
Roll-to-Roll Flash Joule Heating to Stabilize
Electrocatalysts onto Meter-Scale Ni Foam for
Advanced Water Splitting
Peng Du, Bohan Deng, Xian He, Wei Zhao, Hongyi Liu, Yuanzheng Long, Zhuting Zhang, Ziwei Li,
Kai Huang,* Ke Bi, Ming Lei, and Hui Wu*

Cite This: https://doi.org/10.1021/acsnano.4c13787 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The seamless integration of electrocatalysts onto the electrode
is crucial for enhancing water electrolyzers, yet it is especially challenging
when scaled up to large manufacturing. Despite thorough investigation,
there are few reports that tackle this integration through roll-to-roll (R2R)
methodology, a technique crucial for fulfilling industrial-scale demands.
Here, we develop an R2R flash Joule heating (R2R-FJH) system to process
catalytic electrodes with superior performance. The electrodes exhibited
improved stability and activity, showcasing an exceptional performance
within an alkaline water electrolysis (AWE) system. They achieved a low
operation potential of 1.66 V at 0.5 A cm−2, coupled with outstanding
durability over the operation of 800 h. We further demonstrated a prototype
of a rolled-up water splitting apparatus, illustrating the efficiency of R2R-
FJH electrodes in producing high-purity hydrogen through advanced water
oxidation. Our study emphasized the practicality and scalability of the R2R-FJH strategy in the industrial manufacturing of
high-performance electrodes for water electrolysis.
KEYWORDS: roll-to-roll, flash Joule heating, integrated electrode, water electrolysis, rolled-up electrolyzer

INTRODUCTION
Electrodes are essential components in water electrolyzers,
playing a key role in the production of green hydrogen.1−6 In a
typical industrial 1 MW water electrolyzer stack, the total
electrode area for both the oxygen and hydrogen evolution
reactions (OER and HER) is around 170 m2. This demand is
rapidly escalating, with projections suggesting it will surpass 20
million m2 due to an expected surge in global electrolyzer
capacity to over 134 GW by 2030.7−9 Despite significant
improvements, current electrode fabrication processes are often
inefficient and protracted, constrained by rigorous structural
requisites.10−12 Thus, there is an urgent need for large-scale,
efficient fabrication methods for catalytic electrodes that address
the increasing requirements of green hydrogen production,
ensuring electrochemical efficacy, extended longevity, uniform-
ity, and cost-efficiency. Notably, the roll-to-roll (R2R) process
has emerged as a viable approach for large-scale electrode
manufacturing, being cost-effective and high-throughput.13,14

This technique, widely applied in fields like flexible electronics,
optics, biomedicine, and sustainable energy, draws from the
industrial success of coiled structures in lithium-ion batteries
(LIB).15−18 However, there are limited reports to process high-

performance water electrolyzer electrodes in using the R2R
methodology, which is imperative for industrial-scale demands.

Therefore, the aspirational balancing between the catalytic
performance and scalable manufacturing attracted growing
attention in developing water splitting electrodes.19−21 The
efficiency and performance of water electrolyzers depend heavily
on the electrocatalysts and how well they are integrated with the
electrodes.22,23 Despite significant efforts to optimize the activity
of catalytic layer and substrate mass transport, the challenge of
effectively integrating advanced catalyst layers onto electrodes,
particularly at high current densities, remains unresolved.24,25

The industrial focus has been on achieving homogeneity, cost-
effectiveness, and scalability in high-performance electrodes
without compromising functionality.26−28 Generally, conven-
tional thermochemical reactions, often employed for growing
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electrocatalysts on porous substrates, are conducted under
equilibrium-state conditions for controlled composition and
morphology.29,30 However, these processes face scale limitations
due to specific duration needs and heat-transfer mechanisms.
Alternatively, advancements in controllable Joule heating
techniques present a promising solution, with conductive
electrode substrates offering distinct reaction rates and thermal
properties compared to traditional methods.31−34 The flash
Joule heating strategy, for instance, has shown potential in
enhancing the surface binding strength and thermal stability of
nanostructures on substrates.35−37 Yet, existing reactors
typically involve small-scale, noncontinuous thermal transients,
leading to products unsuitable for large applications.38,39

Moreover, the chemical compositions are heavily influenced
by slight variation of reaction subjects and precise electrical
parameter adjustments, posing challenges in practical fabrica-
tion.40,41 In this context, few attempts have been made to
combine continuous processing and Joule heating or integrate
variations of existing techniques. This approach explores the
potential of macrofabrication in overcoming the limitations
associated with small-scale, intermittent systems.

We propose that the combination of R2R strategies with flash
Joule heating treatment could bridge the gap between controlled
modulation and scalable production demands, introducing
innovative concepts for electrode production in water
electrolysis. Herein, we report a roll-to-roll flash Joule heating
(R2R-FJH) strategy utilizing a distinctive configuration to
stabilize catalysts onto meter-scale electrodes toward advanced
water splitting. A wide range of electrodes for the OER andHER
with enhanced performance were fabricated for utility
confirmation by adjusting the chemical compositions and
input electrical parameters. The obtained representative PtNi
and Mo-doped non-noble-metal layered double hydroxide
(MoNiFe-LDH) catalysts through R2R-FJH suppressed the
commercial catalysts with ultralow overpotentials of 31 and 246
mV to achieve 0.5 A cm−2 for HER and OER process,
respectively. The alkaline water electrolyzer (AWE) cell
equipped with the above electrodes offers excellent performance
with a cell voltage of 1.66 V to achieve 0.5 A cm−2, along with
exceptional stability of over 800 h. To motivate the potential of
meter-scale superior electrodes toward hydrogen production, a
rolled-up device paradigm was further conceptualized, demon-
strating a consistent hydrogen generation with ultrahigh single-
cell productivity and near 100% purity. This work provides an
attractive solution to the challenges of scalability and
homogeneity for industrial water electrolysis.

RESULTS AND DISCUSSION
R2R-FJH to Process Meter-Scale Electrodes. As

illustrated in Figure 1a, the R2R-FJH strategy proposed for
fabricating meter-scale electrodes is designed to involve three
main steps: precursor deposition, flash Joule heating treatment,
and rolling-up collection, where flexible conductive nickel foam
substrates featuring well-defined porous frameworks and
mechanical strength were employed as the R2R conveyors to
ensure robust and effective reactions. Theoretically, the cascade
synthetic procedures can be outlined as follows: (i) chemical
deposition, where precursors are thermochemically nucleated,
(ii) in situ growth on substrates through solution evaporation
and concentration, and (iii) further thermal stabilization of
highly active catalysts. Furthermore, it is noteworthy that the
flash Joule heating effect will lead to a more robust interfacial

binding strength of the designed catalytic nanostructures on the
substrate (Figure 1b,c).

To explore the operational dynamics of the R2R-FJH
methodology, Figure 2a,b elucidates the working conditions of
the designed homemade setup. The establishment of the Joule
heating region is achieved through close contact between two
cylindrical copper rollers and the conductive conveyor
traversing this area, thereby forming a continuous electrical
pathway (Figure 2b). The designed substantial resistance
difference between the conveyor and copper rollers facilitates
the localized heating effect on the specific conveyor to be
thermochemically treated when subjected to a direct current
(DC) power supply. By experimentally adjusting the speed of
the conveyor and input electrical parameters, thermally driven
wet-chemical reactions could be continuously conducted under
the predetermined temperatures and production rates. In a near-
equilibrium state where the conveyor saturated with the
precursor solution is heated at both ends of copper rollers, the
heating characteristics are completely distinct from the Joule
heating effect observed on pure metals.42,43 For pure metals,
Joule heating is driven by the heat generated when current flows
through the material, resulting in a typically uniform temper-
ature distribution, which primarily depends on the bulk
resistance. In contrast, the presence of the solution plays a
critical role in the Joule heating mechanism for the R2R-FJH
configuration. The Joule heating generated by the metal
substrate can be conducted in situ in the liquid, while the
evaporation and concentration of the solution also directly
changed the overall macroscopic temperature. It can be
observed from the infrared (IR) image of the R2R-FJH region
that the dynamic heating characteristic leads to an inhomoge-
neous distribution in the forward direction of the rolling
conveyor (Figure 2c), which are significant for Joule-heating-
driven wet-chemical reactions. The surface deposition is
accompanied by an elevation of the temperature and the solvent
evaporation process, which are closely correlated with the
temperature uniformity. The uneven temperature distribution
can generate local thermal gradients along with varying local
concentration, which can considerably influence the reaction
kinetics in specific areas, thereby determining the quality and

Figure 1. Schematic show of the R2R-FJH strategy. (a) Schematic of
the homemade R2R-FJH synthetic system, consisting of precursor
deposition, flash Joule heating, and rolled-up collection. (b) Surface
precursor deposition and Joule heating effect in the rolling
direction. (c) Schematic of thermal stabilization of the catalyst.
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uniformity of the deposited materials. With a constant input
voltage of 2 V applied to theNF conveyor (D = 50mm, v = 5mm
s−1), the overall power and body resistance of the electrode tend
to stabilize in the presence of the solution, while undergoing
dramatic changes as the solvent evaporates (Figure 2d). This can
be ascribed to the influence of surface deposits on the electrode,
resulting in a marked effect on the thermal conduction
properties and overall conductivity.

For an in-depth understanding, computational simulations of
the physical field distribution within and surrounding the R2R-
FJH region were conducted by COMSOL software (Figure 2e
and Supporting Table 1). Under a constant voltage output, the
temperature distribution across the electrode surface exhibits a
nonuniform distribution, with a rapid decline subsequent to
reaching the maximum value at the end of the R2R-FJH region.
The difference in thermal distribution between the presence of a
solution and pure metal is also well simulated, highlighting the
exceptional thermal conductivity at the liquid−solid interface,
which provides the dynamics for homogeneous deposition
(Figure S1). The concentration of cross-sectional current

density reveals that the connected roller and the conveyor
collectively constitute the main conductive pathway, validating
the precise Joule heating efficiency. Numerical simulation of the
surface temperature profile further verifies the temperature-
varying behavior of the electrode. As indicated by the simulated
profiles, the conveyor is continuously exposed to a relatively dry
air-cooling environment, which has specific implications for
catalyst growth and stability. Within the R2R-FJH region, the
influence of air-cooling through natural convection is minimal,
making the temperature remain relatively constant. An overlap is
observed between the region of stable temperature and the rapid
decrease in solution content, attributed to the continuous
evaporation of the boiling solvent (Figure 2f). Following the
subsequent heating stage, the temperature of the conveyor
undergoes rapid decline due to the excellent thermal
conductivity.44,45 This well-controlled cooling process is also
critical for catalyst growth and stabilization. The stable
temperature distribution can promote consistent deposition
conditions, while the subsequent rapid cooling restrains
crystallization and further nucleation to form the desired

Figure 2. R2R-FJH to process electrode. (a) Optical photograph of the homemade R2R-FJH setup. (b) Localized image of the components of
precursor deposition, Joule heating, and product collection. (c) IR image displaying the inhomogeneous temperature distribution of the R2R-
FJH region. (d) Profiles of input power and resistance of the conveyor during R2R-FJH. (e) Three-dimensional (3D) simulated images of the
temperature and cross-sectional current density distribution of the R2R-FJH region. (f) Simulated profiles of the temperature and solution
content varying along the length of the conveyor. (g) Scanning electron microscope (SEM) images and corresponding structural schematics of
the designed MoNiFe-LDH, which can be depicted as deposition, nucleation, growth, and thermal stabilization.
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ultrafine micromorphology. The rapid changes in the
thermodynamic state during material growth also contribute
to the adhesion of catalytic components onto the substrate,
resulting in enhanced structural stability. Moreover, the
variations in temperature and surface solution content resulting
from diverse widths indicate that optimal electrical parameters
enable the programmable regulation of the deposition process,
mitigating mechanical breakages and insufficient reactions
(Figure S2). Simulation of the heating profiles across various
conveyor widths was also conducted, where no nonuniform
distribution in the width direction can be observed for any

expanded width, validating the potential for further scalability in
production (Figure S3).

In a typical synthesis, MoNiFe-LDH integrated on NF was
taken as a representative OER catalytic electrode for the R2R-
FJH stabilization.46,47 The working conditions and temperature
distribution to produce meter-scale MoNiFe-LDH electrode are
demonstrated in Supporting Video 1, showing a reliable, high-
throughput, and homogeneous R2R-FJH process. Scanning
electron microscope (SEM) images depict the typical ultrathin
(oxy)hydroxide nanosheets uniformly growing on the substrate
with interconnected networks.48,49 As displayed in Figure S4,
the in-depth morphology and lattice structure were further

Figure 3. R2R-FJH in meter scale with high uniformity. (a) Various electrodes prepared by R2R-FJH. (b) Various electrodes prepared by R2R-
FJH method. Optical photograph of the prepared meter-scale MoNiFe-LDH onto NF electrode. (c−h) SEM images of the randomly selected
points on the synthesized MoNiFe-LDH electrode. (i, j) Linear sweep voltammograms (LSV) curves of MoNiFe-LDH and PtNi electrodes
compared to commercial catalysts and pristine NF. (k) Overpotential values of electrodes at specific current densities under different relative
precursor concentrations.
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characterized by high-resolution transmission electron micros-
copy (HR-TEM) images, revealing the exposed NiOOH (110)
and (101) facets with corresponding lattice fringes of 3.16 and
2.48 Å. Energy-dispersive spectroscopy (EDS) elemental
mapping images of MoNiFe-LDH also show a uniform
distribution of Ni, Fe, andMo elements. The fabrication process
can be elucidated through sequential SEM images for the
synthesis of LDH nanosheets and concluded as a cascade
procedure involving deposition, nucleation, growth, and further
stabilization (Figure 2g). X-ray diffraction (XRD) was
performed to identify the crystalline structures and chemical
compositions of the MoNiFe-LDH electrodes. As shown in
Figure S5, three diffraction peaks at 44.5, 51.8, and 76.4° can be
attributed to the (111), (200), and (220) planes of metallic Ni
(PDF No. 87-0712), respectively. Other diffraction peaks with
weaker intensity also corresponded well to the typical crystal
planes of NiFe-LDH (PDF No. 40-0215) and α-FeOOH (PDF
No. 81-0464) for both samples, suggesting the formation of
NiFe hydroxide before Mo incorporation. No diffraction peaks
corresponding to Mo or its compounds were observed in the
XRDpattern ofMoNiFe-LDH, indicating that the incorporation
of Mo into NiFe-LDH/NF did not result in the formation of a
new crystalline phase. To further investigate the contribution of
the NF substrate in the hydroxide formation, pristine NF was
immersed in ultrapure water and then treated by Joule heating
(Figure S6). It can be demonstrated from SEM images and XRD
patterns that NiOOH cannot be formed as the only Ni source
from the NF substrate within such a short heating duration. The
R2R-FJH process relies not only on the thermal effect but also
on the rapid nucleation dynamics induced by an excess
concentration of precursors. X-ray photoelectron spectroscopy
(XPS) was employed to investigate the valence states and
electronic structures of the as-prepared MoNiFe-LDH. As
shown in Figure S7, the XPS survey spectrum of MoNiFe-LDH
demonstrates the presence of elements of Ni, Fe, and Mo,
consistent with the results from TEM and XRD. It also confirms
that the minimal residual Cl− or NH4

+ ions remain after the
R2R-FJH process, ensuring no adverse impact on electrode
performance. Based on the peak table, the atomic ratio of Ni to
Fe is approximately 4:1, withMo element accounting for 0.84 wt
%. The Mo 3d spectrum of MoNiFe-LDH (Figure S8a) clearly
displays two peaks at 232.1 and 235.2 eV, which can be
attributed to Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively.

50 The Ni
2p XPS spectrum of MoNiFe-LDH in Figure S8b can be split
into 2p3/2 and 2p1/2 due to spin−orbit coupling, with
characteristic peaks located at 855.5 and 873.2 eV correspond-
ing to Ni2+, and additional peaks at approximately 861.5 and
879.7 eV identified as satellite peaks. Additionally, Ni3+ species
are identified at 857.1 and 875.3 eV, suggesting the formation of
NiOOH with enhanced conductivity in the MoNiFe-LDH
structure.51 For the Fe 2p XPS spectrum in Figure S8c, aside
from the two satellite peaks, the peaks at 708.9 and 722.8 eV are
attributed to Fe2+, while those at 713.8 and 726.7 eV are assigned
to Fe3+. As shown in Figure S8d, the O 1s XPS spectrum exhibits
characteristic peaks at 531.7, 533.5, and 535.4 eV, corresponding
to lattice oxygen, oxygen vacancies, and hydroxyl groups,
respectively. This result indicates that Mo doping modifies the
intrinsic electronic structure of the NiFe-LDH, leading to an
increase in the concentration of oxygen vacancies.

Differing from the traditional solvothermal and corrosive
synthesis, this R2R-FJH route enables the rapid establishment of
the required thermochemical conditions characterized by high
concentration and substeady temperature distribution.52 The

contact angle (CAwater) of MoNiFe-LDH is measured as 9.4°,
significantly lower than 112.8° of the pristine NF, indicating the
superhydrophilicity derived from the surface chemical deposi-
tion, which can accelerate the desorption of bubbles and prevent
the polarization (Figure S9).53 To expand the application of the
strategy in the field of electrolytic water splitting, ultrafine Pt
clusters on nickel oxide supports as an advanced catalytic
electrode (PtNi) for HERwere also synthesized by the R2R-FJH
method using H2PtCl6 as the precursor. HRTEM images reveal
that Pt nanoclusters possess sizes of approximately 1−2 nm and
are uniformly distributed on partially crystalline nickel oxide
carriers. The homogeneous distribution of elements shown in
the EDS mapping images also confirms the notable enhance-
ment of the Joule heating strategy on the dispersion of metallic
species (Figure S10). The total loading amount of Pt in the PtNi
electrode was identified as 0.607 mg cm−2 by inductively
coupled plasma optical emission (ICP-OES).

To further validate the universality of the R2R-FJH strategy
for different precursors and substrates, diverse types of catalysts
stabilized onto meter-scale electrodes were successfully
prepared for demonstration with a width of 50 mm, which
satisfies the majority of laboratory cell performance evaluations
(Figure 3a). Additionally, commercial IrO2 and Pt/C catalysts
could be uniformly deposited onto NF electrodes through direct
solvent evaporation and thermal stabilization. The typical SEM
images of these electrodes are presented in Figure S11,
showcasing the desired morphologies by design of precursors
and operational parameters. A typical meter-scale MoNiFe-
LDH electrode using NF substrate is displayed in Figure 3b,
emphasizing the substantial potential of the R2R-FJH strategy to
meet the demands of practical industrial large-scale processing.
Upon several points on a randomly selected section of the
synthesized conveyor electrode, the microstructures exhibit
minimal variations (Figure 3c−h). The electrocatalytic OER
performances (Figure S12) and key comparative electro-
chemical data (Supporting Table 2) tested in these areas are
nearly identical, underscoring the impressive advantage of the
R2R-FJH method on homogeneity. This approach offers
significant prospects for enhancing the production, uniformity,
and scalability of industrial electrolyzers. The ability to fabricate
large-area electrodes with consistent microstructural character-
istics facilitates the integration of electrodes into commercial
systems, ensuring reliable performance across extensive opera-
tional conditions. Furthermore, continuous processing can lead
to increased production rates, which are crucial for meeting the
rising demand for advanced electrode components.
Electrochemical Performance. The electrochemical per-

formance of the fabricated electrodes was measured in 1 M
KOH (pH = 14) by using a typical three-electrode configuration
at room temperature. Figure 3i illustrates the linear sweep
voltammograms (LSV) curves of different samples toward the
OER. The MoNiFe-LDH electrode through R2R-FJH demon-
strates extraordinary OER activity with ultralow overpotentials
of 246 and 295 mV to achieve 50 and 500 mA cm−2 (η50 and
η500), accompanied by the lowest Tafel slope of 52.2 mV dec−1,
indicating the fastest reaction kinetics. This result exceeds the
performance of commercial IrO2 and NF electrodes evaluated
under the same condition. The exceptional activity can be
attributed to its unique layered structure, while appropriate Mo
doping promotes efficient charge transport and the availability of
active sites, leading to intrinsic catalytic activity surpassing that
of IrO2.

54−56 As shown in Figure 3j, the PtNi catalyst onto NF
substrate also exhibits the competitive η50 and η500 of 31 and 68
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mV higher than that of commercial Pt/C and pristine NF,
respectively, along with the exceptional Tafel slope of 29.4 mV
dec−1. To further elucidate the growth and stabilization process
during R2R-FJH, the electrochemical performance of MoNiFe-
LDH and PtNi samples obtained from different positions at the
heating region (denoted as sample-x, x = 1, 2, and 3 in Figure
S13) were evaluated. As depicted in Figures S14 and S15, the
electrodes in the heating zone exhibited progressively improved
catalytic activities from the rolled-in part to the end during the
R2R-FJH procedure, indicating the increasing contents of
electrochemically active substances, which also corresponds to
the results in Figure 2h. The Nyquist plots for both MoNiFe-
LDH and PtNi electrodes through R2R-FJH exhibit the smallest
Rct values among various comparative samples, revealing the
enhanced charge transfer kinetics of the electrochemical process
(Figure S16).

To reveal the catalytic performance, the electrochemically
active surface area (ECSA) for electrodes was calculated based
on the double-layer capacitance (Cdl) calculated by cyclic

voltammetry (CV) measurements performed at different scan
rates of 10−50 mV s−1 in the non-Faradaic potential window
(Figures S17 and S18). As shown in Figure S19, the Cdl values
for MoNiFe-LDH-3 (49.9 mF cm−2) and PtNi-3 (52.4 mF
cm−2) illustrated from the fitting line were significantly higher
than those of comparative electrodes, indicating larger ECSA
values and more active sites exposure. The normalized current
density (jECSA) calculated by ECSA values from different parts of
the conveyor is displayed in Figure S20 and Supporting Table 3,
demonstrating the highest intrinsic catalytic activity of the
MoNiFe-LDH-3 and PtNi-3 samples through R2R-FJH. The
impact of precursor concentration on electrode performance
was also evaluated (Figure 3k). An appropriate precursor
concentration (denoted as 100%) can provide the optimal
density and distribution of active sites, leading to excellent
catalytic performance. The significant decrease in overpotential
at 50% of the initial concentration generally leads to the
insufficient formation of active sites, while at 200%, although the
performance improves slightly, the higher concentration can still

Figure 4. Electrocatalytic performance in AWE cell. (a) Structural schematic of the AWE cell. (b) Polarization curves of the R2RMoNiFe-LDH
|| PtNi compared to IrO2 || Pt/C through R2R-FJH and spray-coating. (c) Nyquist impedance plots of the AWE cells under 0.5 A cm−2. (d)
Power density, energy efficiency, and voltage efficiency as a function of the current density forMoNiFe-LDH ||PtNi. (e) Durability cell voltage−
time curve at 0.5 A cm−2 of MoNiFe-LDH || PtNi compared to spray-coated IrO2 || Pt/C. (f) Comparison with other reported works in the cell
voltage to achieve 0.5 A cm−2 and testing time.
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lead to excessive aggregation of the precursor, which may
negatively impact the homogeneous surface structure.57 To
further evaluate the effectiveness of the R2R-FJH process,
electrocatalytic performance for the MoNiFe-LDH catalysts
under various optimized conditions is also provided. As
illustrated in the LSV curves in Figure S21, an appropriate
combination of conveyor speed and heating power enables the
optimized nucleation and growth of the precursors onto the NF
substrate. This optimization ensures the maximum active site
density while effectively preventing performance degradation
caused by overheating or an incomplete reaction. Moreover,
long-term durability is another essential criterion for evaluating
the performance of the catalytic electrodes. The durability of the
samples was initially evaluated by the accelerated durability test
(ADT) using consecutive CV cycles. Both the LSV curves of
MoNiFe-LDH and PtNi almost overlapped the initial curves
even after 50,000 CV cycles (Figure S22). The above electrodes
also exhibit negligible degradations after chronoamperometry

(CA) for 24 h, indicating overwhelming superiority to
commercial IrO2 and Pt/C catalysts (Figure S23). The
MoNiFe-LDH and PtNi electrodes with enhanced structural
robustness still maintained their pristine structures and
morphologies after long-term stability test. In contrast, the
degradation observed in IrO2 and Pt/C is primarily attributed to
the weak bonding strength onto the substrate, which can lead to
dissolution or agglomeration under harsh operating conditions
at higher current densities (Figures S24 and S25). Furthermore,
the binding stability of catalysts onto the substrate was verified
by ultrasonication in water for 10 min (Figure S26). Almost no
exfoliation of active substances can be observed after ultra-
sonication of the MoNiFe-LDH electrode prepared by R2R-
FJH. SEM images taken before and after ultrasonication with
almost no morphological changes and detachment also
demonstrated the strong bonding of catalyst onto the substrate
resulting from Joule heating process (Figure S27). In contrast,
the solution where the NiFe-LDH sample prepared by

Figure 5. Rolled-up electrodes for hydrogen production. (a) Schematic illustration and reaction mechanism of the system. (b) Optical
photographs of the rolled-up assemblies. (c) The corresponding hydrogen production device. (d) CV curves of the MoNiFe-LDH electrode
with and without 50 mMHMF in 1 M KOH. (e) LSV curves of the MoNiFe-LDH electrode with various HMF concentrations in 1 M KOH. (f)
Current profiles as a function of input voltage and (g) Nyquist impedance plots of the rolled-up prototype with and without 50 mMHMF. (h)
Mass spectrometry (MS) results for the collected and pure hydrogen samples. (i) CA test of the hydrogen production system at a constant
current of 10 A.
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electroplating irradiated with a laser pointer showed a visible
Tyndall effect attributed to the presence of massive solute, while
most catalysts deposited onto the substrate were detached
(Figure S28).

Considering the outstanding performance of three-electrode
system, a single zero-gap AWE cell was further constructed to
investigate the overall water splitting performance under
practical working conditions, using circulated KOH electrolyte
with a stable 30% concentration at 80 °C in Figures 4a and
S29.58−61 The polarization curves without iR correction of the
electrolyzer using MoNiFe-LDH and PtNi electrodes are shown
in Figure 4b, exhibiting outstanding electrolytic performance
with the cell voltage of only 1.66 and 1.82 V to reach 0.5 and 1.0
A cm−2, much better than the comparative cells constructed by
commercial IrO2 || Pt/C. It is worth noting that the AWE cell
using commercial electrodes prepared through R2R-FJH
exhibits a lower cell voltage compared to those prepared by
spray-coating. This improvement can be attributed to the
thermal effects of R2R-FJH, which facilitates the bonding
strength between the catalyst layer and substrates, thereby
improving the structural stability of the device. Additionally, the
R2R-FJH method ensures more homogeneous catalyst deposi-
tion, which increases the utilization of active sites and improves
the overall catalytic performance. Characterized by Nyquist
impedance plots, the charge transfer resistance ofMoNiFe-LDH
|| PtNi is significantly lower than that of commercial one, which
can be attributed to the higher intrinsic activity and rapid charge
transfer kinetics of the electrodes (Figure 4c). The evaluated cell
voltage values at 0.5 and 1.0 A cm−2 correspond to the energy
efficiencies of 87.5 and 80.4% (calculated by the higher heating
value of H2), respectively, with the voltage efficiencies of 70.8
and 64.7% (Figure 4d).62 As shown in Figure S30, a more
comprehensive comparison with the state-of-the-art NiFe-LDH
electrode was conducted to highlight the advantages of the
MoNiFe-LDH catalyst in alkaline electrolyte. The MoNiFe-
LDH sample exhibits significantly improved catalytic activity
and charge transfer efficiency in both three-electrode system and
the AWE cell, demonstrating that Mo doping is essential for
optimizing the electronic structure of NiFe-LDH and enhancing
its intrinsic catalytic activity. Furthermore, the stability of the
electrolyzers was measured by chronopotentiometry (CP) test.
The MoNiFe-LDH || PtNi cell exhibited excellent durability
with a stable cell voltage at 0.5 A cm−2 for 800 h and a
degradation rate ≈75 μV h−1, which is much lower than
commercial IrO2 || Pt/C (Figure 4e). The outstanding
performance and long-term stability of single AWE cells further
confirm the potential of electrodes prepared through the R2R-
FJH strategy for application on mainstream electrolysis devices
for advanced water splitting (Figure 4f and Supporting Table 4).
Rolled-Up Prototype for Hydrogen Production.

Motivated by the widely utilized coiled cell structure in the
field of LIBs, a novel rolled-up two-electrode configuration has
been developed for practical hydrogen production.63,64 This
configuration capitalizes on the unique advantages of the R2R-
FJH strategy, which allows for themaximal use of the continuous
meter-scale electrodes fabrication. By integration of these
electrodes into the rolled-up system, the configuration enhances
structural integrity and reaction kinetics, thereby facilitating
large-scale hydrogen evolution at low cell voltages in a single-cell
setup. Due to the membrane-free design, separation of hydrogen
and oxygen became the prime challenge to be solved for the
system. As an attractive strategy to reduce the cost of
electrocatalytic hydrogen production, replacing the anodic

OER with a more efficient biomass electrooxidation reaction
can eliminate oxygen generation and reduce the cell voltage,
while generating high-value chemicals. For example, 5-
hydroxymethylfurfural oxidation reaction (HMFOR) in alkaline
media exhibits better kinetic properties and a lower theoretical
potential compared to the OER, with the typical product 2,5-
furandicarboxylic acid (FDCA) as an important monomer to
produce biobased polymers. In this process, adsorbed HMF*
intermediates are formed by the incorporation of HMF
molecules onto the catalyst, which are then oxidized by the
absorbed hydroxyl groups (OHads). Subsequently, the hydroxyl
and aldehyde groups of HMF are oxidized to generate the
corresponding oxidation products and H2O.65,66 The circulating
liquid flow was incorporated to maintain a constant electrolyte
concentration, providing a stable electrochemical state during
the long-termHMFOR process (Figure 5a).67 Within the coiled
two-electrode structure, Nylon mesh was used to separate the
cathodic and anodic components, facilitating gas transfer and
subsequent collection in conjunction with three-dimensional
networks of NF (Figure 5a,b).

The optical photograph of a rolled-up hydrogen-producing
cell is depicted in Figure 5c, utilizing MoNiFe-LDH and PtNi
through R2R-FJH as the cathode and anode, respectively. The
total area of electrodes is 1000 cm2, and sealed components were
required to ensure gas tightness (Figures 5c and S31). In the
presence of 50 mM HMF, the CV curve of the MoNiFe-LDH
electrode is significantly different from that in 1 M KOH with
the appearance of a higher characteristic peak corresponding to
the redox reaction of the Ni2+/Ni3+, indicating the excellent
reactivity toward HMFOR (Figure 5d). As the concentration of
HMF gradually increased from 10 to 50mM, the current density
of the MoNiFe-LDH electrode at higher potentials was also
increased, suggesting an increase in the current contribution to
the HMFOR process (Figure 5e). In the two-electrode tests,
stable operation of the rolled-up device under the current of
several amperes is achieved with an input voltage comparable to
that of typical AWE devices.

The larger electrode area facilitates the entire system to
maintain a lower current density, effectively avoiding detach-
ment and mass transfer issues. The presence of 50 mM HMF
significantly increases the current values, further demonstrating
the excellent selectivity toward HMFOR (Figure 5f). Nyquist
plots of the MoNiFe-LDH || PtNi assemblies with the
participation of 50 mM HMF further confirmed faster charge
transfer and higher catalytic activity (Figure 5g). As displayed in
Figure 5h, the purity of the generated hydrogen from the rolled-
up system was determined by mass spectrometry (MS), which
exhibited an excellent purity of 99.96% close to that of standard
pure hydrogen, confirming the applicability of the setup for
practical hydrogen production under the coupling of HMFOR
and HER. The CA curve tested at an initial current of 10 A
exhibits only a slight decay, further illustrating the long-term
stability of the rolled-up configuration, which is attributed to the
robustness of electrodes and the entire system and exhibits great
potential for membrane-free electrochemical water splitting
(Figure 5i). These results not only highlight the operational
efficiency of the rolled-up configuration but also underscore its
potential to revolutionize hydrogen production methods. The
scalability and robustness demonstrated by this system suggest
its potential for further optimization and integration into
commercial electrolyzers, thereby contributing to the advance-
ment of sustainable energy technologies.
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CONCLUSIONS
The R2R-RJH methodology presents a promising solution to
address the challenges of scalability and uniformity in the
production of advanced electrodes for industrial water
electrolysis while maintaining both exceptional catalytic activity
and stability. Its salient attributes encompass a serial coupling of
nonproblematic thermal nucleation, steady-state chemical
growth, and further stabilization of catalysts onto substrates by
R2R processing. Our advancement of the R2R-RJH strategy
further underscores its superior versatility and scalability by the
instant and precise electrical control, which enables rapid meter-
scale electrode patterning and modification. The fascinating
performance of R2R-RJH stabilized electrodes has been
rigorously validated in three-electrode system and typical
AWE cell testing, far outperforming commercial IrO2 and Pt/
C electrodes. Furthermore, a novel rolled-up and membrane-
free configuration using coiled electrodes has been developed,
showcasing the continuous production of high-purity hydrogen
combined with an anodic HMFOR substitution. Considering
the rapid surface deposition and modulation dynamics under
R2Rmanner, ensured by the steady but inhomogeneous thermal
condition, the R2R-FJH route not only provides a distinctive
approach to scalable processing and efficient application mode
for high-quality electrodes in advanced water splitting but also
offers substantial potential for a wide range of industrial
thermochemical synthesis and applications.

EXPERIMENTAL SECTION
Materials. Nickel chloride hexahydrate (NiCl2·6H2O, Aladdin,

>98%), ferric chloride hexahydrate (FeCl3·6H2O, Aladdin),
(NH4)6Mo7O24·4H2O (Sinopharm Chemical Reagent Co., Ltd.),
chloroplatinic acid (H2PtCl6·6H2O, AR, Pt ≥ 37.5%, Aladdin),
potassium hydroxide (KOH, 99 wt %), commercial IrO2 (Sigma-
Aldrich, 99.9%), commercial Pt/C (20 wt % Pt on Vulcan XC-72R,
JM), absolute ethanol (C2H5OH, 99.8%, Aladdin), 5-hydroxymethyl-
furfural (HMF, 98%, Sigma-Aldrich), nickel foam (1mm thick, 110 ppi,
Lizhiyuan Co. Ltd.), nickel mesh (NM, obtained from Kunshan Baiyida
Electronic New Material Company, China), carbon felt (CF, obtained
from Kunshan Baiyida Electronic New Material Company, China),
deionized water (18 MΩ·cm−1), hydrochloric acid (HCl, 37%,
Sinopharm Chemical Reagent Co., Ltd.), and ultrathin carbon film
on holey carbon (400 mesh, copper gird, Ted Pella, Inc.). All of the
chemicals were used without further purification.
Construction of the R2R-FJH Setup. The homemade R2R-FJH

system was constructed by aluminum extrusion profiles, shafts,
bearings, and other components. Stainless steel rollers with a
polyurethane coating were utilized in the loading and collecting section
of conveyors. Rollers made of Teflon were applied where the conveyor
was partially immersed in the precursor solutions to ensure good liquid
impregnation. A magnetic stirrer was set up underneath the vessel
containing the precursor solution to ensure homogeneity. In the Joule
heating thermal treatment, two rollers made of purified copper with a
diameter of 8 mm and a spacing of 50 mm were acting as the positive
and negative terminals connected to the DC power supply (IT6512 C,
ITECH Electronic Co., Ltd., China) by means of clamping at both
ends. At the part for conveyor collection, a 12 V DC motor and a speed
controller were employed to regulate the speed of the whole system.
The overall system was carefully verified for coaxially and smoothness
to ensure a reliable R2R process, and insulated ceramic bearings were
utilized at all electrical conduction sites to ensure the established
current pathway.
Preparation of the MoNiFe-LDH Electrode. The MoNiFe-LDH

electrode was synthesized by the R2R-FJH method proposed in this
work. Typically, a nickel foam conveyor (length = 2 m, width = 5 cm)
was cut and ultrasonically cleaned in a 3 M HCl solution to remove the
surface oxide layer and impurities. The conveyor was subsequently

washed with deionized water and ethanol, and then dried in 50 °C
vacuum under the pressure of −0.1 MPa. 6.75 g of FeCl3·6H2O, 3.25 g
of NiCl2·6H2O, and 670 mg of (NH4)6Mo7O24·4H2Owere dissolved in
300 mL of DI water and dispersed with sufficient sonication to serve as
the precursor solution. During the proceeding R2R synthesis, the input
voltage of the DC power supply was kept at 2.5 V, and the total input
power was about 75−80W. The slight power variations were attributed
to the minor structural differences among the commercial NFmaterials.
The conveyor was moved at a constant speed of 5 mm s−1 until it was
completely collected. The desired meter-scale MoNiFe-LDH electrode
was finally obtained by washing the obtained conveyor with DI water.
Preparation of the PtNi Electrode. The PtNi electrode was

synthesized by the R2R-FJHmethod proposed in this work. Typically, a
nickel foam conveyor (length = 2 m, width = 5 cm) was cut and
ultrasonically cleaned in a 3MHCl solution to remove the surface oxide
layer and impurities. The conveyor was subsequently washed with
deionized water and ethanol, and then dried in 50 °C vacuum under the
pressure of −0.1 MPa. 0.4 g H2PtCl6·6H2O powder was dissolved in
300 mL of DI water and dispersed with sufficient stirring to serve as the
precursor solution. During the proceeding R2R-FJH synthesis, the
input voltage of the DC power supply was kept at 2.8 V and the total
input power was about 95−100 W. The conveyor was moved at a
constant speed of 5 mm s−1 until it was completely collected. The
desired meter-scale PtNi electrode was finally obtained by washing the
obtained conveyor with DI water.
Preparation of the Ni(OH)2 Electrode. The Ni(OH)2 electrode

was synthesized by the R2R-FJH method proposed in this work.
Typically, a nickel foam conveyor (length = 2 m, width = 5 cm) was cut
and ultrasonically cleaned in a 3 M HCl solution to remove the surface
oxide layer and impurities. The conveyor was subsequently washed with
deionized water and ethanol and then dried in 50 °C vacuum under the
pressure of−0.1MPa. 300mL of 6MKOHwas prepared to serve as the
precursor solution. During the proceeding R2R synthesis, the input
voltage of the DC power supply was kept at 2.5 V and the total input
power was about 75−80 W. The conveyor was moved at a constant
speed of 5 mm s−1 until it was completely collected. The desired meter-
scale Ni(OH)2 electrode was finally obtained by washing the obtained
conveyor with DI water.
Preparation of the Commercial IrO2 and Pt/C Electrodes. The

commercial IrO2 and Pt/C electrode was synthesized by the CJH
method (physical deposition) proposed in this work. Typically, a nickel
foam conveyor (length = 2 m, width = 5 cm) was cut and ultrasonically
cleaned in a 3 M HCl solution to remove the surface oxide layer and
impurities. The conveyor was subsequently washed with deionized
water and ethanol, and then dried in 50 °C vacuum under the pressure
of −0.1 MPa. 4.80 g of commercial IrO2 or 3.75 g of commercial Pt/C
was dissolved in 300 mL of DI water and dispersed with sufficient
sonication to serve as the precursor solution, respectively. During the
proceeding R2R-FJH synthesis, the input voltage of the DC power
supply was kept at 2.5 V, and the total input power was about 75−80W.
The conveyor was moved at a constant speed of 5 mm s−1 until the
desired electrode was completely collected.
Preparation of Other Meter-Scale Electrodes. Other meter-

scale electrodes with different widths were synthesized by the R2R-FJH
method proposed in this work. After the infiltration of the designed
precursor solution, the conveyors were continuously heated under the
DC power supply. The input power can be programmatically adjusted
over time to allow for the rapid thermochemical growth and
stabilization of surface deposits. Meanwhile, rational power setups,
which are related to conveyor width, speed, and reaction temperature,
contribute to the prevention of overheating and breakage. The desired
meter-scale electrodes were finally obtained by collecting and washing
the produced conveyors.
Materials Characterizations. The morphology of the prepared

electrodes and catalysts was characterized by high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) and
high-resolution transmission electron microscopy (HRTEM) images
acquired on a 2100F transmission electron microscope operated at 200
kV and scanning transmission electron microscopy (FE-SEM, S-4800,
Japan) equipped with energy dispersion spectra (EDS) and elemental
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mapping. XRD characterization of the samples was performed at room
temperature using aD/max 2500 V X-ray diffractometer equipped with
Cu Kα radiation, operated at approximately 40 kV and 150 mA, with a
scan rate of 8° min−1. XPS measurements were obtained by using an X-
ray photoelectron spectrometer (Escalab 250Xi) equipped with an Al
Kα radiation source (1487.6 eV) and a hemispherical analyzer with a
pass energy of 30.0 eV and an energy step size of 0.05 eV. The binding
energy of the C 1s peak at 284.8 eV was considered as an internal
reference. Spectral deconvolution was applied by Shirley background
subtraction using a Voigt function convoluting the Gaussian and
Lorentzian functions. The total noble-metal loading contents on
substrates were identified by inductively coupled plasma-mass
spectrometry (ICP-MS, ELAN DRC-e) measurements. The surface
temperature of the samples was visualized using an infrared (IR)
thermal imager (CEM DT-980, Huashengchang Co., Ltd., China).
Electrochemical Measurement. The single-electrode electro-

chemical tests for the OER and HER were performed using a typical
three-electrode electrochemical cell using an Autolab potentiostat
(PGSTAT-204N) equipped with Nova 1.11 software in 1 M KOH
electrolyte. An as-prepared catalytic electrode, a graphite rod, and aHg/
HgO electrode were involved as the working electrode, counter
electrode, and reference electrode, respectively. The geometry of the
single electrode testing is 1.0 cm2 for both OER and HER processes. All
polarization curves were collected at a scan rate of 5 mV s−1 and
calibrated to the reversible hydrogen electrode according to the
following equation: ERHE = EHg/HgO + 0.098 + 0.059 × pH. The Tafel
plots were constructed using the current density obtained from the LSV
curves through the Tafel equation: η = a + b log (j), where η is the
overpotential, j is the current density, a is the intercept of the Tafel plot,
and b is the Tafel slope. The iR compensation level of 90% based on the
electrochemical impedance spectroscopy (EIS) analysis was applied
and performed between a frequency ranging from 100 kHz to 0.1 Hz
with a potential amplitude of 50 mV. The specific potential values used
in linear sweep voltammetry (LSV) measurements are 0.2−1.0 and
−0.9 to −1.9 V for the OER andHER tests, respectively. The long-term
stability test was evaluated by chronoamperometry (CA) measure-
ments at an initial current density of 100 mA cm−2 for 24 h along with
accelerated durability test (ADT) using cyclic voltammetry (CV) cycles
at a scan rate of 100 mV s−1 for 10,000 and 50,000 cycles. The specific
potentials applied in ADT tests are 0.2−0.6 and −0.9 to −1.1 V for the
OER and HER tests, respectively. Each electrochemical CV and LSV
test was conducted in N2-saturated 1MKOH tominimize the influence
of impurity gases, ensuring accurate and reliable measurements. Each
electrochemical test was repeated more than three times to ensure
reproducibility, continuing until consistent results were obtained. The
normalized current density (jECSA) from different parts of the conveyor
can be performed using the formula

j i/ECSAECSA =

C C AECSA /dl s= ×

where i represents the current from the LSV curves, Cdl is the double-
layer capacitance,Cs is a specific capacitance constant of an identical flat
surface (40 μF/cm2 for 1 M KOH in this work), and A is the geometric
area of electrode.

The two-electrode hydrogen production (anode: HMFOR and
cathode: HER) was executed in a single cell with circulating electrolyte
flow using the proposed rolled-up configuration consisting of meter-
scale MoNiFe-LDH-NF, PtNi-NF, and Nylon mesh. The LSV and CV
curves in different concentrations of HMF in 1 M KOH ranging from 0
to 50mMwere evaluated at room temperature. EIS analysis was applied
and performed between a frequency ranging from 100 kHz to 0.1 Hz
with a potential amplitude of 50 mV under the total current value of 5.0
A. The long-term stability test was evaluated by CAmeasurements at an
initial current of 10.0 A for 24 h. The H2 gas purity was identified by
PM-QMS online gas mass spectrometry (Shanghai Pro-tech Co., Ltd.,
China) and calculated by comparing the relative abundance values.
Finite Element (FE) Simulation Method. The finite element

(FE) simulations of the temperature and current distributions taking
the NF conveyor as an example were performed by using COMSOL

Multiphysics 6.2 software. Three-dimensional geometric models were
established based on the dimensions of the electrical rollers and
electrode sheets in the experiments. After adjustment of the model, the
geometry is assigned the relevant material properties and meshed.
Subsequently, mutually coupled multiphysics fields were set up for the
models, and the results were then visualized. Specifically, one copper
electrode was used for input voltage, and the other was grounded. The
electrode conveyor impregnated with the precursor solution is driven
forward by the rollers with a certain speed. Electric current flows
through a copper roller, a rolling belt thin sheet, and another copper
roller. During this process, the generated Joule heating heats the
electrode thin conveyor, leading to evaporation of the surface solvent.
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Simulated images and profiles, SEM and TEM images,
XRD patterns, XPS spectra, elemental mapping results,
photographs of contact angles, electrochemical perform-
ance, and optical photographs of the AWE cell and the
rolled-up hydrogen production system (Figures S1−S24)
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Operation and temperature distribution of the R2R-FJH
setup (Video 1) (MP4)
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