffraction (SAED) pat-
terns shown in Fig. le. Meanwhile, low-crystallinity phases
with lattice mismatch and amorphous composition can be
observed surrounding the Ni particle. These nanostructured
properties suggest that the co-deposition process with the
introduction of heteroatoms can form a defect-rich structure,
which induces an increase in the active site density and con-
tributes to improving the electrocatalytic activity. The corres-
ponding high-angle annular dark field-scanning TEM
(HAADF-STEM) image and the integrated elemental mapping
(Fig. 1f-j) together show a dendrite-like monomer structure
with a diameter of about 800 nm, as well as a homogeneous
Ni, Mo, Cu and O distribution. Brunauer-Emmett-Teller (BET)
experiments show that dendritic NiMoCu-NF has a high
specific surface area of 0.277 m> g”". In consideration of the
influence of the structural properties on the heterogeneous

generation

lelectrolysis]

B NiMoCu

Fig. 1 (a) Schematic illustration of the synthesis process for NiMoCu-
NF. (b and c) SEM images. (d) HRTEM image. (e) SAED pattern. (f—j)
HAADF-STEM image and the corresponding elemental mapping.
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interfacial environment, the gas/liquid contact properties with
the electrodes were characterized. The liquid contact angle
and gas release angle images in Fig. S31 and Movie S1, S27
together show that NiMoCu-NF has a relatively small liquid
contact angle (fast reaching 0°) compared to NF. Meanwhile,
for the gas adsorption process in solution, NiMoCu-NF also
exhibits a greater repulsion effect. The above phenomenon
shows that the three-dimensional array structure of the coating
improves the hydrophilicity and gas repellency. All the above
characterizations together demonstrate the fabrication of
NiMoCu-NF with a delicate nanostructure.

Next, XRD was performed on the as-prepared NiMoCu-NF
to investigate the crystal patterns. As shown in Fig. S4,} three
characteristic peaks appear at 44.2°, 51.4° and 75.8°, respect-
ively, matching those of metallic nickel (JCPUS 04-0850), while
the broad diffraction peaks reflect the low-crystallinity nature
of the electrodeposited solid solution. X-ray photoelectron
spectroscopy (XPS) was carried out to clarify the chemical com-
position and the coordination electron environment of
NiMoCu-NF. Simultaneously, a dendritic Ni sample (labeled as
Ni-NF) was prepared via the same electrodeposition processes
for comparison (Fig. S5t). It can be seen in the survey spec-
trum in Fig. S6t that the Cu, Ni and O elements coexisted with
a relatively higher Ni content ratio of 42.1% and Mo and Cu
contents of 6.4% and 12.5%, respectively; these are slightly
different than the ICP-MS results (Table S1t), which may be
due to absorbed oxygen or superficial oxidation on the
sample. The high-resolution Ni2p spectrum in Fig. 2b shows
two peaks located at 856.3 and 874.1 eV corresponding to Ni
2p2/3 and Ni 2p1/2, respectively, while a characteristic Ni°
peak was identified at 852.8 eV, implying the existence of
metallic phases. Obviously, the positive shift of the Ni 2p2/3
peak compared to that of Ni-NF indicates that the Mo and Cu
co-doping regulates the electronic configuration.>*** The Mo
3d spectrum in Fig. 2¢ was deconvoluted into Mo®*, Mo** and
Mo°® states located at 235.7, 232.5 and 228.4 eV,
respectively.>>*® For the Cu 2p spectra, the two peaks with
binding energies of 934.4 and 932.1 eV were ascribed to the
oxidation states Cu®** and Cu*/Cu’, respectively.”” The above
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Fig. 2 (a—c) High-resolution Ni 2p, Mo 3d and Cu 2p XPS spectra of
NiMoCu-NF and Ni-NF, respectively. (d) DOS and d-band central com-
parison, (e) 2D electron density distribution and (f) H free energy com-
parison of the metallic NiMoCu model.
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analysis clearly verifies the Mo and Cu co-doping with various
species in solid solution. Based on the co-deposition mecha-
nism in previous studies, molybdenum undergoes electro-
reduction in a stable coordination environment at strong elec-
trode polarization, thus resulting inevitably in the formation
of molybdenum oxides at the interface. Fortunately, locally
embedded oxidized components can modulate the adsorption
of electrocatalytic intermediates to benefit the -catalytic
activity.”®

In order to fully reveal the interaction between heteroatoms,
DFT calculations were carried out for the intermetallic com-
pound model. The calculated total density of states (TDOS)
and particle density of states (PDOS) with the orbitals for
different elements (Fig. 2d) were in line with the above XPS
analyses, indicating that strong interactions between hetero-
atoms induce local electronic structure change, along with a
moving d-band central from the Ni site (—1.47 eV) to the Cu
site (—2.05 eV), which can be an effective site for weak adsorp-
tion. The corresponding HOMO and LUMO energy barriers in
Fig. S7f demonstrate that the relatively lower value of the
metallic NiMoCu model (AE = 0.07 eV) than that of Ni (AE =
0.11 eV) is beneficial for accelerating the charge transfer. The
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simulated electron density distribution presented in Fig. S8t
and Fig. 2e exhibits the reduced electron density state on the
active Ni site, as well as electron enrichment at the Cu and Mo
sites, demonstrating the electron-pumping effect created by
the doping of heteroatoms. The calculated adsorption/desorp-
tion capacities identify that the co-doping model effectively
reduces the free energy of H* activation compared to the pris-
tine Ni model, while clearly revealing the critical effect of
interatomic synergy (Fig. 2f).>**°

Based on the desirable catalytic potential of the as-prepared
NiMoCu-NF, we then evaluated the HER electrocatalytic per-
formance systemically. Linear sweep voltammetry measure-
ments (LSV) were first carried out in a standard three-electrode
system, and 20% commercial Pt/C and pure NF were employed
for comparison. All the polarization curves measured in 1 M
KOH solution are shown in Fig. 3a with 85% IR compensation.
The HER electrocatalytic activity of NiMoCu-NF is significantly
superior to those of Ni-NF and pure NF. The onset overpoten-
tial of NiMoCu-NF is close to 10 mV, and the overpotential
required to deliver a current density of 10 mA cm™? is 52 mV,
which is comparable to that of commercially available Pt/C
(37 mV) and Ni-NF (101 mV). Furthermore, NiMoCu-NF exhi-
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Fig. 3

(a) HER polarization curves and (b) Tafel slopes of NiMoCu-NF, Ni-NF, NF, and Pt/C. (c) Integrated HER performance chart providing a com-

parison with recent representative works. (d) Calculated Cy values. (e) EIS plots. (f) Chronopotentiometric curves of NiMoCu-NF at different current
densities (10-500 mA cm™2). (g) UOR and OER polarization curves of NiMoCu-NF and (h) overall electrolysis performance of NiMoCu-NF with and

without urea assistance. (i) Galvanostatic curve of the urea-assisted electrolyzer at 50 mA cm
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bits an overpotential of 305 mV when producing a high
current density of 400 mA cm™2, demonstrating its potential
under industrial-grade conditions. The calculated Tafel slopes
in Fig. 3b show that NiMoCu-NF has a relatively lower value of
51 mV dec™ compared to those of Pt/C (59 mV dec '), Ni-NF
(121 mV dec™") and NF (167 mV dec™'), indicating that the
catalytic process of NiMoCu-NF follows the Volmer-Heyrovsky
process mechanism with enhanced intrinsic HER kinetics. We
then changed the ratio of molybdenum and copper salts in the
bath (NiMoCu-NF-2 denotes the high molybdenum salt group
and NiMoCu-NF-3 the high copper salt group, as detailed in
the ESI}). Although the morphology did not change signifi-
cantly after the doping ratio adjustment, the HER activity was
slightly inferior to that of NiMoCu-NF, indicating that the
appropriate doping concentration is critical to the improve-
ment of the HER activity (Fig. S91). As shown in Fig. 3c and
Table S2,f NiMoCu-NF exhibits competitive performance in
comparison with representative electrocatalysts that have been
reported recently.>>3174°

Further electrochemical measurements were performed to
analyze the properties of the NiMoCu-NF catalyst comprehen-
sively. The catalytic electrochemical surface area (ECSA) is also
important to the catalytic HER performance, and is evaluated
using the calculated double-layer capacitance (Cq).*"** The CV
curves were measured using cyclic voltammetry under gradient
scan rates (Fig. S10t), and the corresponding fitted Cy; results
are shown in Fig. 3d. The calculated Cy, value of NiMoCu-NF is
8.78 mF cm™?, which is significantly higher than that of Ni-NF
(6.38 mF cm™?) and pure NF (1.95 mF cm™2), indicating that
the three-dimensional porous structure constructed via gas-
templated electrodeposition effectively promotes the exposure
of more active sites. Moreover, the ECSA normalized polariz-
ation curves in Fig. S10ef intuitively reveal enhanced intrinsic
activity with Mo and Cu co-doping. Electrochemical impe-
dance spectroscopy (EIS) measurements were then conducted
at an operating voltage of 225 mV, and the Nyquist curves and
corresponding fitting results are shown in Fig. 3e and
Table S3.f Comparing the charge transfer resistance (R.)
values, the value of NiMoCu-NF (1.79 Q) is obviously smaller
than those of Ni-NF and NF, demonstrating that the HER
process of NiMoCu-NF has fast electron transport and is
weakly affected by mass transfer, which is especially crucial for
high-current-density operation. Considering that the long-term
durability of the electrocatalyst is an essential parameter for
assessing its practical application, multi-step chronopotentio-
metry measurements with different current densities (10, 20,
50, 100 and 500 mA cm™2) were performed on NiMoCu-NF. As
shown in Fig. 3f, the chronopotentiometry curves show that
the sample underwent 60 h of operation without obvious
attenuation. The faradaic efficiency (FE) yield of hydrogen evol-
ution measured by gas chromatography (GC) technology was
about 99% (Fig. S111), confirming the high selectivity of the
cathode reaction.

Next, NiMoCu-NF was investigated to explore the anodic
electrocatalytic performance. Since the theoretical potential of
the UOR (0.37 V) is lower than that of water oxidation (OER,
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1.23 V), the alkaline urea-assisted system enables the NiMoCu-
NF to participate in the anodic reaction with outstanding
thermodynamic advantages. For NiMoCu-NF, as shown in
Fig. 3g, the polarization curve of the UOR in 1 KOH + 0.33 M
urea solution exhibits that only 1.40 V is needed to reach
100 mA cm™2, which is lower than the value of 1.57 V for the
OER, suggesting improved thermodynamic properties. Owing
to its desirable bifunctional activity, NiMoCu-NF is promising
as a Janus electrocatalyst to participate in the construction of a
two-electrode system to drive urea-assisted electrolysis for
efficient hydrogen production. In Fig. 3h, the polarization
curve of the NiMoCu-NF||NiMoCu-NF couple in the urea-
assisted solution responds to an anodic current at 1.35 V, and
only requires 1.54 V to produce a current density of 50 mA
cm™2, which is significantly lower than the value of 1.77 V for
water electrolysis, revealing significant energy savings brought
about by upgrading the system. The overall stability was then
evaluated by chronopotentiometry measurement. Under a
current density of 50 mA cm™>, the alkaline urea-assisted elec-
trolysis system retains good stability after 20 h of operation
with negligible attenuation (Fig. 3i). Furthermore, a self-
assembled solar-powered system was used to successfully drive
the overall electrolysis process, demonstrating the potential for
renewable energy conversion (Fig. S12 and Movie S37).
Systematic characterizations were conducted to investigate
the evolution of the structure and composition properties
before and after the cathodic and anodic reactions. SEM
images show that the morphological structural features of
NiMoCu-NF that had undergone the HER remained basically
unchanged, while typical hydroxide features appeared after the
UOR, probably due to the oxidative reconstruction (Fig. S137).
The XPS analyses in Fig. 4a—c were used to study the surface
chemical change after the HER and UOR tests. NiMoCu-NF
clearly maintains compositional stability in terms of element
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Fig. 4 (a) High-resolution (a) Ni 2p (b) Mo 3d and (c) Cu 2p XPS spectra
after the HER and UOR, respectively. (d) /n situ Raman spectra of
NiMoCu-NF under oxidizing conditions in 1 M KOH.
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distribution and valence characteristics. However, after the
UOR, an obvious increase in in the oxidation states of Ni, Mo
and Cu can be observed, along with a significant increase in
the oxygen ratio (Fig. S14t). This phenomenon originates from
the inevitable oxidation of the nickel-based species that may
be associated with the UOR. To further reveal the oxidation be-
havior, in situ Raman analysis were performed on NiMoCu-NF
in the oxidation faradaic potential range, as shown in Fig. 4d
and Fig. S15.f In 1 M KOH, no obvious Raman peak was
observed at the open circuit potential (OCP). As the operating
potential increased to 1.35 V, the generated nickel species led
to the emergence of Ni-O vibrations, corresponding to the
appearance of oxidation peaks in the polarization curve.
Subsequently, two broad peaks located at 471 and 554 cm ™"
are significantly enhanced as the potential increases to 1.50 V;
these peaks were attributed to the characteristic bending and
stretching vibrations of Ni-O in nickel (oxy)hydroxides
(y-NiOOH), directly demonstrating that NiIOOH is abundantly
reconstructed on the NiMoCu-NF surface. In Fig. S15b,f no
Ni-O characteristic bonding can be detected in 1 M KOH +
0.33 M urea solution under the same operating conditions,
indicating that active NiOOH species did not accumulate
during the UOR. As analyzed in the previous representative
study, y-NiOOH species are able to actively participate in the
proton coupled electron transfer (PCET) step of the nucleophi-
lic urea to act as active contributors to the UOR.*

Inspired by the superior electrocatalytic activity, we innova-
tively explored the structure-induced promotion mechanism of
the catalyst. In consideration of the direct relationship
between the electrode-electrolyte-gas microenvironment and
the outgassing heterogeneous HER and UOR catalytic pro-
cesses, the interfacial states affected by the structural charac-
teristics of the self-supporting catalyst deserve in-depth eluci-
dation. For this, we prepared flat-structured solid solution cat-
alysts in the same system using a low deposition current
density (labeled as I-NiMoCu-NF, Fig. S16}) in order to
conduct a comparative study of the dendrite structure. The
bubble desorption property was first investigated using the
digital images in Fig. 5a and b. Under an operating potential
of —0.2 V vs. RHE, it can clearly be seen that gas evolution

BNIVOCu-NF BNiMCu-NF
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Fig. 5 (a) Digital images of the gas release of (a) NiMoCu-NF and (b)
I-NiMoCu-NF. (c and d) In situ Bode spectra of NiMoCu-NF and
[-NiMoCu-NF under HER and UOR operating potentials, respectively.
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occurred in both groups. The average bubble size produced
from NiMoCu-NF is about 50 pum, which is significantly
smaller than that of 130 um for I-NiMoCu-NF. It can be illus-
trated that the favorable 3D structure ensures faster gas release
behavior according to the Cassie-Baxter and Wenzel
equations, which not only facilitates the exposure of active
sites, but also helps to boost the electron-mass transfer
locally. In order to monitor the dynamic states of the elec-
trode-electrolyte interface during the electrolysis process,
in situ EIS technology was then employed in the HER and UOR
potential ranges. The comparison of the Nyquist curves of
NiMoCu-NF and [-NiMoCu-NF in Fig. S171 shows that as the
reaction driving potential increases, the change in the plots
from linear to semicircular indicates that both undergo a tran-
sition from non-faradaic reaction to faradaic reaction with
mass—-electron-transfer hybrid control states, and that
I-NiMoCu-NF is more relaxed. Since earlier studies have illus-
trated that nickel-based metal catalysts cannot form multiple
interfaces with complex states, the measured phase angle
values can be used to evaluate the mixed mass transfer and
interfacial charge transfer processes intuitively.*> The corres-
ponding Bode spectra in Fig. 5c and d show a linear change in
the phase angles of the two groups during the HER and UOR
processes, that is, a decrease with increasing reaction poten-
tial. Due to the intervention of structure changes, the smaller
phase angle of NiMoCu-NF indicates that the optimized inter-
face state achieves a faster reaction rate.

In the above analysis, the gas microfluidic pumping effect
during the HER and UOR processes determines the hetero-
geneous interface microenvironment, which has a direct corre-
lation with the structural characteristics of the electrocatalysts
and the reaction rates, and merits systematic exploration. For
this, we constructed a simulated electrode-solution-gas micro-
environment model based on the experimental parameters to
study the influences. As shown in the three-dimensional frame
in Fig. 6a and b, the desorption processes after gas evolution
are highly directional, which disturbs the solution to change
the states of the solid-liquid interface, and the flow field
caused by gas evolution will directly affect both mass transfer
and charge transfer behavior. The flow rates of the low bubble
radius (LBR) model are higher than those of the high bubble
radius (HBR) model; the LBR model exhibits higher flow rates
for both the HER and UOR processes, and the corresponding
2D spectra demonstrate that the flow field disturbance caused
by the overflow of small-sized bubbles enables greater reactant
distribution near the electrode. Additionally, the transfer rate
of the HER process was simulated quantitatively, as shown in
Fig. 6¢c. For 250 s of reaction, the transfer rate for the LBR
model reached as high as 45 mol m™ s™', and was signifi-
cantly higher than the values for the HBR model (32 mol m™2
s™1). Likewise, a similar phenomenon is observed in the simu-
lation of UOR processes in Fig. 6d, in which the transfer rate
of the LBR model is twice that of the HBR (6.2 mol m™2 s™*
compared to 3.8 mol m™> s" at 150s). These results illustrate
that non-directional flow field action leads to more rapid mass
transfer, that is, more K(H,0)," reactants and urea enrichment

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr03984b

Published on 16 September 2022. Downloaded on 12/25/2025 2:23:43 AM.

Nanoscale

View Article Online

Paper

m Relative intensity

1Y
LY

sl

HBR model

Flux values (mol / m®s) €3
Flux values (mol / m® s)

-

H

K(H,0)"

1
1 = 3 1
i a IR "1
! 012 1
1 o 1
1 - 1
1 1
I w |
1 1
1 008 i |
1 w |
1 o0 1
i o]
H HBR model o NS -t
1 - 1
1 e 1
1 1
1 w1
1 1
i o
1 w1
1 1
1 o |
1 1
1 "
: w1

LBRmodel o8 -l
H . H LBR model
e e e e e e e e e e o o o e e e o 1

d 12
~——LBR ~—— LBR
404 —HBR 11 __mBr

[ PA'ccelerated! transfer

Urea

T T T T T
0 50 100 150 200 250 0 50

Time (s)

@ NMiswiifiis Ry

Time (s)

Fig. 6 (a) 3D and corresponding 2D simulation images of the microenvironment flow field states for the HBR and LBR models under the (a) HER
and (b) UOR. (c and d) Comparison of the calculated transfer rates. (e) Schematic illustration of the optimal GMP mechanism.

during the reaction, coinciding with the above in situ EIS ana-
lysis. Additionally, the simulated electrocatalytic performance
of the HER and UOR matches well with the experimental
results (Fig. S187). Based on the above analysis, we propose a
novel gas microfluidic pumping effect (Fig. 6e), that is, the
generation and desorption processes of small-sized
bubbles occurring on the electrocatalysts with a dendritic
nanostructure can effectively enhance both mass transfer and
interfacial charge transfer capabilities during the hetero-
geneous reaction, thereby improving the catalytic
performance.

Conclusions

In summary, the ternary nickel-molybdenum-copper electro-
catalyst NiMoCu-NF with a dendritic morphology was prepared
via a simple gas-template electrodeposition strategy. The
metallic co-doping effect results in the optimized electron con-
figuration of NiMoCu-NF, which promotes the intrinsic HER
activity, while the surficial reconstruction to generate active
nickel-based (oxy)hydroxides endows it with desirable UOR
electrocatalytic performance. Encouragingly, an integrated
couple fabricated using the bifunctional NiMoCu-NF and
driven by a solar-powered system succeeded in efficient urea
electrolysis for sustainable hydrogen production. Moreover, we
conducted in-depth studies to demonstrate the critical impact
of the favorable 3D nanostructure on catalytic performance, in
which faster gas release processes can regulate the interfacial
states during the heterogeneous HER and UOR reactions,
inducing a “gas microfluidic pumping” effect that facilitates
the interfacial electron and mass transfer, thus enhancing the
reaction kinetics of both the HER and UOR.
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