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ABSTRACT 

Metal ensembles on carbon supports enhance electrocatalysis by requiring close metal-metal 
proximity, but controlling their clustering remains difficult with current synthesis methods. This 
study presents a one-step high-throughput synthesis using a bottlebrush block copolymer (BBCP) 
template, dopamine, and metal precursors (Fe and Ni salts), which can generate high metal 
loadings (4 at%) of bimetallic Fe-Ni nanostructures with a reduced metallic oxidation state. The 
BBCP template and polymerized dopamine create a porous carbon matrix upon carbonization. 
Rapid photothermal pyrolysis, a photonic curing technique, carbonizes samples in seconds, 
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creating uniform Fe-Ni active sites with reduced time and low cost. The short time scales of 
carbonization and metal precursor reduction favor high metal dispersion, small cluster formation, 
and the reduced metal oxidation state, all crucial for catalyst performance. In oxygen evolution 
reaction (OER) testing, the Fe-Ni/N-C catalyst showed a 130 mV overpotential at 10  mA/cm2 and 
a Tafel slope of 40 mV/dec in 1 M KOH. Tailorable Ni-Fe active sites enable high activity and 
stability, achieving 100  mA/cm2 at 1.75 V in 1 M KOH at 80 °C with an alkaline membrane 
electrode assembly (MEA). The unique synthesis approach enables rapid, large-scale production 
of high-performance electrocatalysts with tunable metal-metal sites, advancing sustainable fuel 
generation.

KEYWORDS
metal-metal active sites; bottlebrush block copolymers; oxygen evolution reaction; hierarchical 
metal nanostructures; porous turbostratic carbon

INTRODUCTION

Isolated single-atom catalysts (SACs) and nanoclusters offer superior atom efficiency and unique 
electronic properties, especially with noble metals.1, 2 Changes in metal size affect not just the 
domain size but also coordination, valence states, and geometric configuration, influencing 
reaction rates and selectivity. It has been reported that alloying with an inert metal can suppress 
hydrogenolysis while allowing dehydrogenation, introducing the concept of the ensemble 
requirement of the minimum number of metal atoms needed for efficient catalysis. 3 This concept 
was later extended to metal nanoparticles and clusters, focusing on the optimal metal atom count 
for performance. To enhance catalytic performance, isolated metal atoms are now integrated with 
carbon or oxides to form hybrid catalysts that provide (a) synergistic improvements in activity and 
selectivity by modulating electron structures and (b) increased active sites, enhancing efficiency 
in multi-step or parallel reactions. These hybrid systems help metal dispersion, control particle size 
and stabilize the atomic structure and reduce agglomeration.4-7 Despite significant progress, the 
synthesis process remains complicated and often involves substantial trial and error, and the 
reaction mechanisms of these hybrid catalysts are not fully understood. For example, currently, 
the most common methods for preparing metal-based catalysts, including alloys and individual 
metals, involve using metal-organic precursors like metal-organic frameworks (MOFs) or metal-
porphyrin complexes.8, 9 These are typically followed by high-temperature carbonization to embed 
metal atoms into a carbon matrix. However, the complexity, instability, low conductivity issues, 
and low yields of these synthesis processes hinder large-scale production.10 Additionally, 
prolonged high temperatures (over 8 hours) can lead to surface reshaping and sintering of metal 
particles, reducing catalytic activity.11, 12 Since thermal annealing is commonly used for 
carbonization, controlling the annealing process while maintaining the internal structure is crucial 
for synthesizing metal nanostructured catalysts. Thus, there is a clear need for efficient synthesis 
methods that integrate ultrafine metal ensembles (single atoms, clusters, or nanoparticles) into 
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hybrid catalysts, which are essential for dispersing ultrafine metal ensembles and preventing metal 
aggregation to create high-performance catalysts for industrial-scale applications. 
Recently, we synthesized porous carbon structures doped with N and Fe, achieving isolated Fe 
atoms and clusters using a bottlebrush block copolymer (BBCP) with hematin porcine and 
melamine formaldehyde, followed by rapid thermal annealing (RTA) in minutes.6 To further 
simply the synthesis process and to improve catalyst performance, a one-step synthesis method is 
preferred than a multi-step approach. Also, synthetic method should not only accommodate metal 
atoms but also promote the formation of an ordered graphitic structure in a metal-heteroatom-
carbon arrangement. While our previous method produced a limited number of isolated metal 
atoms with relatively short carbonization times, there is potential to further reduce time without 
sacrificing the integrity of the material. This could increase the metal density, including a higher 
concentration of isolated metal atoms, which would enhance catalytic performance by providing 
more accessible active sites.
Here, we present a straightforward, one-step synthesis method that combines self-assembly with 
rapid photothermal pyrolysis to create a hybrid catalyst, as confirmed by Aberration-Corrected 
High-Angle Annular Dark-Field Scanning Transmission Electron Microscopy (AC HAADF-
STEM). These catalysts are composed of primarily of bimetallic Fe-Ni  nanoparticles, along with 
isolated metal atoms and clusters, all supported on a predominantly ordered graphitic carbon 
framework. This method significantly enhances metal atom density with high dispersion, 
achieving high contents of Fe and Ni in the hybrid catalyst. The Fe-Ni electrocatalyst demonstrates 
excellent stability in alkaline environments, low overpotentials, and outstanding performance in 
alkaline membrane electrode assembly (MEA) water-splitting devices, comparable to noble metal 
catalysts such as Pt/C and RuO2. Further, in-situ Raman spectroscopy and density functional theory 
(DFT) studies offer valuable insights into the ensemble requirements for Fe-Ni, providing insights 
into how the arrangement and interaction of metal atoms influence catalytic performance. These 
results highlight the synergistic effects of active sites in hybrid electrocatalysts, offering a pathway 
to design efficient and durable earth-abundant catalysts beyond single metal atoms for 
electrocatalysis. 

RESULTS AND DISCUSSION 

Synthesis of Fe-Ni nanostructures and impact of photothermal pyrolysis 
In this study, we used amphiphilic PS-b-PEO BBCPs that self-assemble into spherical micelles in 
a water/ethanol mixture, which subsequently form a porous structure. Dopamine was used to 
generate an N- and O-doped ordered graphitic structure (turbostratic carbon) during 
polymerization, while iron (Fe) and nickel (Ni) were selected as the metal sites. Both metals are 
low-cost, abundant, and capable of forming hierarchical nanostructures on ordered carbon. 
Furthermore, Fe and Ni are ideal choices for earth-abundant catalytic support materials for oxygen 
evolution reaction (OER), as evidenced by their use in commercial stainless steels and nanofoams, 
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which are among the most advanced electrode support materials.13-15 A total metal loading of 10 
wt% was chosen based on OER performance (discussed later), where we varied the Fe to Ni ratio 
to investigate the loading at which the OER activity begins to decline. 
The Fe-Ni nanostructures on ordered carbon were prepared with a one-pot synthesis process 
(Figure 1a). The Fe-Ni nanostructure features the coexistence of multiple metal size domains, 
ranging from isolated single atoms and small clusters to nanoscale particles. The intermediate 
product was characterized using a high-resolution transmission electron microscope (HRTEM) 
and HAADF-STEM, as detailed in Figures 1c, 1e, and subsequently in Figure 2. In the first two 
steps, polydopamine (PDA)/BBCP/Fe-Ni (total metal loading is 10 wt%) composite micelles were 
formed in a water/ethanol mixture, with the BBCP solution prepared in THF (Figure 1b for 
photographic image). Dopamine molecules bind to the micelle surface through hydrogen bonding 
with the PEO block, while the hydrophobic polystyrene resides in the cores of the micelles. 16 The 
polystyrene cores serve as a sacrificial porogen and are later removed during the pyrolysis process, 
creating mesopores of controlled and tunable size in the structure.17, 18 Meanwhile, the heteroatoms 
(N and O) in dopamine interact with the metal salts, promoting their binding to the micelle 
surface.19, 20 Under alkaline conditions, the addition of ammonia triggers the self-polymerization 
of dopamine, leading to the formation of PDA/BBCP/Fe-Ni composite micelles. Key synthetic 
considerations in steps I and II include ensuring that all precursors are soluble in the chosen solvent 
mixture and controlling the cooperative assembly of the PS-b-PEO BBCP and dopamine to form 
spherical micelles. This was successfully achieved using a water-ethanol solvent mixture, allowing 
the BBCP to spontaneously template the spherical morphology.  
The HRTEM image (Figure 1c) reveals the micelle formation after 48 hours of reaction. The 
composite formed in step III (Figure 1d for photographic image) was collected as a precipitate, 
but repeated washing with a water-ethanol mixture was necessary. The final Fe-Ni nanostructures 
on ordered graphitic mesoporous carbon in steps IV and V were achieved through rapid 
photothermal pyrolysis of the PDA/BBCP/Fe-Ni composite micelles, which were dried overnight 
under ambient conditions prior to pyrolysis. Next, the material underwent photothermal pyrolysis 
with a xenon flash lamp emission energy of 2.61 J/cm2 to rapidly heat materials to over 2000 °C 
(simulated temperature),21 removing organic components, and transforming precursors through 
electronic, molecular, and phonon interactions. We have recently demonstrated the rapid and 
scalable formation of mesoporous silicas, mesoporous carbons, few-layer graphene, and ceramics 
using this approach.22-25   Unlike conventional tube furnaces, which take over 8 hours to reach 800 
°C, this method is much faster. Our fast process enabled the formation of new types of catalytically 
active sites compared to conventional annealing. 
The goal was to carbonize the BBCP/polydopamine/Fe-Ni composite into an ordered graphitic 
structure, maximizing the retention of heteroatoms and the reduced metallic state of Fe and Ni 
while preserving the integrity of the porous framework. It is essential to control the irradiation 
energy as too low an energy may prevent full carbonization, while too high an energy can damage 
the structure. This process resulted in the formation of mesopores within the carbon structure with 
hierarchical Fe-Ni metal. The HRTEM and HAADF-STEM images (Figures 1e and 1f) reveal a 
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well-defined porous structure with pore sizes of approximately 33 nm, as well as the presence of 
isolated Fe and Ni single atoms and small clusters. The EDS intensity profile further confirms the 
presence of Fe and Ni species. Corresponding images of the small nanoparticles are provided in 
Figure 2. For comparison, individual Fe and Ni nanostructures supported on porous carbon were 
also synthesized using the same procedure, each with a metal loading of 10 wt%.

Figure 1. Synthesis process of Fe-Ni nanostructures. (a) Schematic illustration of Fe-Ni 
structure formation (total metal loading is 10 wt%) at each synthetic step. (c, e) HRTEM and HAADF-
STEM images of the nanostructures. (b, d) Photographic images of the synthesized material after steps I 
and III, (b) BBCP, dopamine, and metal salts are mixed to form the precursor in step I, (c) composite 
formation of BBCP/polydopamine/Fe, Ni metals with heteroatom as micelles in step II. The HRTEM image 
shows the micelle formation after 48 hours of reaction. The scale bar is 500 nm, (d) composite deposited 
for drying on a silicon wafer in step III, (e) the HRTEM (the scale bar is 100 nm) image reveals the material's 
porous structure of final heteroatom-doped hierarchical Fe-Ni obtained after photothermal pyrolysis, 
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followed by a 5-hour acid wash in steps IV and V, (f) the green box in the HAADF-STEM image (scale bar 
is 2 nm) highlights the distribution of isolated Fe and Ni atoms, as well as small clusters, embedded within 
the graphitic matrix. The corresponding EDS intensity profile confirms the presence of Fe and Ni signals, 
while the Cu signals originate from the TEM grid.

Structural identification of Fe-Ni on porous turbostratic carbon
The as-synthesized hierarchical Fe-Ni metal nanostructure catalyst (10 wt% total metal loading) 
was examined by high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) (Figure 2). Inductively coupled plasma mass spectrometry analysis revealed 
that the metal content in the Fe-Ni nanostructure after carbonization was 4.7 wt% Fe and 4.9 wt% 
Ni. The analysis revealed nanoparticles predominantly in the 3-5 nm range, with an average size 
of 3.5 nm (Figures 2a and S1). This average value was obtained from statistical analysis of over 
different particles across multiple HAADF-STEM and HRTEM images, which primarily captured 
the dominant nanoparticle population. Larger particles extending up to several tens of nanometers, 
occasionally observed in certain micrographs, constituted only a minor fraction of the overall 
population and were not significant in the statistical dataset used for Figure S1. This observation 
was consistent with the STEM (Figures 2c and 2e) and HRTEM (Supporting Information Figure 
S4) images of the Fe-Ni structure. Furthermore, STEM analysis reveals that some particles possess 
a shell, likely corresponding to an oxide layer as indicated by the EDS mapping, while others are 
encapsulated within the carbon support (Figures 2c, 2e, and S2). These nanoparticles are 
uniformly dispersed on the carbon support with a high surface area of 237 m2/g, as determined by 
Brunauer-Emmett-Teller (BET) analysis, and exhibit mesoporosity (Supporting Information 
Figure S3). The X-ray diffraction (XRD) pattern of the Fe-Ni metal nanostructure embedded in 
carbon (Supporting Information Figure S4) shows distinct peaks that can be assigned to the 
intermetallic Fe-Ni phase. Specifically, the peaks at 43.3 and 51.3 were attributed to a mixture 
of face-centered cubic (fcc) and body-centered cubic (bcc) phases of the Fe-Ni alloy.26 
No larger nanoparticles were found, suggesting they were removed during the 5-hour acid wash, 
which is insufficient for the removal of smaller nanoparticles in the turbostratic structure. High-
magnification HAADF-STEM images further revealed the distribution of isolated Fe and Ni atoms 
(indicated by yellow circles and arrows in Figures 2b and 2d, with additional HAADF images in 
Figure S6). These isolated metal atoms are found near clusters, which were anchored to the 
turbostratic carbon substrate alongside the nanoparticles. It was also observed that the isolated 
metal atoms preferentially aligned with the carbon substrate, often aligning with the graphitic 
lattice as arrowed in Figure 2d. This suggests that the anchoring sites, likely provided by 
heteroatoms such as nitrogen and oxygen, are predominantly located in these regions, which 
attracted a higher concentration of metal atoms. This alignment was in favor to the stability of 
material, as the strong anchoring of metal atoms to these sites was expected to enhance their 
resistance to degradation, potentially leading to improved long-term stability during performance 
tests. The identification of these isolated spots was further confirmed by STEM combined with X-
ray energy dispersive spectroscopy (EDS) elemental mapping (Figures 2f and S7). The EDS 
spectrum of the Fe-Ni metal (Figure S7) nanostructure clearly shows signals for both Fe and Ni. 
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The EDS profile of the single atom within the yellow square reveals both Fe and Ni signals, 
indicating that this region corresponds to a Fe-Ni moiety embedded in the carbon support. The 
contrast between Fe and Ni spots in the STEM HAADF images is relatively subtle, as both 
elements have similar atomic numbers. This quantitative analysis confirmed that Fe and Ni were 
distributed across the entire region of the sample, with the single atoms likely being a mixture of 
both metals. Overall, the microscopic characterizations revealed the coexistence of abundant single 
Ni and Fe atoms alongside Fe-Ni nanoparticles within the hybrid material. The single atoms appear 
as isolated bright spots with sizes typically below 0.3 nm, exhibiting intensities consistent with 
individual metal atoms. Small clusters, consisting of aggregates of approximately 2-10 metal 
atoms, are observed as slightly larger and brighter features (0.3-1.5 nm) with well-defined 
boundaries but without visible crystalline lattice fringes. In contrast, nanoparticles are identified 
as larger entities exceeding 1.5 nm in size, generally ranging up to several nanometers in diameter.

Figure 2. Microscopic characterization of Fe-Ni nanostructures. (a) HAADF-STEM 
image of 10 wt.% Fe-Ni nanoparticles; in (b) dense clusters of Fe-Ni atoms, highlighted with yellow circles, 
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are seen alongside single atoms; (c) HAADF-STEM image of a Fe-Ni nanoparticle with an oxide shell. In 
(d), single atoms align with graphitic lattice planes, as indicated by the yellow arrow. (e) Left: bright field-
STEM image of a Fe-Ni nanoparticle encapsulated by a graphitic shell (f) STEM-EDS map of Fe-Ni from 
a region with single atoms and nanoparticles showing the elemental distribution. 

To elucidate the local coordination environment and oxidation states of Fe and Ni in the Fe-Ni 
heterostructure (Figure S7, for XPS survey), K-edge X-ray absorption spectroscopy (XAS) was 
carried out in comparison with the individual Ni-N-C and Fe-N-C reference materials (Figures 
3a, 3c, and S8). The Ni K-edge X-ray absorption near-edge structure (XANES) spectrum of Ni-
N-C exhibits (Figure 3a) a relatively weak absorption intensity, with the edge position close to 
that of metallic Ni foil but distinctly shifted from NiO (nickel oxide) and NiPc (nickel 
phthalocyanine). Since the absorption edge position is positively correlated with oxidation state, 
the observed shift toward lower energy indicates that the Ni centers in Ni-N-C possess an average 
oxidation state below +2. This observation is further supported by the relatively low Ni 3d binding 
energy detected in the XPS spectrum (Figure 3e). Similarly, the Fe K-edge XANES profile of Fe-
N-C (Figure 3c) displays a slight shift toward Fe foil and away from Fe2O3, FePc (iron 
phthalocyanine), and hematin porcine, suggesting that Fe species primarily exist in a mixed 
valence state between 0 and +3, with Fe2+ as the dominant form. The XPS analysis (Figures 3e 
and 3f)  further confirms these results: the Ni 2p spectrum of Ni-N-C reveals pronounced Ni0 
(852.7 eV, 70.9%) and Ni2+ (853.4 eV, 29.0%) components with negligible Ni3+ contribution, 
while the Fe 2p spectrum of Fe-N-C shows intense Fe²⁺ (707.2 eV, 65.6%) and Fe0 (34.3%) signals 
(Figure 3b). Collectively, these data indicate that Ni-N-C mainly consists of Ni⁰ species, whereas 
Fe-N-C is dominated by Fe2+ sites, with minor contributions from Ni2+ and Fe0. In the Fe-Ni 
heterostructure, both Ni and Fe K-edge XANES spectra exhibit distinct features relative to the 
single-metal systems (Figures 3a and 3c). The Ni edge position remains near that of Ni foil but 
shows a small positive shift, suggesting the presence of Ni⁰ species that are not bound through Ni-
Ni metallic bonding. Meanwhile, the Fe K-edge indicates Fe primarily exists in the +2 oxidation 
state. High-resolution XPS analyses further validate these findings (Figures 3e and 3f). The slight 
edge shifts of both Fe and Ni suggest that Fe-Ni heteroatomic interactions form intermetallic Fe-
Ni bonds rather than isolated Fe-Fe or Ni-Ni networks.27 Detailed analysis of the pre-edge region 
provides further insight into the local coordination geometry.28 In the Ni K-edge XANES of Ni-
N-C (Figure 3a), a stronger pre-edge feature (8330-8340 eV) compared to NiPc arises from 
enhanced 1s→3d quadrupole transitions, reflecting significant 3d-4p hybridization and local 
structural distortion.29 The higher intensity ratio of features III to IV confirms asymmetric and 
defective Ni-N coordination environments, indicative of unsaturated Ni sites. Similarly, the Fe K-
edge XANES of Fe-N-C displays (Figure 3c)a single pre-edge peak, characteristic of off-planar 
Fe-N4 coordination.30 The peaks at 7132 and 7140 eV correspond to Fe-N4 configurations with 
D4h symmetry, where increased pre-edge intensity relative to FePc reveals off-centered Fe atoms 
and geometric distortion.31 Comparable spectral trends are observed in the Fe-Ni/N-C 
heterostructure, where both Fe and Ni centers exhibit asymmetric, non-centrosymmetric 
coordination geometries.32 Combined XANES and XPS analyses confirm that Fe-Ni/N-C contains 
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Fe predominantly in the +2 oxidation state and Ni in the 0 oxidation state, with edge shifts and 
spectral features indicating Fe-Ni intermetallic coupling rather than Fe-Fe or Ni-Ni aggregation, 
consistent with the atomic-scale heterostructure design.
To further examine the coordination environment, Fourier-transform extended X-ray absorption 
fine structure (FT-EXAFS) analyses were performed on Ni-N-C, Fe-N-C, and Fe-Ni/N-C (Figures 
3b and 3d). All spectra exhibit main peaks between 1.3 and 1.5 Å, corresponding to the first 
coordination shell involving Ni-N/Fe-N or Ni-O/Fe-O bonds. Relative to NiPc and FePc, weaker 
peaks around 1.45 Å in the heterostructured samples indicate partial metal-oxygen coordination 
alongside metal-nitrogen bonding.33 These results are consistent with high-resolution XPS 
analyses of the N 1s and O 1s regions (Figures 3g and 3h), which reveal dominant graphitic 
nitrogen species with contributions from pyridinic and pyrrolic N, and oxygen peaks at 530.0 eV 
and 531.3 eV assigned to metal-oxide and metal-hydroxide bonds. Comparison with metallic and 
oxide standards in EXAFS also suggests the presence of weak metal-metal interactions in all 
samples, implying that not all Fe and Ni centers are fully isolated by nitrogen ligands. This too is 
supported by our XPS and HAADF-STEM observations. Notably, while the second-shell FT-
EXAFS peaks of Fe-N-C and Ni-N-C align closely with their metallic references, those of Fe-
Ni/N-C shift slightly to ~2.1 Å, indicating the formation of Fe-Ni intermetallic bonds. In contrast, 
NiPc and FePc display a prominent feature near 2.6 Å arising from multiple ligand scattering, 
which is absent in Fe-Ni/N-C due to structural disorder and the embedding of metal centers within 
defective carbon planes. Collectively, XANES, EXAFS, and XPS analyses confirm that a small 
portion of the Fe-Ni/N-C heterostructure contains mixed Fe and Ni single-atom sites coordinated 
with pyrrolic, pyridinic, and graphitic nitrogen as well as oxygen functionalities, while the majority 
features predominant Fe-Ni intermetallic coupling. 
In addition to probing the metal coordination environment, we also analyzed the carbon structure 
in Fe-Ni/N-C using XPS. The results (Figure 3i) show that carbon, comprising approximately 90 
atomic %, is predominantly present as graphitic sp2 C-C bonds at 284.4 eV (73%), while the 
remaining 27% corresponds to C-O (285.9 eV), aliphatic C-C (284.9 eV), C=O (287.3 eV), and 
COO (289.0 eV) species. This composition indicates that the carbon framework is largely well-
ordered and graphitic yet retains a small fraction of disordered and heteroatom-functionalized sites 
that may facilitate electronic conductivity and active site stabilization. These structures are better 
described as turbostratic carbon, rather than "graphene," as they contain both ordered and 
disordered carbon phases. This finding is consistent with HRTEM images (Figure S9), which 
show that most of the carbon is in an ordered graphitic form, with some disordered regions present. 
Additionally, Raman spectroscopy (Figure S10) further supported this classification by detecting 
a strong 2D band, indicative of graphitic structures with some disorder. An important aspect of our 
study is that we also synthesized the same material without any metal to investigate the 
coordination environment between the heteroatoms and metals, and to determine whether the 
metals play a role in stabilizing these heteroatoms after photothermal pyrolysis. XPS data (Figure 
S11) revealed a significant decrease in the atomic percentage of N, from 2.1% to 1.2%, and O, 
from 3.3% to 2.2%. This suggests that during synthesis, a coordination environment forms between 
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the metals and heteroatoms, which serves to stabilize both metal and heteroatoms during the 
photothermal pyrolysis process. In contrast, the absence of metal-heteroatom bonds leads to a 
greater loss of N and O from the material. These heteroatoms could potentially enhance the 
electrocatalytic performance, as reported in numerous studies. It is important to note that XPS 
analysis (Figure S12) confirmed that the Cl ligands were fully removed during the pyrolysis 
process.  

Figure 3. Structure identification of Fe-Ni nanostructures using XPS and XAS. 
(a) XANES of Ni k-edge; (b) EXAFS of Ni k-edge; (c) XANES of Fe k-edge; (d) EXAFS of Fe k-edge; (e) 
high-resolution XPS of Ni 2p spectra; (f) high-resolution XPS Fe 2p spectra; (g) high-resolution XPS of N 
1s spectra; (h) high-resolution XPS of O 1s spectra; and (h) high-resolution XPS of C 1s spectra.

OER Electrocatalysis performance and active site analysis
Since single metal Ni is a well-established catalyst for oxygen evolution,34, 35 we focused on 
optimizing our Fe-Ni bimetallic nanostructure catalyst. This catalyst was subsequently used as the 
anode in the MEA. To optimize the Fe-to-Ni ratio on the turbostratic carbon, OER tests were 
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performed in a 1 M KOH electrolyte using a three-electrode electrochemical cell, with a glassy 
carbon as the substrate of working electrode, onto which the as-synthesized catalyst ink was drop-
cast. We first kept the Fe/Ni ratio at 1:1 and varied the total weight percentages of Fe and Ni, using 
overpotential at 10 mA. cm² as the key performance metric (Figure 4a). The 10 wt% Fe-Ni sample 
exhibited the lowest overpotential (190 mV), whereas increasing the loading to 20 wt% raised the 
overpotential to 310 mV. This decline in OER performance is likely due to the growth of larger 
nanoparticles on turbostratic carbon. To confirm that the performance difference arises primarily 
from particle size rather than compositional heterogeneity, we examined TEM images before and 
after HCl washing. The results (Figure S13) indicate that HCl treatment effectively removes large 
and medium-sized particles, while particles with an average size of ~28 nm remain mostly intact. 
This supports the conclusion that particle size is the predominant factor governing the observed 
OER activity. XPS analysis (Figure S14) further revealed that increasing metal loading induces 
greater disorder in the sp2 structure of turbostratic carbon and promotes oxide formation. This 
indicates that chemical composition also plays a critical role, with an optimal Fe-Ni content of 
10 wt% (4 at%) in Fe-Ni nanostructures. Building on this, we systematically varied the Fe to Ni 
ratio at a fixed 10 wt% loading and observed that even small changes in Fe content significantly 
affect OER activity (Figure 4b), as reflected in the overpotential. These results highlight the 
combined importance of particle size and precise composition in achieving optimal catalytic 
performance. González-Ingelmo et al. also observed a similar trend in their study of NiFe catalysts 
on graphene, where reducing Fe content and increasing Ni proportion in Fe/Ni led to improved 
OER performance. It is worth noting that the introduction of carbon as a metal support is a key 
factor, as the interaction between the metal and carbon can modify the catalyst’s behavior. Carbon 
provides conductivity, which directly impacts electrocatalytic performance and efficiency, 
potentially enhancing or lowering the overall performance. Based on these observations, we 
speculate that the high overpotential observed in the 0.1 Fe/Ni sample must be due to the formation 
of large nanoparticles with disrupted carbon moieties, which are likely inactive for OER. Notably, 
the 33 nm pore structure in our sample facilitates the transport of O2 and H2O to and from the 
active sites, thereby improving both OER and MEA performance. Nevertheless, plotting the OER 
activity against the Fe/Ni ratio in the catalyst layer (Figures 4a and 4b) reveals that a higher Fe/Ni 
ratio at 10 wt% reduced the performance of the active sites.  This aligns with the findings of 
Todoroki et al., who emphasized that both the Fe/Ni ratio and the catalyst’s ability to generate a 
well-formed layer with a large surface area are key factors in achieving optimal OER 
performance.36 
After confirming that the 1:1 Fe/Ni ratio with 10 wt% was the optimal catalyst for our system, we 
conducted a detailed analysis of its OER activity and compared it with individual 10 wt% Fe and 
10 wt% Ni metal nanostructure samples (Figures 4d and 4e). The individual hierarchical Fe and 
Ni nanostructures were synthesized using the same method as the Fe-Ni bimetal. HAADF-STEM 
(Figure S15) was used to confirm the distribution of single metal atoms, clusters, and small 
nanoparticles within the turbostratic carbon matrix. Additionally, XPS analysis (Figures S16 and 
S17) of the same sample confirmed the chemical composition of the surface elements. This 
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distribution also highlights the versatility of our synthesis method, which can produce hierarchical 
metal nanostructures (range of metal cluster sizes, from single atoms to small nanoparticles), 
including isolated metal atoms, beyond just alloy compositions. The Fe-Ni catalyst required a 
potential of 1.36 V vs. RHE (Figure 4d) to reach a geometric current density of 10 mA/cm2. This 
low overpotential further indicates the high intrinsic activity of the catalyst, which is additionally 
supported by electrochemical impedance spectroscopy (EIS). The Nyquist plots (Figure S18) 
reveal a clear decrease in charge-transfer resistance with increasing potential. Consistently, the 
catalyst exhibits a low Tafel slope of 40 mV/ decade (Figure 4e), confirming its superior intrinsic 
activity. The overpotential and Tafel slope values of the catalyst (with 10 wt% metal loading) 
underscore a defining characteristic of our surfaces-exceptional electrocatalytic performance that 
surpasses many previously reported materials (Table S1), particularly in terms of intrinsic OER 
activity. 
In comparison, the individual porous nanostructures of Fe-N-C, Ni-N-C, and metal-free porous C-
N required 1.53 V, 1.67 V, and 1.75 V, respectively, with corresponding Tafel slopes of 55, 72 
mV, and 97 mV/decade to achieve the same current density (Figures 4c and 4d). The higher 
overpotentials for the individual metal and metal-free catalysts indicate that the synergistic 
interaction between Fe and Ni in Fe-Ni/N-C generates more active sites than either metal alone or 
without metal. The number of electrochemically active sites is reflected by the electrochemically 
active surface area (ECSA). To estimate the ECSA, the double-layer capacitance (Cdl) was 
obtained (Figure 4e) from cyclic voltammetry at various scan rates within a non-Faradaic potential 
window, and the resulting current densities were linearly fitted (Figure 4e). The Fe-Ni/N-C catalyst 
exhibited the highest Cdl (7.4 mF/cm²), followed by Fe-N-C (6.2 mF/cm²), Ni-N-C (5.9 mF/cm²), 
and C-N (4.8 mF/cm²). According to the literature, ECSA is proportional to Cdl, with the surface 
area estimated from Cdl/Cs, where Cs = 40 μF/cm2 (0.04 mF/cm²) in alkaline media. Accordingly, 
the calculated ECSAs are approximately 185, 155, 148, and 120 cm² for Fe-Ni-N-C, Fe-N-C, Ni-
N-C, and C-N, respectively. Furthermore, based on the ECSA-normalized current density, Fe-
Ni/N-C exhibits a markedly higher intrinsic activity than the other catalysts, consistent with its 
lowest Tafel slope. This superior performance is further corroborated by the measured and 
calculated mass activity, ECSA-normalized current densities, and turnover frequency values 
(Figures S19), which show the same trend. To validate the robustness of the rapid photothermal 
pyrolysis method, three independent synthesis batches (n = 3) were conducted under identical 
conditions. The catalysts exhibited consistent metal loadings (±0.5 wt%), similar particle size 
distributions, and less than 5% variation in OER overpotential at 10 mA/cm2 (Figures S20), 
confirming excellent reproducibility. To evaluate scalability, the catalyst yield per batch and 
energy consumption were estimated based on the power input and synthesis duration. The energy 
consumption for the photothermal process was approximately 0.017 kWh g-1, calculated for a 300 
W light source operated for 100 s, producing 0.5 g of catalyst. This value is substantially lower 
than that of conventional furnace pyrolysis (0.2-0.5 kWh g-1), demonstrating the superior energy 
efficiency of the method. Although large-scale implementation remains a future objective, these 
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results collectively underscore the reproducibility, energy efficiency, and strong potential of the 
rapid photothermal pyrolysis approach for high-throughput catalyst production.
Our hierarchical Fe-Ni nanostructures on porous carbon show impressive OER activity, but the 
role of single atoms and clusters remained a puzzle. To probe this, we selectively removed clusters 
and isolated atoms by washing the Fe-Ni structure with 2 M HCl for 24 h. HAADF-STEM (Figure 
S21) confirmed their complete removal, leaving only small nanoparticles. Surprisingly, LSV and 
Tafel plots showed minimal changes (overpotential shifted only from 130 mV to 135 mV; Tafel 
slope slightly increased to 44 mV/ decade). This striking result reveals that, although single atoms 
and clusters are often confirmed as the ultimate active sites in electrocatalysis, in our system, they 
play only a minor role. The real OER performance stems from the Fe-Ni intermetallic 
nanoparticles, where synergy between metals, one binding reactants, the other stabilizing 
intermediates, drives superior activity. This counterintuitive finding underscores that not all 
notable single-atom catalysts dominate the reaction. 
The above experiment confirmed that the Fe-Ni synergy enhances OER performance and activates 
the primary catalytic sites. The next key question concerns the relative contributions of Fe and Ni, 
and why the Fe-Ni catalyst exhibits superior OER activity compared to Fe-N-C and Ni-N-C, 
despite their similar structural features and metal size distributions. To confirm the reaction 
pathway and to identify the active sites, we conducted in situ Raman spectroscopy on the Fe-Ni/N-
C catalyst under the working conditions (Figure 4f). A series of Raman spectra for a Fe-Ni film 
deposited on a glassy carbon electrode (GCE) substrate and immersed in 1 M KOH, recorded at 
various applied potentials (vs. Ag/AgCl) during an oxidation sweep (Figure 4f). The observed 
spectral features and their potential-dependent changes were consistent with the transformation of 
Ni(OH)2 to NiOOH, beginning at a potential of 0.45 V vs Ag/AgCl. The band at 449 cm-1 was 
attributed to Ni(OH)2, which exhibited Ni-O vibrational modes in the range of 445 to 465 cm-1. 
Additionally, a band at 530 cm-1 was observed, which was associated with disordered Ni(OH)2.37, 

38 At higher Raman shifts, the bands between 3250 and 3271 cm-1 were attributed to O-H vibrations 
of Ni(OH)2. Given the broader range of Raman shifts between 3100 and 3600 cm-1, these bands 
could also be related to the O-H stretch of hydrogen bond water, which was commonly observed 
in this region.39-41 The pair of bands at 477 and 554 cm-1, observed with high intensity between 
0.45 V and 0.47 V vs. Ag/AgCl, were ascribed to Ni-O vibrations in NiOOH. We did not attempt 
to distinguish or analyze the specific contributions from the  and -NiOOH phases, which are 
both expected to exhibit bands in this region. At 0.49 V, we also observed a NiOOH peak but 
slightly shifted to lower wavenumbers, though it was of very low intensity, and nearly negligible 
at 0.5 V. This reduction in intensity was likely due to the formation of intense oxygen bubbles 
during the OER, which interfered with Raman scattered light collection. These bubbles were 
difficult to remove and may have obstructed the laser from effectively probing the catalyst surface. 
For Fe, the bands in the 650 to 720 cm-1 range showed changes in intensity with varying potential 
and were too weak. The identification of the observed bands was complicated by the numerous 
possible Fe oxide and oxyhydroxide phases, many of which have similar structures. The bands in 
the 650 to 720 cm-1 range were likely associated with Fe3O4, Fe2O3, and FeOOH, respectively.42 
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It is worth noting that no distinct NiFexOx features were observed in the Raman spectra during 
OER. This absence may result from the strong intensity of Ni-related peaks, which could mask 
subtle spectral changes associated with NiFexOx formation. However, given the Fe-Ni intermetallic 
bonding in our catalyst, the presence of such species during OER cannot be ruled out.43 Notably, 
after OER, when measured in KOH without applied potential, the Raman peaks at 477 and 554 
cm-1 disappeared, suggesting that the intermediate species formed during OER were potential-
dependent and confirming the reversible transformation between Ni(OH)2 and NiOOH under 
varying potentials. During our in-situ observations, we did not observe any significant changes in 
the D, G, or 2D peaks of the turbostratic carbon support compared to the pristine catalyst measured 
at room temperature. This suggested that the carbon structure remained largely intact throughout 
the potential-dependent measurements. However, at potentials greater than 0.47 V vs. Ag/AgCl, 
high OER activity led to extensive bubble formation, hampering our ability to record a clear Raman 
spectrum. Nevertheless, our Raman spectroscopy results lead to three key conclusions: (a) The Fe-
Ni nanostructure is highly disordered, consistent with our XAS results and previous reports on 
amorphous metal oxides in OER catalysis. Raman likely captured local Ni-O features not resolved 
by EXAFS, which mainly probes Ni’s short-range coordination,44 45, 46 (b) NiOOH intermediates 
formed during the OER process, but the Raman peaks shifted to lower wavenumbers, indicating 
that the structure was not purely NiOOH but rather incorporated Fe species, and (c) FeOOH 
typically exhibits distinct bands at ~385, 480, and 550 cm⁻¹; however, in mixed FeNiOOH, the Fe 
signals are weak and often masked by stronger Ni vibrations. Consequently, Fe-O and Ni-O 
vibrations couple to form composite modes instead of distinct peaks. 
Based on both spectroscopic and electrochemical observations, and drawing on the work of Bell,47 
Myers, and Hermann,48 Boettcher,44 and our previous studies6, 21 on Fe- and Ni-doped N-C 
catalysts, two plausible explanations emerge for the exceptional OER activity of Fe-Ni systems in 
alkaline media. In Fe-N-C and Ni-N-C, the dominant active phases under OER conditions are 
FeOOH and NiOOH, respectively, as confirmed by our earlier work and others. In these 
monometallic systems, the active sites are straightforward: Fe in Fe-N-C and Ni in Ni-N-C. 
Because OER intermediates bind too strongly to Fe and too weakly to Ni, Ni-N-C exhibits slightly 
higher activity, consistent with previous reports.47, 49 The situation becomes more complex in 
bimetallic Fe-Ni systems. Although the formation of NiOOH intermediates is well established, the 
precise catalytic roles of Fe and Ni depend strongly on their atomic configuration. When Fe is 
incorporated into the subsurface or bulk of Ni-OHx, it can increase the OER overpotential by 
further weakening Ni’s oxygen affinity.50 In contrast, Fe dimers adsorbed on Ni-OHx may serve 
as the primary active sites, where Fe stabilizes oxyl radicals on Ni through exchange interactions 
and Ni promotes O-O coupling.51 Based on our experimental observations, the former scenario is 
more likely operative in our system. Two lines of evidence support this conclusion: (a) XPS 
analysis reveals higher Fe oxidation states than Ni, consistent with Ni’s greater electron affinity, 
withdrawing electron density from oxygen sites. Consequently, Fe doping lowers the average Ni 
oxidation state compared to pure NiOOH, suggesting that Ni cations remain the primary active 
centers in (Fe, Ni) OOH, in agreement with other reports; and (b) no evidence of a lattice oxygen 
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mechanism (LOM) is observed, as LOM generally compromises structural stability,52 contrary to 
our MEA durability results. This further suggests that Fe doping stabilizes adsorbed oxygen 
species and suppresses lattice oxygen radical character, particularly when Ni serves as the 
dominant active site. It is important to note, however, that Fe-Ni/N-C catalysts may not strictly 
follow the same behavior described by Bell and co-workers,53 where Fe serves as the primary 
active site. Finally, we cannot rule out that N and C coordination influences the Fe-Ni interaction 
and active-site structure, underscoring the need for further operando and theoretical studies to fully 
elucidate their roles in enhancing OER activity.

Figure 4. Electrocatalytic performance of OER in 1M KOH at 25 C and in situ 
Raman spectroscopy. (a-b) Key electrochemical parameters are affected by the active surface layer 
chemical composition. Overpotential of the corresponding OER region, calculated based on the geometric 
current density of 10 mA/cm2, as a function of Fe to Ni ratio content at different weight percentages; (a) 
Overpotential as a function of Fe to Ni ratio content at varying wt%; (b) overpotential as a function of Fe 
to Ni ratio content (wt%) changes on a fixed 10 wt% Fe-Ni; (c) polarization curve calculated based on 
geometric current density, with a metal loading of 10 wt% for each catalyst except metal free C-N; (d) 
corresponding Tafel plot; (e) electrochemical surface area; and (f) in situ Raman spectroscopy of 10 wt% 
hierarchical Fe-Ni nanostructures at different potentials, using a 633 nm wavelength laser to detect the 
spectra. The inset displays the spectral changes of Fe and Ni in the Raman shift range from 200 to 800 cm-

1, observed between 0.45 and 0.50 V vs Ag/AgCl.

Although metal clusters and single atoms are not the major species after OER cycles, previous 
reports, including our own work, identify active sites for isolated metal Ni and Fe atoms through 
spectroscopic and density-functional theory (DFT) calculations.6, 32 These sites may also play some 
role in the current system, as reflected in the LSV measurements. Thus, we first performed DFT 
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calculations to compare catalytic OER cycles on metal clusters.  Four model systems were 
constructed, including monometallic Fe4 and Ni4 clusters and bimetallic Fe3Ni and Ni3Fe clusters. 
Similar to the model used in our previous work,21 a graphene sheet was used as the support, of 
which two carbon atoms were removed to create a divacancy defect 54 to accommodate the 
supported metal clusters (Figure S22a). To identify the most stable surface structures under 
electrochemical conditions, Hansen et al. 55 constructed surface Pourbaix diagrams based on DFT 
calculations and found that Ni (111) would be covered by hydroxyls until at least URHE =1.4 V. 
Using a similar strategy, we estimated the stability of hydroxylated metal clusters for all four model 
systems (M4(OH)3→M4O3 +3H+ +3e―) and determined that Fe3Ni/C, Ni3Fe/C, and Ni4/C similarly 
maintain their M4(OH)3 phase up to URHE of ~1.4 V, while Fe4/C may be oxidized to Fe4O3 at 
potentials above URHE of ~1 V. For the sake of consistency, the calculations, therefore, treated all 
model systems in their hydroxylated state. As shown in Figure S22a, all M4 clusters feature the 
tri-fold hollow site as the active site.56-58 Figure S22b shows the calculated free-energy profiles at 
both URHE = 0 and 1.23 V, while Figure S22c compares the free energy change of each oxidation 
step at URHE = 1.23 V. In alkaline media, the reaction pathway of OER starts with the oxidative 
binding of OH− to the hollow site to form *OH, which undergoes attack by another OH− ion to 
produce *O and water in the second oxidation step. The third oxidation step in the standard alkaline 
OER mechanism involves the nucleophilic attack of *O by OH− to form *OOH, which is often the 
potential-determining step.59-61 However, as found in our previous study,21 the third oxidation step 
on all four hydroxylated metal clusters, instead, occurs more easily by removing a proton from a 
neighboring metal hydroxyl group to generate another water molecule and M3(OH)2M’O (denoted 
as (o)O in Figure S22a. In the bimetallic case, this second proton abstraction can take place on 
either metal, and our DFT calculations showed that oxidation of a neighboring Fe atom is more 
preferable than that of a Ni atom by 0.3 and 0.4 eV for Ni3Fe/C and Fe3Ni/C, respectively. This 
suggests a potential synergistic effect in the bimetallic clusters. The stabilization of the oxidized 
intermediates *O and (o)O shifts the potential-determining step to the last oxidation step, which 
consumes OH− ion to regenerate the active-site ensemble and release O2.

As OER progresses, metal nanoparticles become the dominant species with oxidized surface layers 
manifesting as oxyhydroxides under alkaline anodic conditions. Previous studies identified -
NiOOH phase to be the active phase and found that Fe doping up to ~30% enhances OER 
reactivity.49, 62-64 Moreover, based on thermodynamic Wulff constructions, solvated low-index 
facets were estimated to constitute ~70% of -NiOOH surface.65 We therefore focused on the 
(0001) facet of Fe-doped -NiOOH and constructed three models of varying Ni/Fe ratio, 
Ni3FeO8H4 (referred to below as Ni3Fe1-OOH), Ni2Fe2O8H4 (Ni2Fe2-OOH), and NiFe3O8H4 
(Ni1Fe3-OOH), to investigate the effect of higher levels of Fe doping on OER activity (Figure 5). 
For these systems, the DFT+U approach was adopted. The Hubbard U values were computed using 
the linear response theory and ranged from 5.76 to 6.75 V for Ni and from 4.45 to 5.04 V for Fe 
(Table S2).66 These values were then averaged for the DFT+U calculations to ensure consistent 
energetics. Under alkaline conditions, the OER mechanism starts with the attack of a surface 
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oxygen atom by OH− to form *OOH (R1), which reacts with another OH− ion to produce *OO and 
water (R2). The release of O2 generates an oxygen vacancy (denoted as *) on the surface (R3), 
which binds an OH− ion to form *OH (R4). The last oxidation step with another OH− ion produces 
water and regenerates the *O active site (R5). At URHE = 1.23 V, R1 was found to be the potential-
determining step, similar to previous reports,47, 64, 67  for the Ni3FeO8H4 and Ni2Fe2O8H4 systems. 
The reaction free energy is 0.53 eV for Ni3FeO8H4 and increases to 0.64 eV for Ni2Fe2O8H4. As 
Fe level further increases, the free-energy cost of R1 reduces to 0.56 eV for NiFe3O8H4, but the 
release of oxygen from surface becomes much more difficult, with a reaction free energy of 0.72 
V (c.f., 0.50 eV in Ni3FeO8H4), making R3 as the potential-determining step. For these model 
systems, higher levels of Fe doping (> 48 wt%) present a detrimental effect, consistent with the 
experimental observations (Figure 4). Though these results complement previous computational 
studies with lower levels of Fe doping in acidic conditions, a more thorough study of the effect of 
different facets, other oxyhydroxide phases, and using higher levels of quantum-chemical theory 
may be necessary to provide a more complete mechanistic picture.
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Figure 5. The OER reaction in alkaline media on the (0001) facet of -NiOOH. 
(a) schematic representation of the OER mechanism on Fe-doped -NiOOH [Ni3Fe1-OOH], illustrating the 
oxidation and site-regeneration steps involving *O, *OOH, *OO, *, and *OH species. Surface oxygen, 
hydrogen, nickel, and iron atoms are shown in red, white, light blue, and yellow, respectively. The active 
site oxygen, adsorbed oxygen, and hydrogen are shown in light green, dark blue, and off-white, 
respectively; (b) comparison of free energies for individual OER steps for the different nanoparticles at an 
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applied potential of URHE = 1.23 V (c) free-energy diagram for the OER process at an applied potential of 
URHE = 0 V (solid line) and 1.23 V (dashed line).

Evaluation of Fe-Ni/N-C catalysts in MEA configuration for practical water splitting
We finally constructed an MEA cell using Fe-Ni for practical water electrolysis in alkaline 
conditions. The catalysts were deposited onto non-woven carbon paper, which served directly as 
the anode. The cathodic membrane (NiMo) and the anion exchange membrane (AEM) were 
commercially sourced. Remarkably, this custom-made MEA water electrolysis cell (Figures 6a 
and S23) achieved a stable current density of 100 mA/cm2 at 80 °C with a voltage of 1.75 V in a 
1 M KOH solution. The operating voltage for the FeNi alloy || commercial NiMo cell was notably 
lower than those of previously reported electrocatalyst-based symmetrical cells in alkaline 
electrolytes.68-72 To evaluate Faradaic efficiency (FE), we conducted a water-drainage experiment 
in an alkaline electrolyte. By collecting the generated H2 and O2 gases during water splitting and 
plotting their volumes over time, we found that the H2 to O2 ratio was approximately 2:1, which 
matches the theoretical value. From this, we calculated the FE to be 99%. This indicated that no 
side reactions occurred during water splitting. Additionally, the cell showed exceptional stability 
(Figure 6b), maintaining a consistent current density of 100 mA/cm2 at 1.75 V for 50 hours 
without voltage decay in the alkaline pH. A slight decrease in current density was observed after 
the initial hours of operation. To investigate this, the morphology of the hierarchical Fe-Ni 
nanostructure was examined using STEM-EDX and EELS after 50 h in the MEA (Figures 6c and 
S24). The analysis revealed the complete absence of single atoms and clusters (<1 nm) on the 
carbon support, suggesting that the minor drop in current density after ~49 h is likely due to the 
loss of these species. As a minor population in our structure, single atoms and small clusters 
degrade faster than nanoparticles because of their higher surface energy and lower coordination 
numbers, leading to dissolution, aggregation, or migration, whereas the dominant nanoparticles 
remain largely stable. At low overpotentials (10 mA/ cm2), the intrinsic catalytic activity 
dominates; at higher current densities (100 mA/ cm2), mass transport limitations, increased ohmic 
resistance, and gas bubble accumulation contribute to the higher applied potential. Additionally, 
concentration gradients and local electrolyte depletion near the catalyst surface can hinder reaction 
kinetics, further increasing overpotential. Nevertheless, our synthesized hierarchical Fe-Ni metal 
catalysts demonstrated exceptional activity, surpassing most reported electrocatalysts for overall 
water splitting in alkaline conditions.  They also exhibited high efficiency in converting electrical 
energy into chemical energy, further reinforcing the robustness of our catalyst system. This offers 
strong confidence in its long-term performance and potential for future applications.
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Figure 6. Water splitting performance using MEA, stability, and morphology. 
(a) Electrolysis test using an MEA comprising an alkaline membrane with two symmetric electrodes: 
hierarchical Fe-Ni/C (anode) and commercial NiMo/C (cathode). Performance was measured at 85 °C and 
25 °C, respectively, under ambient pressure with 1 M KOH circulating through the anode and cathode. The 
inset shows a photographic image of the electrolyzer; (b) the durability of the electrolyzer at a constant 
current density of 100 mA/cm2; (c) HAADF-STEM image of the anode after 50 hours of the durability test 
showing no change in the hierarchical structure albeit the absence of single atoms and corresponding EDS 
elemental maps showing no Fe or Ni in regions with no nanoparticles. 

CONCLUSIONS
In summary, we demonstrated a successful one-pot synthesis of Fe-Ni nanostructures, in which 
the majority of the active species consist of Fe-Ni alloy nanoparticles, along with isolated Fe and 
Ni single metal atoms and Fe-Ni metal clusters dispersed on a porous turbostratic carbon support. 
The synthesis was achieved using BBCP templates followed by rapid photothermal pyrolysis. The 
resulting nanostructures were comprised of isolated metal atoms, clusters, and small nanoparticles, 
which were well-distributed throughout the carbon matrix and predominantly decorated the 
graphitic planes, with some exhibiting oxide core-shell structures. The optimized Fe-Ni/N-C 
catalyst exhibited high electrocatalytic activity toward OER, showing an overpotential of 130 mV 
(vs. RHE) at a geometric current density of 10 mA/cm2 in 1 M KOH electrolyte, and a Tafel slope 
of 40 mV/decade. A range of spectroscopic and microscopic techniques, along with theoretical 
calculations, including in situ and ex situ Raman spectroscopy and ex situ XPS, to gain a deep 
understanding of the catalytic process. Our findings show that in situ Raman spectroscopy 
identifies NiOOH as a key active intermediate, and DFT calculations indicate that while moderate 
Fe incorporation enhances OER activity, excessive Fe doping ultimately hinders performance by 
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making oxygen release the rate-determining step. The results of this study emphasize the critical 
role of high-valent Ni and Fe species in driving OER activity. While Fe in the bulk may not act as 
the primary active site, its presence near the catalyst surface within a few atomic layers in the 
nanosheet-structured material helps stabilize the adsorption of OER intermediates on Ni. These 
findings indicate a synergistic interaction between Ni and Fe during OER. Moreover, the distinct 
morphology of our catalyst appears to enhance this synergy, contributing to the superior OER 
performance observed in this system. Additionally, the alkaline MEA with the as-synthesized Fe-
Ni/N-C electrocatalyst as anode and the commercial NiMo catalysts as cathode were employed for 
electrolysis of water splitting, achieving 100 mA/cm2 at 1.75 V in 1 M KOH electrolyte at 80 °C. 
The combination of high surface area and diverse metal nanostructure sizes in a porous framework 
positions this material as a promising candidate for use as an anode electrode in MEA for OER. 
This study provides key insights for designing non-platinum electrocatalysts, offering a route to 
efficient, durable, and cost-effective materials for water electrolysis, while our synthesis approach 
simplifies hydride metal formation and ensures a high density of earth-abundant metal atoms 
before large nanoparticle clusters form.
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The data supporting this article have been included as part of the ESI.
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