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ABSTRACT

Balancing stability and activity of the hydrogen evolution reaction (HER) electrocatalysis remains challenging for advanced
electrolysis technologies. This work introduces a synergistic design strategy to tackle the challenge with in situ surface
restructuring. Fe-based double perovskite is developed with an optimal electronic structure for HER catalysis, delivering an
overpotential of 325 mV in 0.1 M KOH and 184 mV in 1 M KOH at 10 mA/cm?, among the best reported. Additionally, the catalyst
exhibited remarkable self-improving stability, with specific activity increasing 1.98 times at 300 mV overpotential after 20 h, due
to the restructuring of an amorphous layer confirmed with transmission electron microscopy. To demonstrate practical utility, the

catalyst was integrated into an active flow membraneless electrolyzer (AFME), a promising technology that is currently limited

by instability. The device demonstrated outstanding operational stability for 1000 h at 50 mA/cm?, with a minimal decay rate

of 0.25 mV/h, establishing a new benchmark for membraneless systems. This work not only presents a powerful strategy for

designing self-improving catalysts but also validates its practical efficacy in next generation electrolyzer technologies, paving the

way for cost-effective green hydrogen production.

1 | Introduction

The large-scale production of green hydrogen via water electroly-
sis requires the development of active and stable electrocatalysts
made from earth-abundant materials. Although many highly
active catalysts have been identified, their long-term stability
continues to be a major obstacle for real-world use. A significant
challenge lies in balancing long-term stability with high catalytic
activity [1]. For instance, CoP is active for hydrogen evolution

catalysis but unstable because it transforms to (oxy)phosphates
in 20 min [2]. Highly active Co-MoS, undergoes dissolution to
form MoO,*" and SO;*" in alkaline conditions, thus degrading
its stability [1]. Schalenbach et al. [3] showed that Ni-Mo alloys
are effective for hydrogen evolution but experience Mo leaching
into the electrolyte during HER conditions. Zhai et al. [4] demon-
strated that HER-active precious metal catalysts, such as Pt, Ru,
Pd, Rh, and Ir-based composites, also experience agglomeration
or loss of their active metals in alkaline environments, which then
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compromises their stability. Addressing or rethinking the issue of
degradation is essential for developing truly durable and effective
HER catalysts.

Among various material options, transition metal perovskite
oxides are promising candidates due to their compositional ver-
satility. Specifically, Fe-based transition metal perovskite oxides
are attractive due to affordability. However, the role of Fe has
mostly been as a substitutional defect into Co- and Ni-based
perovskites, owing to their generally lower intrinsic activity [5, 6],
such as SrNb;Co,;Feq,055 [7], Pros(BagsSros)osCopsFe,05
[8], and SrCo,,Feq,sM0, 05055 [9]. There are limited works
focusing on improving the activity of Fe-based perovskites for
HER catalysis through doping or morphology design [10-13].
However, the reported activity remains inadequate, and their
synthesis methods, such as the colloidal crystal template method
or ammonolysis, are intricate. Furthermore, they didn’t consider
the issue of HER stability, with limited stability test time and a
lack of in-depth discussion about the HER stability mechanism.
Thus, a comprehensive design considering both activity and
stability for the HER catalyst is urgently required.

This work presents an approach that repurposes the usually
destructive elemental loss as a means for in situ self-enhancement
to tackle both activity and stability challenges. By designing a
catalyst that experienced surface restructuring during stability
operation, we induced the development of a more active and
stable amorphous surface layer. In a 20 h’ stability operation, the
material formed an amorphous surface layer that enhanced its
specific activity by 1.98 fold.

To demonstrate the long-term reliability of the catalyst, we
use emerging active flow membraneless electrolyzers (AFMEs)
as a platform. The removal of a membrane and the simple
system design reduce the cost of green hydrogen production.
However, most existing AFMEs employ precious metals (such as
Pt) for the electrodes [14-21], which increases costs. Furthermore,
the stability of AFME is often overlooked; many studies have
developed new types of AFME, but have not conducted stability
tests [17, 18, 22, 23], with the longest stability test reported only 250
h [24]. By integrating our robust catalyst into a custom-fabricated
AFME, we demonstrated the tangible benefits of our materials
design strategy in a practical device, ultimately achieving an
operational lifetime of 1000 h at 50 mA/cm?, with a minimal
voltage decay rate of 0.25 mV/h. This duration significantly
surpasses previously reported stability tests for this class of
electrolyzers.

2 | Experimental Section
2.1 | Synthesis of Perovskite Powders

All the perovskite powders were synthesized using the sol-gel
method. Stoichiometric amounts of C,H;O,Ba, Nd(NO;),-6H,0,
and Fe(NO;);-9H,0 were dissolved in deionized water. Subse-
quently, ethylenediaminetetraacetic acid (EDTA) and citric acid
(CA) were incorporated into the solution at a molar ratio of metal
ion: EDTA:CA of 1:1:2, with ammonia used to adjust the pH to 7.
The solution was heated and stirred to form the gel; subsequent
drying of the gel at 250°C resulted in the formation of the solid

precursors. The perovskite powders were then synthesized by
calcining the aforementioned precursor at 1000°C for 10 h.

2.2 | Preparation of the Working Electrode

A mixture of 10 mg of perovskite powder, 10 mg of Vulcan XC72,
and 100 pL of 5 wt. % Nafion solution was combined with 1000 uL
of ethanol. This blend was ultrasonically dispersed for 1 h to form
the catalyst ink. Then, 5 pL of this catalyst ink was deposited
onto the surface of a polished glassy carbon electrode (4 mm in
diameter) and dried at room temperature for 30 min.

2.3 | Electrochemical Measurements

The HER performance of perovskite powders was evaluated using
a standard three-electrode system consisting of a (KCl-saturated)
Ag/AgClreference electrode and a graphite rod counter electrode.
A 0.1 M KOH aqueous solution served as the electrolyte, which
was purged with nitrogen for 30 min before testing. Polarization
performance and stability tests were conducted on the CHI 900D
workstation. Linear sweep voltammetry (LSV) was conducted
from —1 to —2 V vs Ag/AgCl at a rate of 5 mV/s while rotating
at 1600 rpm. All LSV curves were iR-corrected. Stability was
evaluated through chronopotentiometry at a constant current
density of 10 mA/cm?. Double-layer capacitance (Cdl) was deter-
mined using the BioLogic VSP potentiostat by collecting cyclic
voltammetry data within a non-Faradaic window of 0.2-0.3 V
vs. Ag/AgCl at scan rates between 40 and 100 mV/s. Cdl was
determined from the linear relationship between current density
and scan rate at 0.25 V. All measured potentials were converted to
the RHE using:

Epye = Eagager +0.198 +0.059 x pH 6))

2.4 | Characterizations

X-ray powder diffraction (XRD) was performed using Empyrean
(PANanalytical) with Cu Ka radiation (1 = 1.5406 A) at 40 kV
and 40 mA, collecting data across 26 = 10°-90°. X-ray pho-
toelectron spectroscopy (XPS), along with valence band X-ray
photoelectron spectroscopy (VB XPS), was performed on Axis
Ultra DLD, equipped with a monochromatic Al Ka X-ray source.
High-resolution imaging was performed using a high-resolution
transmission electron microscope (HR-TEM, JEOL JEM-2010F).
The morphology of perovskite particles was analyzed using
scanning electron microscopy (SEM) with a JSM-6700F System.
Inductively coupled plasma mass spectrometry (ICP-MS) anal-
ysis was performed with an Agilent 7700 instrument. Fourier
Transform Infra-Red spectroscopy (FTIR) was conducted on a
Bruker Vertex 70 Hyperion 1000 instrument. Electron Energy
Loss Spectroscopy (EELS) was tested on Thermo Fisher Titan
Themis G2 300.

2.5 | Computational Details

The bulk structure of orthorhombic NdFeO, s was obtained from
the Materials Project, while the structures of Nd,Ba, Fe,Oq s
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were generated using the Supercell program using a 2 X 2 X 2
supercell approach [25]. The Supercell program analyzed and pro-
duced all possible configurations after merging the symmetrical-
equivalent configurations. The generated configurations were
then determined by density functional theory (DFT), which was
conducted using Vienna Ab initio Simulation Package (VASP).
The projector augmented wave pseudopotentials, spin polariza-
tion, and the Perdew, Burke, and Ernzerhof functional level of
theory, within the generalized gradient approximation scheme for
electron exchange-correlation, were used. The strongly correlated
Fe-3d electrons were simulated using the DFT+U approach, with
the U, value set at 5.3 eV, consistent with the Materials Project,
and have been widely utilized for Fe-based perovskites [26-28].
The energy cutoff for the plane-wave basis set was 450 eV. The
Brillouin zone was sampled using a 3 X 3 X 3 Monkhorst-Pack k-
point mesh for the supercell. The Broyden method was employed
for structural relaxation, with convergence criteria of 0.02 eV/A
and 107> eV for the force and energy, respectively.

To investigate HER energetics, slab models were constructed
based on the experimentally observed (110) surface, incorporating
a 15 A vacuum layer along the c direction to prevent periodic
image interactions. The hydrogen adsorption free energy was
calculated as follows [29]:

AG = AE + AZPE — TAS )

where AE represents the DFT-calculated electronic energy
change for the hydrogen adsorption step, AZPE accounts for
zero-point energy corrections of the H adsorbate, T denotes
temperature, and AS represents entropy changes for the HER
step.

2.6 | AFME Fabrication and Operation

The frame of the custom AFME cell (with illustrative schematics
shown in Figure 4b; Figures S14-S16) was built from PMMA
using laser cutting, while the gasket was made from rubber. The
various frames were tightened mechanically to ensure a proper
seal with the gasket. A two-channel peristaltic pump (Kamoer)
delivered a 1 M KOH electrolyte to the two inlets of the AFME
at a constant flow rate of 200 mL/min. For catalyst loading, a
2 mm-thick layer of Ni foam (areal density 350 g/m?) was utilized.
The catalyst ink was prepared by ultrasonically mixing 10 mg
of perovskite powder, 10 mg of Vulcan XC-72, 200 uL of Nafion
solution (5 wt. %), and 900 uL of ethanol. This catalyst ink was
subsequently applied to the Ni foam with a catalyst loading of
2 mg/cm? by drop casting (Figure S17). The electrode was then
placed in a vacuum oven at 80°C overnight to ensure complete
drying. Electrochemical characterization was conducted using a
Biologic SP-300 potentiostat.

3 | Results and Discussion
3.1 | Catalyst Development
To investigate the impact of Ba substitution, a series of

Nd,Ba,_Fe,0¢.s perovskites with varying Nd: Ba ratios (x = 0.4,
0.8, 1.2, and 1.6, denoted as NBF20, NBF40, NBF60, NBF80,

respectively) were synthesized and compared with the parent
materials NdFeO, s (NF) and BaFeO, 5 (BF). Room temperature
XRD revealed that NF exhibited an orthorhombic structure,
while the incorporation of Ba induced a phase transition to a
cubic structure. This transition is complete for most compositions
(NBF20, NBF40, and NBF60), although NBF80 still retains minor
residual peaks associated with the parent orthorhombic phase
(Figure 1a). The diffraction peaks for the double perovskites
shifted to lower angles compared to pristine NF, and this shift
increased with higher Ba content. This indicated the successful
partial substitution of smaller Nd ions with larger Ba ions at
the A-site, resulting in lattice expansion. (Figure S1). For NBF40,
Rietveld refinement analysis (Figure 1b) revealed a cubic phase
(Pm-3m space group) with lattice parameters a = b = ¢ = 3.94
A. SEM-EDS composition (Figure 1d) matched the designed
stoichiometry.

The HER electrocatalytic activities of the synthesized catalysts
were evaluated using a rotating disk electrode (RDE) in N,-
saturated 0.1 M KOH solution (Figure 1c). NBF40 demonstrated
superior performance with the lowest overpotential at 10 mA/cm?
(m1p = 325 mV), followed by NBF20 (1,, = 387 mV), NBF60 (7,
= 457 mV), NBF80 (n,, = 525 mV), NF (n,, = 577 mV), and
BF (1,0 = 579 mV). All catalysts exhibit Tafel slopes exceeding
120 mV/dec (Figure S2), indicating the Volmer step remains the
rate-determining step. Notably, NBF40 shows the lowest Tafel
slope, confirming that Ba substitution successfully accelerates
the reaction kinetics. We further evaluated NBF40’s HER per-
formance in 1 M KOH and compared it with other Fe-based,
Co-based perovskite catalysts and Pt/C benchmark under the
same testing conditions [7, 8, 10-13, 30-35] (Figure S3 and
Table S1). In 1 M KOH, NBF40 exhibited an onset potential of
46 mV (defined at 1 mA/cm?) and 7,, of 184 mV, ranking it the
highest-performing Fe-based perovskites ever reported.

To understand how crystal structure affects the microstructure,
the morphologies of the parent single perovskites (NF and
BF) and the double perovskite (NBF40) were compared using
SEM analysis (Figure le). BF exhibited large grains (~2 pm).
In contrast, NF had smaller grains (~0.4 um). Notably, the
double perovskite NBF40 had an intermediate morphology with
grain sizes similar to those of NF but forming a more porous,
interconnected structure. This morphology of NBF40 was even
more noticeable at higher magnification (Figure S4).

To evaluate the underlying factors influencing the catalytic
performance variations, we first investigated the oxidation states
of Fe in the Nd,Ba, Fe,O,; series using XPS. As shown in
Figure 2a,b, a clear correlation exists between the A-site cation
ratio and the B-site transition metal valence. Specifically, the
average Fe oxidation state increases systematically with higher
Ba content to maintain charge neutrality when substituting Nd**
with Ba** (Figure 2a,b; Table S2). Among the compositions,
NBF40 exhibits an intermediate Fe valence state, which aligns
with the optimal A-site ionic electronegativity value (~2.33)
proposed by Guan et al. [36] as a descriptor for HER activity
(Figure 2a; Figure S5 and Table S3).

To gain deeper theoretical insights into the electronic structure,
we performed DFT calculations to analyze the projected density
of states (PDOS) for the Nd,Ba,_Fe,O, s series. As summarized
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FIGURE 1 | (a) XRD pattern of Nd,Ba, Fe,045, (b) Refined XRD profiles of the synthesized NBF40, (c) HER polarization profiles of
Nd,Ba, ,Fe, ¢ s, (d) Elemental composition of NBF40, (e) SEM images of BF, NF, and NBF40.

in Figure 2c and Table S4, increasing Ba substitution shifts the
occupied states toward the Fermi level, effectively narrowing
the bandgap. This reduction in the bandgap enhances electronic
conductivity and promotes electron transfer [37]. Experimental
VB XPS measurements further corroborate the DFT calculations,
showing a shift of occupied states toward the Fermi level of
NBF40 compared to NF (Figure S6). However, the improvement
in activity was counteracted by the excessive hybridization of the
Fe 3d and O 2p orbitals near the Fermi level. While enhanc-
ing conductivity, this would create unstable O 2p hole states,
detrimental to catalytic activity [38]. NBF40 demonstrates a
balanced electronic configuration, suggesting a trade-off bandgap
of NBF40.

Crucially, we calculated the hydrogen adsorption free energy
(AGy) as a direct catalytic descriptor to study the bonding
strength (Figure 2d). The calculations show that NBF40 pos-
sesses the near-zero AGy value among the series, indicating an
optimal balance between hydrogen adsorption and desorption.
In contrast, NBF60 exhibits excessively strong binding, while
NBF80 and NBF20 show significantly higher energy barriers for
H adsorption. The relation in AGy confirms that the synergistic
modulation in NBF40 leads to the most favorable HER energetics.

To evaluate the stability of the NBF40 catalyst, we conducted
a chronopotentiometry test at a constant current density of
10 mA/cm?. As shown in Figure 3a, we observed an interesting
“self-improving” behavior, where the potential gradually shifted
to more positive values. To study the intrinsic activity variation,
we measured the LSV curves (Figure S7) and Cdl (Figure S8)
before and after the stability testing, and the current density was
subsequently normalized to the electrochemically active surface
area (ECSA) to obtain the specific activity. Figure 3b reveals that
the specific activity of the post-test sample is higher than that of

the pre-test sample, indicating an improvement in the intrinsic
activity.

HR-TEM was used to reveal morphological changes in NBF40
during the stability test. (Figure 3c,d). While the pre-test particles
exhibited uniform crystalline boundaries (Figure 3c), the post-test
sample showed the formation of a distinct amorphous surface
layer surrounding the crystalline core (Figure 3d; Figure S9).
To understand the chemical driving force behind this restruc-
turing, we monitored electrolyte composition over time using
ICP-MS. As shown in Figure 3e, the concentration of Ba ions
increased rapidly during the first 10 h and reached a stable
plateau thereafter, while Nd and Fe remained negligible. This
temporal synchronization between the Ba dissolution kinetics
and the performance self-enhancement strongly suggests that
the selective leaching of A-site cation is correlated with the
“self-improving” behavior. Further analysis by EELS (Figure 3f;
Figure S10) confirmed that a portion of Ba is retained within this
amorphous layer.

FTIR measurements provided molecular-level evidence for the
surface restructuring of NBF40 (Figure 3g). The post-test sample
exhibited a new, distinct peak in the 3200-3400 cm ™ range, which
was absent for the pre-test sample. This peak was characteristic of
O—H stretching vibrations, suggesting the formation of surface
hydroxyl groups during electrochemical operation. We propose
two non-mutually exclusive reasons for the emergence of these
hydroxyl groups, both of which were beneficial for HER activity.
First, the amorphous layer may facilitate water dissociation (the
Volmer step), leading to optimization of the rate-limiting step
indicated by the Tafel slope (Figures S2 and S3b). Second, the
restructured layer may itself be a hydroxyl-rich oxyhydroxide
phase, intrinsically containing a high density of O—H bonds that
act as new, highly active catalytic sites. In either scenario, the
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FIGURE 2 | (a)Relationship between HER activities and Fe oxidation states and A-site electronegativity in Nd,Ba,_,Fe,0q s, (b) Fe 2p XPS spectra
of Nd,Ba, ,Fe,0¢, (c) Electronic DOS for NF and Nd,Ba, ,Fe,0¢ s, (d) Calculated Gibbs free energy profiles for hydrogen adsorption on the (110)

surfaces of the Nd,Ba, ,Fe,Og.5 series.

formation of these hydroxyl functionalities is directly linked to
the improved HER performance. To verify the specificity of the
restructuring mechanism, the pristine NF was evaluated under
identical conditions to the NBF40 (Figures S11-S13). Interestingly,
post-test HR-TEM analysis of the NF sample across multiple
locations revealed that the surface retained a crystalline nature
with visible lattice fringes (Figures S12 and S13), and no amor-
phous layer was observed. These observations suggest that the
in situ amorphization driven by Ba leaching is a unique process
characteristic of the Ba-containing NBF40.

3.2 | AFME Application

To evaluate the performance of NBF40 in a practical device, a
custom-built, flow-through membrane-less electrolyzer (AFME)
was constructed (Figure 4a). In this system, pressurized elec-
trolyte was pumped via two inlets into a central flow channel,
where the streams converged and passed through a porous

electrode that facilitated simultaneous oxygen and hydrogen
evolution. The resulting gas-liquid mixture was then transported
to a separator before the electrolyte was recirculated. As detailed
in Figure 4b, the cell comprised a central section, which housed
the inlets, a 1 mm thick flow channel to minimize ohmic
resistance, the porous electrode, and a current collector, which
was flanked by two side sections for gas-liquid separation.
Rubber gaskets ensured a gas-tight seal between the compo-
nents. Detailed schematics and photographs are available in
Figures S14-S16.

A key consideration for the AFME is the mechanical stability
of the catalyst under continuous electrolyte flow. Therefore, we
investigated catalyst loading methods, comparing drop casting
with air drying and drop casting with vacuum drying under a
constant electrolyte washing test. Mass loss measurements (Table
S5) confirmed that drop casting followed by vacuum drying
provided superior adhesion with no catalyst loss compared to
air drying. Based on these results, we further optimized the ink
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FIGURE 3 | Surface restructuring during electrochemical operation enhanced the stability and activity of NBF40. (a) Chronopotentiometry testing

at 10 mA/cm? showing self-improving behavior, (b) ECSA-normalized specific activity, confirming the significant enhancement in intrinsic activity,
(c,d) High-resolution TEM images revealed the formation of an amorphous surface layer after electrochemical operation, contrasting with the uniform
crystalline structure visible before testing, (e) Time-resolved ICP-MS analysis of Nd, Ba, and Fe ion concentrations, demonstrating the selective and rapid
dissolution kinetics of Ba, (f) EELS spectra for the bulk and surface regions, indicating the retention of Ba cations within the restructured amorphous
phase, (g) FTIR spectra revealed O—H bond formation (3200-3400 cm™!) after electrochemical operation, indicating oxyhydroxide species formation

during surface restructuring.

formulation by doubling the Nafion content to ensure sufficient
mechanical robustness of the catalyst layer under continuous
electrolyte flow during the 1000 h AFME stability test. As a result,
the catalyst layer was preserved on the Ni foam substrate, even
after a 1000 h stability test (Figure S17).

For performance testing in the AFME, NBF40 on Ni foam was
used as the cathode, while an anode was prepared using our
previously reported NBFN (Nd,¢Ba, ,Fe, (Ni,,O5) perovskite
[39], also on Ni foam. The complete NBFN-NBF40 electrolyzer
achieved a current density of 50 mA/cm? at a cell voltage 0of 1.93 V
without i-R correction (Figure 4c). This performance surpasses
that of previously reported flow-through systems, which require
2.59 V [40], and flow-by systems, which need approximately 2.25
V [15] for similar operations. Furthermore, the system demon-
strated exceptional long-term stability, maintaining continuous
operation for 1000 h with a minimal decay rate of 0.25 mV/h
(Figure 4d). This durability established a new benchmark for
membrane-less electrolyzers, significantly exceeding the longest

previously reported test of 250 h [24]. Such extended stability
was critical for practical evaluation, a step often omitted in
recent literature [17, 18, 22, 23]. In stark contrast, an electrolyzer
using reference NF-loaded electrodes exhibited both inferior
performance and rapid degradation under the same conditions.
HR-TEM was then used to confirm the crystallinity and restruc-
turing depth of NBF40 after the 1000 h stability test on AFME,
as shown in Figure 4d. The crystal matrix was preserved with no
collapse or distortion, and the amorphous layer became thicker
due to the longer time of the stability test.

4 | Conclusions

In this study, we designed and synthesized the Fe-based dou-
ble perovskite NBF40, a high-performance catalyst for HER.
Through strategic Ba substitution, the catalyst’s electronic struc-
ture was optimized, resulting in an excellent initial overpotential
of 184 mV at 10 mA/cm? in 1 M KOH, which ranks it among
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FIGURE 4 | (a)Schematic diagram of the AFME, illustrating the electrolyte flow paths, porous electrode, and gas-liquid separation, (b) Exploded-
view diagram and photograph of the AFME cell, detailing its three-section construction and 1 mm flow channel, (c) Polarization curves comparing
the NBFN-NBF40 and reference NF-NF electrodes, showing that the NBFN-NBF40 cell achieves 50 mA/cm? at a voltage of 1.93 V, (d) Long-term
chronopotentiometry data for the NBFN-NBF40 electrodes, demonstrating stable operation for 1000 h with a low decay rate of 0.25 mV/h (insert is
HR-TEM image of NBF40 after 1000 h stability test on AFME, showing crystallinity and restructuring depth).

the best Fe-based perovskite catalysts reported (see Table S1 for
comparison).

The key innovation is the catalyst’s ability to harness an element
leaching phenomenon for in situ activation. During operation,
the material formed an amorphous surface layer that enhanced
its catalytic activity. The practical viability of NBF40 was validated
by integrating it into a custom-built AFME. The complete device
achieved a current density of 50 mA/cm? at a cell voltage 0of 1.93 V.
Furthermore, the system demonstrated unprecedented long-term
durability, maintaining stable performance for 1000 h with a
minimal decay rate of 0.25 mV/h. This stability far exceeds any
previously reported for membrane-less electrolyzer systems.

The combination of high activity, a unique self-improving sta-
bility mechanism, and proven device performance creates a
clear pathway for producing cost-effective hydrogen from earth-
abundant materials.
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