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An ultrafast photothermal shock simultaneously crystallizes amor-
phous vanadium oxide and anchors Co single-atoms, kinetically
suppressing atomic aggregation within milliseconds. Featuring a
vanadium oxide crystalline phase tunable by the applied shock
energy and a photothermal temperature reaching 1600 °C, the
resulting self-supported electrode demonstrates a proof-of-concept
application as a catalyst for the electrochemical oxygen evolution
reaction, establishing an efficient route toward advanced single-
atom catalysts.

Single-atom catalysts (SACs) represent a paradigm shift in
heterogeneous catalysis, offering the ultimate atom-utilization
efficiency and unique electronic properties derived from their
low-coordination environment, which can lead to exceptional
catalytic activity and selectivity exceeding their nanoparticle
counterparts.”” The performance of SACs is intrinsically linked
to the support material, which not only anchors the metal
atoms to prevent aggregation but also provides electrochemical
robustness and facilitates efficient charge transfer.>* Beyond
structural stabilization, the support often plays an active elec-
tronic role by modulating the oxidation state and coordination
environment of the anchored atoms through metal-support
interactions, defect formation, and charge redistribution at the
interface.” Although carbon supports facilitate interfacial
charge transfer, their practical application in the oxygen evolu-
tion reaction (OER) is severely restricted by their vulnerability to
corrosion under high anodic potentials.®® This limitation has
spurred the exploration of more robust transition metal com-
pounds as attractive alternatives capable of optimizing reaction
kinetics and ensuring long-term electrochemical stability.”™*
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Ultrafast photothermal shock for crystallization of
vanadium oxide and in situ anchoring of Co single
atoms for enhanced oxygen evolution reaction

Dogyeong Jeon,? Heejun Park,® Jong Won Baek,® Ki Ro Yoon,® Sang-Joon Kim*©

Among the vast family, vanadium oxides stand out as an
exceptionally promising class of materials for catalytic applica-
tions, existing with different stoichiometries (e.g., V,05, VO,,
V6013, V,03) due to the multiple accessible oxidation states of
vanadium (from +2 to +5)."> Furthermore, the crystalline phase
provides significantly enhanced structural stability and higher
intrinsic electronic conductivity compared to its amorphous
counterpart, which is essential for ensuring long-term durability
and efficient charge transport in an electrocatalytic system.*™'>
For instance, a recent study has demonstrated that highly crystal-
line V,05-nH,0 serve as exceptionally effective hosts for Co SACs,
showing significant potential for the OER.'® This high perfor-
mance is attributed to the synergistic interaction between the Co
sites and the crystalline vanadium oxide support, facilitated by the
support’s superior structural robustness and well-defined inter-
layer channels. However, despite this compelling potential, the
synthesis of SACs on crystalline vanadium oxide faces a persistent
thermodynamic challenge and requires a time-consuming
process. The transformation from amorphous vanadium oxide
precursors to highly ordered crystalline phases necessitates
overcoming substantial activation energy barriers for nuclea-
tion and crystal growth, while simultaneously preventing the
undesirable, thermodynamically favored aggregation of metal
atoms. Conventional equilibrium-driven synthesis routes such
as furnace annealing require long-duration thermal treatments
(several hours) to achieve high crystallinity.'” Furthermore, this
extended high-temperature exposure promotes undesirable
cluster formation, thereby limiting the maximum metal loading
achievable in SACs.'®2° Consequently, this reliance on time-
intensive, equilibrium-based processes highlights a major bot-
tleneck in terms of synthesis efficiency and scalability, leading
to a clear need for fundamentally different, non-equilibrium
strategies that can simultaneously yield a highly crystalline
support and stabilize atomically dispersed catalysts against
aggregation.

Our previous work has established ultrafast photothermal
shock as a versatile, kinetically controlled non-equilibrium-
driven synthesis platform, demonstrating its utility in synthesizing
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high-entropy alloy on carbon nanofibers (CNFs) as well as
anchoring a wide variety of single atoms (e.g., Co, Ni, Pt) onto
N-doped graphene supports under ambient conditions, bypass-
ing the need for vacuum systems.>"* More recently, we further
extended this strategy to enable the simultaneous, millisecond-
scale transformation of nanodiamonds into carbon nanoonions
and the concurrent anchoring of SACs onto these newly formed
nanostructures.”® Building upon this foundation, herein we apply
an ultrafast photothermal shock strategy (1600 °C within 20 ms),
utilizing an intense pulse of light from a Xenon lamp, to fabricate
Co SACs anchored on a highly crystalline, electrodeposited vana-
dium oxide/carbon nanofiber electrode (Co/VO,/CNF). The black
CNF scaffold absorbs the incident light and converts it into
localized heat, thereby photothermally crystallizing the VO, layer
conformally coated on the CNF surface while simultaneously
enabling atomically precise anchoring of Co sites. This photo-
thermal shock approach operates on a non-equilibrium timescale,
presenting a novel pathway for synthesizing atomically precise
active sites on highly crystalline supports, a goal that has been
difficult to achieve with conventional time-intensive methods.
Finally, we confirm the proof-of-concept application of this
material as a durable self-supported electrocatalyst for the OER.
The process begins with the fabrication of the conductive
CNF scaffold, where as-spun polyacrylonitrile nanofibers (PAN
NFs) are first stabilized at 250 °C for 2 hours and subsequently
carbonized at 1500 °C for 2 hours (Fig. 1). After an O, plasma
treatment to render the CNF surface hydrophilic (Fig. S1),
a uniform, amorphous vanadium oxide layer was conformally
coated onto the CNF via a electrodeposition process (Fig. S2a).
This method was specifically chosen as it is a simple and robust
technique for preparing binder-free electrodes.*® It ensures
intimate VO,—~CNF contact, which is crucial for efficient heat
transfer during the shock and for optimal electrochemical
application. To optimize sufficient loading while preserving
electronic conductivity—avoiding the passivation caused by an
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Fig. 1 (a) Schematic illustration of fabrication of amorphous VO, on CNF.
(b) Schematic illustration of the synthesis of Co/VO,/CNF via ultrafast
photothermal shock process, highlighting the simultaneous crystallinity

enhancement and Co single-atom anchoring.
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excessively thick layer (Fig. S2b and S3)—a deposition time of
10 minutes was selected as the optimal condition (VO,/CNF).
Then, VO,/CNF was confirmed to have a uniform distribution
of V and O on the CNF support (Fig. S4) with initial vanadium
oxidation states of both V** and V** (Fig. S5).

The profound structural transformation induced by the
photothermal shock was investigated by transmission electron
microscopy (TEM). The as-prepared VO,/CNF, with a 20-40 nm
thick VO, layer electrodeposited on CNF, exhibits the charac-
teristic features of an amorphous structure, lacking any long-
range atomic order (Fig. 2a). In contrast, after the application of
a single photothermal shock, the VO, layer undergoes a dra-
matic transformation into a highly crystalline structure without
significant change in its thickness (Fig. 2b). High-resolution
TEM imaging clearly reveals well-defined lattice fringes with an
interplanar spacing of 0.40 nm, which corresponds to the (101)
plane of orthorhombic V,0s. A single 20 ms pulse instanta-
neously spikes the temperature to approximately 700 °C and
1600 °C for energy densities of 8 ] cm ™2 and 10 J ecm ™ ? (here-
after, denoted as VO,/CNF-L and VO,/CNF-H, respectively),
providing sufficient activation energy for crystallization followed
by rapid cooling (Fig. 2c). Furthermore, the final crystalline phase
of the vanadium oxide can be engineered by tuning the applied
photothermal energy, as confirmed by the X-ray diffraction (XRD)
patterns revealing a clear energy-dependent phase evolution
(Fig. 2d). The initial amorphous VO,/CNF shows only broad halos,
indicative of its non-crystalline nature. In contrast, VO,/CNF-L
displays a mixture of crystalline phases, primarily dominated
by VO, (blue square, JCPDS No. 44-0252), alongside V,O5 (gray
star, JCPDS No. 41-1426) and V¢Oy3 (yellow circle, JCPDS No. 43-
1050). Intriguingly, while VO,/CNF-H also contains a significant
of VO, phase, it is further characterized by the emergence of
more reduced phases, including V505 (purple triangle, JCPDS
No. 38-1181) and V,0; (green heart, JCPDS No. 34-0187). More-
over, VO,/CNF-H features slightly lower crystallinity compared
to the VO,/CNF-L, as evidenced by broader XRD peaks (e.g., full
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Fig.2 (a) TEM image of amorphous VO,/CNF before the shock and

(b) crystalline V,Os/CNF after the shock. (c) A temperature-time curve of
VO,/CNF during a 20 ms shock at energy densities of 8 J cm~2 (VO,/CNF-
L) and 10 J cm~2 (VO,/CNF-H). (d) XRD pattern of VO,/CNF, VO,/CNF-L,
and VO,/CNF-H. (e) XPS spectra of VO,/CNF-L and (f) VO,/CNF-H in O 1s
and V 2p regions.
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width at half maximum (FWHM) of main peak near 27° 20 is
0.14 vs. 0.12). These combined characteristics are attributed to
the effects of the ultrafast heating and cooling process, which
inherently generates a high concentration of intrinsic defects.?®
Specifically, the high-energy photothermal shock in a carbon-
mediated reducing microenvironment strips lattice oxygen to
create abundant vacancies that locally disrupt long-range order-
ing, while the subsequent rapid cooling stabilizes this defect-
rich state. This energy-dependent phenomenon is corroborated
by X-ray photoelectron spectroscopy (XPS) analysis (Fig. 2e and
f). The V 2p spectra reveal an increase in the V**/V>" area ratio
for the VO,/CNF-H (0.35) compared to VO,/CNF-L (0.28), while
the O 1s concurrently confirm a higher relative area of oxygen
vacancies (26.8% vs. 24.8%). This simultaneous increase in the
relative concentrations of the lower oxidation state (V**) and
oxygen vacancies provides evidence for the partial reduction of
V®" induced by the higher shock energy, which aligns with
the XRD.

Having confirmed energy-tunable crystallization of the VO,
support, we next investigated simultaneous anchoring of Co
SACs during the same ultrafast photothermal shock process.
The VO,/CNF precursor, coated with a Co salt solution, was
subjected to the optimized photothermal shock (hereafter,
denoted as Co/VO,/CNF-L (700 °C) and Co/VO,/CNF-H (1600 °C),
respectively). Notably, the XPS Co 2p binding energy in Co/VO,/
CNF-H exhibits a distinct negative shift compared to Co/VO,/CNF-
L (Fig. S6). This shift provides direct evidence of a strong electro-
nic metal-support interaction (EMSI) mediated by the abundant
oxygen vacancies.”® The formation of oxygen vacancies leaves
excess delocalized electrons in the lattice, which are transferred
to the anchored Co atoms, effectively increasing the electron
density on the metal sites. The distribution of the anchored Co
atoms of Co/VO,/CNF-H was confirmed using high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) with corresponding energy-dispersive X-ray spectroscopy
(EDS) mapping (Fig. 3). The EDS maps show Co signals uniformly
distributed with atomic dispersion across the VO,/CNF surface
(Fig. 3a and Fig. S7). HAADF-STEM imaging further verified
this, revealing individual Co atoms dispersed on the crystalline
vanadium oxide lattice, with no nanoparticles or clusters detected

IFTk3 (k)| (a.u.)

Fig. 3 (a) HAADF-STEM image of Co/VO,/CNF-H and corresponding
elemental distribution maps. (b) High-magnification HAADF-STEM image
and (c) magnified image and z-contrast profile of the region highlighted in
(b). (d) Fourier transformed k*-weighted Co K-edge of EXAFS spectra.
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(Fig. 3b and c). To definitively clarify the local environment, Co
K-edge Extended X-ray Absorption Fine Structure (EXAFS) reveals
a unique splitting of the first coordination shell into short Co-O1
and long Co-02 interactions, alongside a distinct Co-V scattering
path (Fig. 3d and Fig. S8 and Table S1). This confirms that Co
atoms of Co/VO,/CNF-H are firmly anchored within lattice vacan-
cies, inducing a Jahn-Teller-like distortion and a reduced coordi-
nation number characteristic of a defect-trapped state.>’2°
Importantly, the millisecond-scale thermal cycle is sufficient to
generate Co adatoms from the precursor but is insufficient to
permit their surface diffusion and aggregation. The subsequent
ultrafast cooling rate immobilizes these adatoms at stable anchor-
ing sites, suppressing the thermodynamic drive toward aggrega-
tion and stabilizing the Co SACs in its catalytically active,
atomically dispersed state. This strategy also proves to be uni-
versal, stabilizing not only Co but also Pt, Ru, and Cu SACs on to
VO,/CNF support, in their catalytically active, atomically dispersed
states (Fig. S9-S11).

To assess the practical utility as an OER catalyst, we eval-
uated the electrochemical performance in alkaline medium
(1 M KOH). The polarization curves in Fig. 4a illustrate the
synergistic effects of the crystalline vanadium oxide support
and the Co SACs anchoring. The crystalline phase in VO,/CNF-L
provides slightly enhanced OER activity compared to its amor-
phous counterpart (amorphous VO,/CNF), which can be attrib-
uted to the improved intrinsic electronic conductivity and
structural stability afforded by crystallinity. Notably, anchoring
Co SACs on these crystalline supports (Co/VO,/CNF-H and Co/
VO,/CNF-L) yields a significant boost in OER performance
compared to Co-free VO,/CNF-L, confirming that the atomically
dispersed Co moieties act as the primary active sites, while the
crystalline nature of the support is crucial for efficient catalysis.
Furthermore, Co/VO,/CNF-H exhibits enhanced OER activity
compared to Co/VO,/CNF-L. The ultrafast cooling from a higher
peak temperature (Fig. 2c) limits the time available for attainment
of long-range structural order and promotes a higher concen-
tration of oxygen vacancies, which are known to be highly
beneficial for OER.**”**! These oxygen vacancies modulate the
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Fig. 4 (a) Polarization curves of Co/VO,/CNF-H, Co/VO,/CNF-L, Co/
CNF-H, VO,/CNF-L, and amorphous VO,/CNF. (b) Polarization curves of
Co/VO,/CNF-H before and after 300 CV cycles. (c) XPS Co 2p spectra
of Co/VO,/CNF-H after 300 CV cycles. (d) Chronopotentiometry curve of
Co/VO,/CNF-H.
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local electronic structure of adjacent Co single-atom sites to
optimize the adsorption energies of OER intermediates (e.g,
*OH, O, OOH) and lower intrinsic kinetic barriers,>*>* thereby
driving the superior OER performance of Co/VO,/CNF-H along-
side the pronounced reduction phases. Consistent with this, a
high faradaic efficiency of 95.1% was achieved at 100 mA ¢cm™>
(Fig. S12). Moreover, Co/VO,/CNF-H shows excellent operational
durability (Fig. 4b), maintaining a polarization curve nearly
identical to its initial state after 300 cyclic voltammetry (CV) cycles
(1.3-1.6 V). Regarding the sustained activity, post-OER XPS Co 2p
(Fig. 4c) shows an increased Co*'/Co®" ratio, confirming in situ
reconstruction to active COOOH species.* This surface activation
is accompanied by excellent durability, maintaining a stable
potential at 10 mA cm > for over 35 hours (Fig. 4d). This electro-
chemical robustness is supported by ex situ scanning electron
microscopy (SEM) analysis (Fig. S13), showing that the self-
supported nanofibrous morphology remained intact after the
durability test. Furthermore, HAADF-STEM and EDS analysis
verify that the Co species remain atomically dispersed without
aggregation, demonstrating the exceptional robustness of the
active sites (Fig. S14). Ex situ XPS analysis of the V 2p region after
the OER test (Fig. S15) also reveals a significant decrease in the V**
peak compared to the as-prepared state (Fig. 2f). This suggests
that the less stable, lower-oxidation-state V** species, likely located
at the surface, are partially leached or oxidized to V*>* during the
highly oxidative OER. This phenomenon of vanadium leaching
from oxide supports under OER conditions is consistent with
prior reports."* Despite the partial leaching of the vanadium
support, the high activity of Co/VO,/CNF-H is remarkably
preserved. This sustained performance provides compelling
evidence that the atomically dispersed Co sites, rather than
the vanadium oxide support, are the primary active centers for
the OER. In this catalytic system, the highly crystalline vana-
dium oxide framework primarily serves as a robust scaffold to
firmly anchor these Co single-atoms through strong Co-O-V
interactions. This durability is clear evidence of the strong
atomic anchoring achieved via our ultrafast photothermal
shock, which robustly anchors the catalytically crucial species
against dissolution and aggregation.

In conclusion, we have demonstrated an ultrafast photo-
thermal shock strategy to synthesize Co single atoms anchored
on crystalline vanadium oxide. This millisecond process
simultaneously achieves the crystallization of the vanadium
oxide support and the stable anchoring of Co atoms by kineti-
cally suppressing thermal aggregation. Moreover, the final
crystalline phase of the support can be rationally tuned by
controlling the energy density. The resulting self-supported
electrode successfully served as proof-of-concept application
as a durable OER catalyst, presenting a novel and powerful
platform for the rational design and scalable fabrication of
advanced single-atom catalysts for various energy conversion
and storage applications.
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