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ABSTRACT: The fabrication of self-supported atomically dispersed catalysts for efficient
oxygen evolution reactions (OER) through industrial-scale production remains a significant
challenge. In this study, we present a cost-effective method for rapidly synthesizing a self-
supporting electrode composed of three-dimensional (3D) graphite foam and axial phosphate-
coordinated atomically dispersed Ni atoms, using a wet-interfacial flash Joule heating approach
within just 400 milliseconds. It reveals that the high conductivity and large surface area of
graphite foam could effectively facilitate electron and proton transport during the OER process.
Additionally, the axially coordinated phosphate ligand on the atomically dispersed Ni site could
induce an in-situ reconstruction into isolated Ni-OH sites and small Ni(OH): clusters during
the activation process, further accelerating the OER kinetics. Eventually, the resulting electrode
achieves a low overpotential of 250 mV to reach a current density of 10 mA cm™ and
remarkable long-term durability. This study offers a novel, rapid, and cost-effective pathway
for designing self-supporting electrodes anchored with atomically dispersed catalysts toward

an efficient OER process.
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1. Introduction

Electrocatalytic water splitting using renewable energy sources has been considered a green
and sustainable approach for hydrogen production [1-5]. In comparison to the hydrogen
evolution reaction (HER) at the cathode, the oxygen evolution reaction (OER) that occurred at
the anode involves a complex proton-coupled electron transfer, making it a bottleneck in the
overall water splitting reaction [1-5]. As a result, recent advancements focus on the
development of efficient OER electrocatalysts with accelerated kinetics and lowered
overpotential [1-5]. Transition metal-based electrocatalysts as promising candidates have been
widely exploited owing to their high abundance, cost-effectiveness, environmental friendliness,
and durability [6,7]. Notably, transition metal-based atomically dispersed catalysts (TM-ADCs,
including single-atoms, double-atoms, and clusters) are emerging as a new frontier on account
of exceptional OER activity resulting from maximum metal atom utilization, tunable
coordination environments, and uniform active sites [8-10].

Typically, TM-ADCs are produced in powder and require polymer binders such as Nafion
to coat them onto conductive supports (carbon cloth, carbon paper, etc.) for use as the working
electrode [11,12]. Unfortunately, this approach suffers from critical drawbacks, such as the
burying of active sites, inadequate contact with the electrolyte solution, and restricted transport
of reactants and products, seriously degrading the OER performance [13-15]. Constructing
self-supporting electrodes by anchoring TM-ADCs onto three-dimensional (3D) carbon-based
substrates (e.g., graphene aerogel, graphite foam, and carbon fibers) has been proven an
effective strategy [13-15]. These substrates typically possess large specific surface area, high
porosity, excellent conductivity, and thermal stability, which can not only prevent the
atomically dispersed metal sites from aggregation but also facilitate mass/electron transport,
thereby greatly improving OER activity and stability [13-15]. In addition to substrate
characteristics, the electrocatalytic performance of TM-ADCs has also been drastically

affected by their electronic structure, specifically the coordination environment [16-20].
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tuning both geometric and electronic structures of TM-ADCs, garnering increasing attention
[16-20]. It has been demonstrated that the axial coordination could intentionally break the
planar symmetry of atomically dispersed metal atoms via adding ligands in the axial direction,
thus substantially boosting their electrocatalytic OER performance [16,17]. Up to date, a
variety of ligands including N-containing ligands, O-containing ligands, and halogen-
containing ligands (Cl, Br, I, etc.) have been explored [18-20].

Nevertheless, fabricating self-supporting TM-ADCs through a facile, cost-effective, and
environmentally friendly route remains challenging. On one hand, 3D carbon-based substrates
are generally produced through hazardous, expensive, and complex synthetic methods [21-24].
On the other hand, high-temperature pyrolysis is a highly feasible pathway for the anchoring
of TM-ADC:s but is time-consuming and leads to significant aggregation of metal sites [25,26].
More importantly, the precise control of the axial structure of TM-ADCs at elevated
temperatures has also been a challenge due to the complicated reaction mechanisms [15].
Therefore, it is highly desirable to develop a facile and efficient method for the construction of
3D carbon substrate-supported and axially coordinated TM-ADCs. In this regard, the flash
Joule heating technique has emerged as a promising alternative by achieving rapid
heating/quenching rates (10°-10° K s™), which not only effectively prevents metal atom
agglomeration to produce atomical dispersed catalysts but also significantly reduces energy
consumption and simplifies the process by minimizing operation time [26-32].

In this study, we present an ultrafast and efficient synthesis for a self-supporting electrode
constructed by graphite foam and axial phosphate-coordinated atomically dispersed Ni atoms
(labeled as GF/NiSA-P) through a wet-interfacial flash Joule heating approach. By subjecting
commercial graphite paper (CGP) pre-impregnated with the Ni-HEDP complex solution to an
instantaneous heating/quenching process of approximately 400 milliseconds, carbothermal
shock, water evaporation, and COz release induce a rapid expansion of CGP into a 3D graphite
foam consisting of multiple graphene layers. Concurrently, the decomposition of the Ni-HEDP
complex generates oxidized carbon quantum dots on the graphene surface, which not only

further increase the surface area of graphite foam but also act as anchor sites to ensure the
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Electrochemical measurements show that the high conductivity and the large surface area of
graphite foam effectively facilitate electron/proton transport in the OER process. Moreover, it
has unraveled an in-situ reconstruction of the axially coordinated phosphate ligand into isolated
Ni-OH sites and small Ni(OH):2 clusters during the cyclic voltammetry (CV) activation, which
then acts as the real active sites for catalyzing the OER. Consequently, benefiting from the
synergistic effects, the GF/NiSA-P electrode exhibits a low overpotential of 250 mV to reach
a current density of 10 mA cm™ and remarkable long-term durability in an alkaline electrolyte.
This study provides a novel, ultrafast, and cost-effective pathway for the ratio design of self-
supporting electrodes anchored with atomically dispersed catalysts toward an efficient OER

process.

2. Experimental section

2.1 Sample preparation. For the synthesis of GF/NiSA-P sample, Ni-HEDP complex
aqueous solution containing 0.5 M hydroxyethylidene diphosphonic acid (HEDP, Shanghai
Macklin Biochemical Co., Ltd. China) and 0.05 M NiCl2-6H20 (Sinopharm Chemical
Reagent Co., Ltd.) was first prepared. Then, a piece of commercial graphite paper (10 x 2.5%
0.02 cm, Beijing Jinglong Tetan Co., Ltd, China) was immersed in Ni-HEDP complex
solution and kept for 24 hours. After soaking, the graphite paper was taken out and wiped to
remove residual solution from the surface. Then, the pre-soaked graphite paper was
connected to the electrical contacts of the flash Joule heating equipment (Hefei In-situ High-
tech Co., Ltd. China) and after a rapid heating treatment (electrical parameters: current
density of 130 A, duration time of 0.5 s, achieved temperature is about 930 K), the GF/NiSA-
P electrode was fabricated, as shown in Figure S1. With the same procedures, the GF-P and
GF/Ni samples have also been synthesized by immersing commercial graphite paper in an
aqueous solution that only contains HEDP and NiCl-6H20, respectively. The GF/Ni-P-dry
sample has also been prepared through the same processes as those of GF/NiSA-P except
that thoroughly drying the Ni-HEDP complex solution-soaked graphite paper at 60 °C for

overnight in a vacuum oven. The commercial RuOz electrode was prepared by dispersing 2
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wt. %) solution and 200 pL of ethanol using an ultrasonic process for 30 min. The resulting

homogenous catalyst ink was then pipetted onto commercial graphite paper (1 % 2 cm).

2.2 Structural Characterization. The morphologies of as-obtained samples were
characterized by scanning electron microscope (SEM, FEI, Quanta FEG 250) and transmission
electron microscopy (TEM, JEOL Ltd, JEM-2100F). The high-angle annular dark field
(HAADF) scanning TEM (STEM) images were collected using JEM-ARMB3O00F. The
electronic structure was characterized using X-ray photoelectron spectroscopy (XPS,
Shimadzu, AXIS-Ultra DLD), and the C 1s peak at 284.8 eV was adopted as an internal
standard. X-ray diffraction (XRD) patterns of all the samples were collected using Shimadzu,
XRD 6100 with Cu Ka in the range of 10-90°. Raman characterizations were conducted on
Horiba, LabRAM HR Evolution. X-ray absorption spectroscopy (XAS) measurements at C K-
edge, O K-edge, P L-edge, and Ni L-edge were performed at National Synchrotron Radiation
Laboratory (NSRL, Beamlines MCD-A and MCD-B (Soochow Beamline for Energy
Materials)). XAS characterizations at Ni K-edge were conducted at the Shanghai Synchrotron
Radiation Facility (SSRF, 11B).
2.3 Electrochemical measurements. All electrochemical measurements were performed on a
CHI 660E electrochemical workstation with a three-electrodes system, where the as-obtained
samples (1 cm % 1 cm) as working electrodes, the Hg/HgO electrode (1.0 M KOH) was the
reference electrode, and the platinum sheet was the counter electrode. 1.0 M KOH aqueous
solution (pH=14) was used as the electrolyte. The applied potentials were calibrated using the
reversible hydrogen electrode (RHE) potential according to the equation:

Erng = Eng/ngo +0.0592 X pH + 0.098 (1)
Before the electrochemical measurements, the as-resulted electrodes were activated by
performing cyclic voltammetry (CV) scans in 1.0 M KOH solution (100 mV s, 20 scans,
potential window 0.3-0.9 V vs Hg/HgO) and all linear sweep voltammetry (LSV) curves were
recorded at a scan rate of 5 mV s™! with iR correction (90%). R represents the series resistance

measured by Electrochemical impedance spectroscopy (EIS). EIS measurements were
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1x10° Hz. The overpotential (1) was calculated using the equation:
N = Eppp — 1.23 (2)
The electrochemical double layer capacitance (Cai) was determined by the CV scans that were

performed at 0.20 - 0.30 V vs Hg/HgO with various scan rates (10, 20, 40, 60, 80, and 100 mV

sh.

3. Results and discussion

Flash Joule Heating

4

- "
Ni-HEDP Soaked ~930K ~0.4s l-::‘ |
Graphite Paper :
H,0 evaporation
} GF/NiSA-P

Ni-HEDP Complex

Soaked Graphite paper Pyrolysis of Ni-HEDP

Figure 1. Schematic synthesis process of GF/NiSA-P electrode via the wet-interfacial flash
Joule heating strategy.

Commonly, commercial graphite paper (CGP) is comprised of interlaced graphite thin layers
that are parallel to the surface, enabling the fabrication of graphite foam through exfoliation
methods such as electrochemical exfoliation and liquid nitrogen exfoliation [22-24]. Moreover,
CGP has shown a significant flash Joule heating effect [32-34]. In such ends, upon applying a
pulse current to CGP pre-soaked with Ni-HEDP complex solution, the resulting instantaneous
carbothermal shock (a high temperature of ~930 K is achieved in about 160 ms, Figure S1),
the evaporation of water molecules, and the release of CO2 from the decomposition of Ni-
HEDP complex could induce a rapid and substantial expansion of CGP into 3D graphite foam
(Figure 1). As displayed in Figure S2 and Figure 2, photographs reveal that after the flash Joule
heating treatment, the thickness of CGP drastically increases by 30 times, from 0.2 mm to

approximately 6 mm for the resulting GF/NiSA-P electrode. Concurrently, the initially smooth



166

167

168

169

170

171

172

173

174

175

176

177

178

man A Ot eeaaln i £ T heeeeane e e b i A e b T D T M dab 4L

scanning electron microscopy (SEM) images of CGP and the resulting GF/NiSA-P samples.
Different from the dense structure of CGP, the GF/NiSA-P electrode exhibits worm-like strips
composed of largely crumpled graphene-liked nanosheets, accompanied by abundant micro-
voids. Given that the porous and void structure could increase the contact area between the
electrode and the electrolyte and meanwhile provide effective pathways for mass transport, the

OER activity of the GF/NiSA-P electrode could thusly be greatly promoted.

Figure 2. Top-view SEM images, cross-sectional SEM images, and magnified cross-sectional
SEM images of CGP (a, b, ¢) and GF/NiSA-P (d, e, f) samples, respectively; HRTEM images
(g, h), HAADF-STEM image (i), and (j) element mappings of GF/NiSA-P sample.

It is well documented that the rapid heating/quenching characteristics of flash joule heating

are favorable for creating atomic-level dispersed catalysts by preventing the aggregation of

7
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generation of atomically dispersed Ni atoms in the concurrent construction of 3D graphite foam
through the ultrafast decomposition of the Ni-HEDP complex. To verify it, high-resolution
transmission electron micrograph (HRTEM) and high-angle annular dark-field scanning TEM
(HAADF-STEM) characterizations were performed to acquire more information on the subtle
morphology of the GF/NiSA-P electrode. As displayed in Figure S3, TEM images of the
GF/NiSA-P electrode reveal the morphology of graphene-like nanosheets with large surface
area, further confirming the construction of 3D graphite foam via the wet-interfacial flash Joule
heating treatment. HRTEM images of the GF/NiSA-P electrode in Figure 2g and Figure 2h
highlight a uniform distribution of carbon quantum dots (CQDs) on the surface of graphene-
like nanosheets, with an average size of 3.6 nm. The clear lattice fringes of 0.21 nm match well
with the (100) facet of graphite [35]. The surface decoration of CQDs has been observed in
HRTEM images of the GF-P sample but not on the surface of CGP, as demonstrated in Figure
S4, manifesting that the CQDs generation can be attributed to the pyrolysis of HEDP during
the flash Joule heating processes. Figure 2i shows the HAADF-STEM image of the GF/NiSA-
P electrode, which demonstrates bright spots anchored on the surface of CQDs, representing
the atomically dispersed Ni atoms. Figure 2j depicts the energy dispersive X-ray spectroscopy
(EDX) mapping of the GF/NiSA-P electrode, revealing a homogeneous distribution of C, O, P,
and Ni elements throughout the architecture. These observations clearly indicate the successful
synthesis of a self-supporting electrode featuring 3D graphite foam, CQDs, and atomically
dispersed Ni atoms through the flash Joule heating treatment.

Figure S5 shows the XRD patterns of the resulting samples, in which intense diffraction
peaks around 26° are observed, corresponding to the (002) plane of graphite (PDF No. 13-
0148). Notably, this peak in the GF/NiSA-P electrode is weaker and shifts towards the lower
angle, indicating the increase of interlayer spacing within the graphitic structure owing to the
formation of graphite foam [24]. Additionally, no diffraction peaks for Ni are identified in the
GF/NiSA-P electrode, ruling out the formation of large Ni nanoparticles. Raman spectra of
CGP and the as-resulted samples are illustrated in Figure S6, similar spectral features suggest

the retained graphitic framework with excellent electrical conductivity for the GF/NiSA-P
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absorption spectroscopy (XAS) were conducted to probe the electronic structures of the
resulting samples. As shown in Figure S7a-c, all samples exhibit distinct C 1s XPS peaks along
with weaker O 2p XPS peaks. However, no significant Ni 2p signal is detected in the GF/NiSA-
P electrode, as further confirmed by the high-resolution Ni 2p XPS spectrum in Figure S7d.
The absence of Ni 2p XPS peak could be attributed to the ultralow content of Ni, which is
approximately 0.07 wt.% as determined by inductively coupled plasma-mass spectrometry

(ICP-MS) measurement.
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Figure 3. (a) Ni L-edge XAS, (b) C K-edge XAS, and (c) O K-edge XAS of different samples;
(d) Ni K-edge XANES and (e) EXAFS spectra of GF/NiSA-P and standard samples (Ni foil
and NiO); (f) EXAFS fitting of GF/NiSA-P in R space (inset: optimized coordination
environment of Ni atom), (g) Ni K-edge WT-EXAFS contour plots of GF/NiSA-P and standard
samples (Ni foil and NiO).

Figure 3a presents the Ni L-edge XAS of the GF/NiSA-P electrode, two groups of typical

peaks are observed at approximately 852.5eV (Ls-edge) and 870.3 eV (L2-edge),
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resemble those of the NiO reference, indicating that in the GF/NiSA-P electrode, the Ni atoms
are mainly coordinated with O atoms from the oxidized functional species within the CQDs.
As depicted in Figure 3b, the C K-edge XAS demonstrates a distinct peak centered at ~288.4
eV in the GF/NiSA-P electrode while it is absent in CGP and GF-P samples. This peak can be
attributed to oxygen-containing carboxylic (O-C=0) groups [33,37], originating from the
decomposition of the Ni-HEDP complex. Figure 3c illustrates the O K-edge XAS for CGP,
GF-P, and GF/NiSA-P samples. Both the GF-P and GF/NiSA-P samples exhibit a peak around
532.3 eV associated with carboxylic groups, along with a C-O 6* bonding feature at ~540 eV
[38]. Notably, the peak intensity of carboxylic groups of the GF/NiSA-P electrode is stronger
than that of the GF-P sample, suggesting a higher content of O-C=0O groups. All these
observations indicate a substantial presence of oxidized functional groups on the CQDs surface
in the GF/NiSA-P electrode, which likely act as the planar coordination structure to bond to
the atomically dispersed Ni atoms. Moreover, the O K-edge XAS has revealed additional peaks
around 535.5 eV in both GF-P and GF/NiSA-P samples, corresponding to P-O bonds from the
pyrolysis of HEDP and Ni-HEDP complex, respectively [39]. This finding is further affirmed
by high-resolution O 1s XPS spectra (Figure S7c), where the P-O bonds could be detected in
GF-P and GF/NiSA-P samples. Figure S7e illustrates the high-resolution P 2p XPS spectra for
the GF-P and GF/NiSA-P samples, a predominate peak at around 133.5 eV in the GF-P sample
corresponds to C-P-O3/C2-PO2 bonds [40,41], i.e., P species are mainly bonded with carbon
atoms in the graphite foam. In contrast, the P 2p XPS peak for the GF/NiSA-P electrode shows
a higher binding energy of ~134 eV, attributed to highly oxidized P atoms in PO4*". The
different states of P atoms in the GF-P and GF/NiSA-P samples indicate that P atoms in the
GF/NiSA-P sample do not bond with carbon but are likely axially coordinated with atomically
dispersed Ni atoms (Ni-O-POs3) [41,42]. The presence of oxidized P groups in the GF/NiSA-P
electrode is further confirmed by P L-edge XAS (Figure S7f), which displays a peak at ~ 136.5
eV, resulting from the 1s to n* transition of P=0O of phosphate groups [43]. All these results
strongly suggest that the P element in the GF/NiSA-P electrode mainly exists as the axial PO4

coordination with atomically dispersed Ni atoms.

10
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(EXAFS) at the Ni K-edge of the GF/NiSA-P electrode were conducted to explore the
coordination structure of atomically dispersed Ni atoms in more detail. As illustrated in Figure
3d, the XANES spectra show that the absorption edge position of the GF/NiSA-P electrode is
closer to that of NiO reference, suggesting that the valence state of Ni atoms in the GF/NiSA-
P electrode is +2, identical to the Ni L-edge XAS spectra. Figure 3e shows the EXAFS spectra
of samples, where the GF/NiSA-P electrode exhibits a prominent peak at about 1.60 A,
resembling the Ni-O coordination observed in the NiO reference. Moreover, no peak
corresponding to the Ni-Ni bond at around 2.18 A is detected, indicating the atomic dispersion
of oxygen-bonded Ni in the GF/NiSA-P. This is further evidenced by the EXAFS wavelet
transform (WT) shown in Figure 3g, which demonstrates an intensity maximum corresponding
to the Ni-O bond and the absence of the Ni-Ni bond in the GF/NiSA-P electrode. Further,
EXAFS data fitting in R space was carried out to accurately quantify the structural
configuration of Ni-O coordination in the GF/NiSA-P electrode [44]. As presented in Table S1,
the fitting results indicate a coordination number (CN) of 5.3 for Ni-O bonds, suggesting that
the atomically dispersed Ni atoms are coordinated with four in-plane oxygen atoms from
oxidized carbon groups and one axial oxygen atom from O-POs ligands (Ni-O4(0O-PO3)), as

shown in the insert of Figure 3f.
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corresponding Tafel plots, (d) EIS spectra, (e) the capacitive current density at about 1.18 V
vs. RHE against the scan rate, and (f) the durability curves of as-resulted samples.

The OER performance of the resulting samples was evaluated in a standard three-electrode
system using an alkaline electrolyte. Figure S8 displays the linear sweep voltammetry (LSV)
plots of GF/NiSA-P electrodes fabricated with different input current densities (100-160 A)
and duration time (0.3-5 s) for the flash Joule heating as well as various concentrations (0.03-
0.06 M) of NiCls in Ni-HEDP precursor solution, demonstrating that the sample fabricated at
130 A and 0.5 s for flash Joule heating and 0.05 M for NiCls precursor exhibits the optimal
OER activity. As shown in Figure 4a and Figure 4b, this optimal sample requires a low
overpotential (7710) of 250 mV to afford a current density of 10 mA cm™, outperforming CGP
(510 mV), GF/Ni (360 mV), GF-P (340 mV), GF/Ni-P-dry (340 mV), and commercial RuO:
(286 mV). The remarkable OER activity of the GF/NiSA-P electrode is further confirmed by
Tafel curves. Figure 4c shows that the GF/NiSA-P electrode has the smallest slope of 90 mV
dec! compared to CGP (152 mV dec™!), GF-P (99 mV dec™), GF/Ni (120 mV dec™!), GF/Ni-P-
dry (97 mV dec), and commercial RuO:2 (95 mV dec™!) samples, implying the fastest OER
kinetics. Notably, the overpotential and kinetics of the GF/NiSA-P electrode are comparable
with the most active Ni-based OER catalysts reported (Table S2), highlighting its exceptional
OER performance. Electrochemical impedance spectroscopy (EIS) measurements were
subsequently conducted to investigate the charge transfer properties of the resulting samples.
As depicted in Figure 4d, the Nyquist plots recorded at an open circuit potential show that the
GF/NiSA-P electrode exhibits the smallest arc radius, suggesting that the combination of
graphite foam formation and atomically dispersed Ni atoms anchoring effectively improves
charge transfer kinetics. On the other hand, the porous structure of catalysts has been known
to significantly boost the OER activity by offering more catalytic active sites via increasing the
electrochemically active surface area (ECSA) [45]. Consequently, ECSA was evaluated by
obtaining the double-layer capacitance (Car) from cyclic voltammogram (CV) measurement in
a non-faradic window (Figure S9). Figure 4e illustrates the resulting Cai values, it is clear that

the GF/NiSA-P electrode exhibits a drastically improved value of 50.2 mF ¢cm, approximately
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significantly increased ECSA for the GF/NiSA-P electrode, i.e., providing a larger
concentration of active sites and thereby enhancing OER activity.

Durability is crucial for the practical application of electrocatalysts, therefore the durability
of the GF/NiSA-P electrode was assessed. As presented in Figure 4f, the chronoamperometry
(CA; applied potential-time) curve reveals that there are no significant attenuations in the
current densities of 10 and 100 mA c¢cm™ after continuous OER operation for 50 hours,
suggesting promising durability and it is most likely due to the 3D porous skeleton structure
of the graphite foam [46,47]. Additionally, Figure S10 demonstrates that the LSV curve of the
GF/NiSA-P electrode after 2000 CV scans nearly overlaps with the curve after 1000 CV scans,
with only slight degradation compared to the initial performance. These results indicate the
synergistic effects of the graphite foam and anchored atomically dispersed Ni atoms in
promoting OER activity and durability. The 3D graphite foam not only significantly increases
the contact area between the electrolyte and the electrode for facilitating both interfacial
electron transfer and mass transport but also serves as a stable skeleton for the long-term water
oxidation reaction. Simultaneously, the atomically dispersed Ni atoms contribute catalytic

activate sites for the OER process.
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Figure 5. (a) SEM image, (b) HRTEM image, and (c) STEM image of GF/NiSA-P electrode
after CV activation; (d) P 2p XPS spectra, (e) O 1s XPS spectra, (f) O K-edge XAS spectra, (g)
Ni L-edge XAS spectra, (h) Ni K-edge XANES spectra, and (i) EXAFS spectra for GF/NiSA-
P before and after CV activation.

To understand the catalytic mechanism of the GF/NiSA-P electrode, SEM, TEM, STEM,
XPS, and XAS characterizations were conducted to investigate the structural evolution of
GF/NiSA-P during the OER reaction. As shown in SEM images in Figure 5a and Figure S11,
the microstructure of worm-like strips, composed of crumpled graphene-liked nanosheets, is
well preserved after CV activation. Additionally, no large nanoparticles are observed on the
smooth surface of graphene-like nanosheets. Figure S12 and Figure 5b display the HRTEM
images of the GF/NiSA-P electrode after CV activation (labeled as GF/NiSA-P-after),
revealing abundant graphite carbon dots with clear lattices on the surface of graphene-like
carbon nanosheets. All these are indicative of the high chemical stability of graphitic carbon in
an alkaline environment and are further supported by the good crystallinity of the GF/NiSA-P

electrode after CV tests (XRD patterns in Figure S13). On the other hand, the surface
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[48-50]. Therefore, XPS and XAS measurements were conducted to explore the real active
centers of GF/NiSA-P for the OER. As shown in Figure S14, the high corrosion resistance of
graphitic carbon results in negligible differences in the C 1s XPS and C K-edge XAS spectra
for the sample before and after OER activation. In contrast, after activation, the P 2p XPS peak
nearly vanishes (Figure 5d) while the O 1s XPS peak significantly increases (Figure Se),
suggesting a decrease in the content of phosphate ligands, likely due to anion exchange from
PO4* to OH during activation [51]. Moreover, Figure 5e shows a prominent peak at 530.7 eV
in the O 1s XPS spectrum for the GF/NiSA-P-after sample, indicating the presence of
oxy/hydroxides groups [52,53], further corroborated by O K-edge and Ni L-edge XAS. In the
O K-edge XAS in Figure 5f, the peak corresponding to the P-O bond (~535.eV) in the
GF/NiSA-P sample disappears after activation. Meanwhile, a new peak A2 around 533.8 eV
and the main peak B at 540 eV are observed in the GF/NiSA-P-after sample, attributed to
oxy/hydroxide species when compared to Ni(OH):2 reference [54,55]. Figure 5g presents the
Ni L-edge XAS, in which the GF/NiSA-P-after sample shows a higher energy shift in peak A
and increased intensity in peak B, resembling the spectrum features of Ni(OH): reference,
further demonstrating the formation of oxy/hydroxide groups [54,55]. In summary, XPS and
soft XAS results confirm the reconstruction of P ligands in the GF/NiSA-P sample into
oxy/hydroxide species during activation. Further, Ni K-edge XANES and EXAFS
characterizations were performed to probe the evolution of the local environment of atomically
dispersed Ni sites during activation. As displayed in Figure 5h, the XANES spectrum of
GF/NiSA-P-after sample exhibits features similar to those of Ni(OH):2 reference, indicating the
generation of oxy/hydroxide groups from the CV activation. Figure 51 shows the EXAFS
spectra of the GF/NiSA-P sample before and after activation, clearly demonstrating a new
scattering of Ni-Ni at ~2.6 A in the GF/NiSA-P-after sample, aligning well with Ni(OH)2
reference. It is indicative of the coexistence of atomically dispersed Ni-OH sites and Ni(OH)2
clusters in the GF/NiSA-P-after sample. Figure 5c presents the HAADF-STEM image of the
GF/NiSA-P-after electrode, offering more evidence of the co-existence of isolated Ni atoms

(circled in red color) and the smaller Ni(OH): clusters (circled in yellow color). These results
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transformation into oxy/hydroxide groups, and simultaneously the isolated Ni atoms are
partially agglomerated into very small Ni(OH)2 clusters due to the applied potential, which

then serve as the real active sites for catalyzing the OER [48,56].

4. Conclusions

A self-supporting electrode composed of a three-dimensional (3D) graphene foam integrated
with axial phosphate-coordinated atomically dispersed Ni atoms was fabricated using a wet-
interfacial flash Joule heating approach in just 400 milliseconds. The high conductivity and
large surface area of the 3D graphene foam effectively facilitate electron and proton transport
in the OER process. Furthermore, during activation, the axially coordinated phosphate ligands
on the atomically dispersed Ni site induce an in-situ reconstruction into isolated Ni-OH sites
and small Ni(OH): clusters, thereby accelerating the OER kinetics. As a result of these
synergistic effects, the resulting electrode achieves a low overpotential of 250 mV to reach a
current density of 10 mA cm™ and demonstrates excellent long-term durability. This study
introduces an innovative approach for the ultrafast preparation of a self-supporting electrode
by anchoring atomic catalysts onto 3D carbon foam, highlighting significant benefits in

simplicity, efficiency, and cost-effectiveness.
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