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Single-atom catalysts (SACs), which feature isolated single atoms (SAs) of a metal adsorbed on a support,

have garnered significant attention as catalysts for a wide range of reactions due to the complete

utilization of their active metal sites. However, the fundamental mechanisms governing their formation

and exceptional catalytic activity remain largely unelucidated. A major challenge in SAC preparation lies

in controlling residual SA precursors and mitigating the aggregation of SAs, particularly at high metal

loadings. A comprehensive understanding of these mechanisms is therefore paramount for developing

rational design principles to overcome these limitations. In this study, we combined in situ X-ray

absorption fine structure analysis with density functional theory calculations to elucidate these critical

mechanisms. Our findings reveal that (i) the key factors in successful SAC formation are the

destabilization of the SA precursor and the suppression of neutral-metal-atom formation; and (ii) the

high catalytic activity of SACs is primarily attributed to their maximized number of surface-active sites

and that SAs exhibit an optimal hydrogen adsorption energy. These insights provide valuable design

guidelines for the future development of diverse and highly active SACs.
Introduction

In recent years, single-atom catalysts (SACs), which feature
isolated single atoms (SAs) of a metal dispersed on a support,
have attracted signicant attention due to their exceptional
activity across a wide range of catalytic reactions.1–6 With
advancements in characterization techniques since 2011,
research on SACs has accelerated rapidly, and numerous
studies have reported their high activity as photo- and electro-
catalysts.4,7 For example, in water-splitting photocatalysts
(Fig. 1a),8–12 which are a key focus for next-generation green
hydrogen (H2) production, various SACs loaded on photo-
catalysts have demonstrated high efficiency as cocatalysts for
the H2 evolution reaction (HER).13–29 The primary advantage of
SACs over traditional metal-nanoparticles (NPs) catalysts is the
complete utilization of their active metal sites. Conventional
metal NPs suffer from the fact that their internal atoms do not
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act in the catalytic reaction. Because SAs have no inert internal
atoms, they show dramatically improved reaction efficiency per
metal atom.

Nevertheless, the fundamental mechanisms governing SAC
formation and their high activity remain largely unknown. SAs
are highly reactive and unstable, existing almost exclusively in
support-stabilized forms.3,4 A major challenge in SAC synthesis
is controlling residual SA precursors andmitigating aggregation
of SAs, particularly at high metal loadings or on supports with
low specic surface areas. A comprehensive understanding of
these formation mechanisms is crucial for developing precise
control strategies to overcome these limitations.

When metal particles decrease a size of approximately 2 nm
or smaller, they exhibit quantum size effects, which alter their
electronic states from those of typical metal NPs.30–38 Conse-
quently, SAs possess signicantly different physicochemical
properties compared with their corresponding bulk metals and
metal NPs. This means that the relationship between kind of
metal element and catalytic activity can vary drastically between
SAs and NPs. Additionally, SAC activity is not solely dependent
on the type of SA but also heavily inuenced by the structure
and composition of the support material. Accordingly, theo-
retical calculations are essential for predicting catalytic reaction
mechanisms.

In this study, we investigated the formation mechanism of
SAs on a graphitic-carbon nitride photocatalyst (g-C3N4; gCN)
J. Mater. Chem. A
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Fig. 2 Characterization of Pt SA/gCN and Pt NP/gCN. (A) TEM and
STEM images of (a) PtSA/gCN and (b) Pt NP/gCN and (c) resulting size
histogram of Pt particle of Pt NP/gCN. Pt L3-edge (B) XANES and (C)
FT-EXAFS spectra of Pt SA/gCN and Pt NP/gCN. In (B) and (C), Pt L3-
edge XANES and FT-EXAFS spectra of Pt foil and PtO2 powder are also
shown for comparison. In (C), the peaks at ∼1.6 and 2.5–2.8 Å are
assigned to Pt–C/N and Pt–Pt bonds, respectively. The Pt loading
weights were 2.0 and 3.0 wt% for Pt SA/gCN and Pt NP/gCN,
respectively.

Fig. 1 Schematic of the work performed in this study. (a) Photo-
catalytic water-splitting using SA cocatalysts on g-C3N4, and (b)
a proposed mechanism for the formation of SAs on g-C3N4

photocatalysts.
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support by combining in situ X-ray absorption ne structure
(XAFS) analysis with density functional theory (DFT) calcula-
tions (Fig. 1b). We also aimed to explore the catalytic mecha-
nism by which SA-loaded gCN (M SA/gCN) exhibits high activity
for photocatalytic water splitting to produce H2. Our ndings
revealed that the key factors for successful SAC formation are
primarily the destabilization of the SA precursor and the
suppression of neutral-metal-atom formation. We also deter-
mined that the high activity of M SA/gCN is a result of both an
abundance of surface active sites and optimal H2 adsorption
energy of SAs.
Results and discussion
Photocatalytic HER activities of SACs

We prepared SACs based on a previously reported method.1 We
utilized gCN(Fig. S1), a widely studied visible-light-responsive
photocatalyst capable of water splitting, as the support.
Various metal SAs, specically Pt, Pd, and Rh, which are known
for their high HER activity, were loaded onto the gCN as
cocatalysts using a light-induced adsorption method with
controlled reducing power (Fig. 2 and S2–S5). For comparison
study, a conventional catalyst with 3 wt% Pt NPs (Pt NP/gCN)
was prepared following a previously established protocol
(Fig. 2 and S6).11,39

The photocatalytic activities of the resulting Pt SAC (Pt SA/
gCN) and Pt NP/gCN for water splitting are presented in
J. Mater. Chem. A
Fig. 3. The Pt SA/gCN catalyst, with an optimized Pt content of
2 wt%, exhibits the highest HER activity.1 Our results demon-
strate that Pt SA/gCN shows a 1.43-fold higher HER activity than
that of Pt NP/gCN (Fig. 3a). Furthermore, such high photo-
catalytic HER activity was observed for at least 12 hours (Fig. S7).
Given the high cost of Pt cocatalysts, the HER activity per unit
weight of Pt is a critical metric. We therefore calculated this
value and found that Pt SA/gCN exhibits 2.13-times more HER
activity per Pt loading than that of Pt NP/gCN (Fig. 3b). These
ndings conrm the superior HER activity of the Pt SA cocata-
lyst compared with the conventional Pt NP cocatalyst.

To investigate the changes in the state of the Pt SAs during
the reaction, we performed XAFS measurements on the pristine
Pt SA/gCN and on a sample aer photocatalytic activity evalu-
ation (Pt SA/gCN_light), as shown in Fig. S8. The white line peak
intensity near 11 565 eV in the Pt L3-edge X-ray absorption near-
edge structure (XANES) spectrum indicates that the as-prepared
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Photocatalytic hydrogen evolution activities of Pt SA/gCN and
Pt NP/gCN under visible-light irradiation (Xe lamp: $410 nm). (a)
Hydrogen-evolution rate and (b) hydrogen-evolution rate per metal
atom for Pt SA/gCN and Pt NP/gCN. In (a) and (b), the Pt loading
weights were 2.0 and 3.0 wt% for Pt SA/gCN and Pt NP/gCN,
respectively.
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Pt SA/gCN has an electronic state approximating Pt(III) or Pt(IV)
(Fig. S8(a)). The coexistence of Pt(IV–II) was also conrmed by
the results of Pt 4f X-ray photoelectron spectroscopy (Fig. S9).
Conversely, aer 5 h of photoirradiation in the catalytic reac-
tion, the Pt SA/gCN_light sample showed a more reduced elec-
tronic state, shiing closer to Pt(II). Furthermore, this reduced
Pt(II) state highly stable for extended periods even aer light
irradiation stopped. While such a reductive change in electronic
state is oen attributed to the aggregation of SAs into Pt NPs
(i.e., the formation of Pt(0)), the results of Fourier transform-
extended X-ray absorption ne structure (FT-EXAFS) analysis
of the Pt L3-edge reveal Pt–C/N bonds (∼1.6 Å) in both samples,
but no Pt–Pt bonds (2.5–2.8 Å) are observed (Fig. S8(b)). A slight
decreasing in the strength of the Pt–C/N bonds is observed aer
photoirradiation. These ndings suggest that the
photoirradiation-induced electronic state change in Pt SA/gCN
is a result of local structural changes rather than the aggrega-
tion of Pt SAs. Curve-tting analysis of the L3-edge FT-EXAFS
spectrum further supports this, showing no Pt–Pt bonds in
either sample and a slight decrease in the coordination number
and bond length of the Pt–C/N bond aer photoirradiation
(Table S1). These specic changes in the electronic and bonding
states were not observed in Pt NP/gCN, indicating that this is
a phenomenon specic to the SAC.
This journal is © The Royal Society of Chemistry 2026
In situ preparation and photocatalytic measurement of SACs

To investigate the photosensitive state changes of the SAs, we
performed in situ XAFS measurements under photoirradiation.
This approach was employed to provide a deeper understanding
of the formation mechanism of Pt SAs and the local structural
evolution during the photocatalytic reaction.

We used a photoirradiation-capable reaction tube to irra-
diate gCN with UV light (l = 365 nm) in the presence of H2PtCl6
as the precursor of SAs (Fig. 4A). The obtained Pt L3-edge XANES
and FT-EXAFS spectra reveal a gradual shi in the Pt electronic
state towards the negative side with photoirradiation. This
indicates that the Pt(IV) derived from the precursor H2PtCl6
evolves into an electronic state closer to Pt(III) over time
(Fig. 4A(a and c)). Concurrently, the FT-EXAFS spectra show that
the Pt–Cl bond (∼2.0 Å) gradually decreases, and a new Pt–C/N
bond (∼1.6 Å) forms (Fig. 4A(b and c)). This suggests that Pt SAs
are formed by the dissociation of the Pt–Cl bond in H2PtCl6 and
the subsequent formation of a Pt–C/N bond with the gCN
support.

Next, we monitored the local structural changes of the Pt SAs
during the photocatalytic reaction. We performed in situ Pt L3-
edge XAFS measurements on Pt SA/gCN while irradiating it with
visible light (l = 405 nm) in water with a sacricial agent
(Fig. 4B). The XANES spectrum reveals that the electronic state
of the Pt SAs gradually shis to the negative side, stabilizing at
a state close to Pt(II) (Fig. 4B(a and c)). When the light is turned
off, this charge state remains unchanged. The FT-EXAFS spec-
trum shows that the strength of the Pt–C/N bond gradually
decreases, and the bond distance shortens with light irradiation
(Fig. 4B(b and c)). However, some spectra were noisy due to the
generation of H2 bubbles, which interfere with the spectral
analysis.

To conrm the roles of water and the sacricial agent, we
conducted comparative experiments and found that these local
electronic and geometric structural changes do not occur in the
absence of either component (Fig. S10 and S11). Similarly, other
metal SAs (M= Pd, Rh) exhibit a similar pattern: a negative shi
in the electronic structure and a decrease in the strength and
bond distance of the M–C/N bond (Fig. S12 and S13). Impor-
tantly, these changes are not observed with the Pt NP/gCN
catalyst, conrming that this phenomenon is unique to the SA
state (Fig. S14).
DFT analysis of SACs

To obtain a clearer mechanistic understanding of the experi-
mentally observed results for SAC formation and their high
activity, we conducted a deeper analysis using DFT
calculations.40

We compared the Bader charges of the metal atoms in
a series of predicted intermediates for the preparation of SACs.
We performed geometry optimization on a number of key
reaction intermediates, specically PtCln (n = 0–3) adsorbed on
gCN, which we represented as [PtCln/gCN]

z (n = 1–3) and [Pt SA/
gCN]z. These intermediates were modeled with various charge
states (z) ranging from −2 to +2 (Fig. 5A).
J. Mater. Chem. A
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Fig. 4 Results of in situ XAFS measurements during light irradiation. Pt L3-edge (a) XANES and (b) FT-EXAFS spectra of Pt SA/gCN during (A)
preparation of SA (light source: 365 nm LED) and (B) photocatalytic reaction (light source: 405 nm LED). (c) Resulting peak-intensity histograms
for Pt L3-edge (a) XANES and (b) FT-EXAFS spectra during preparation of the SAC (light source: 365 nm LED) and photocatalytic reaction (light
source: 405 nm LED). In (a) and (b), the Pt L3-edge XANES and FT-EXAFS spectra of H2PtCl6, Pt foil and PtO2 powder are also shown for
comparison. In (b), the peaks at ∼1.6, ∼2.0, and 2.5–2.8 Å are assigned to Pt–C/N, Pt–Cl, and Pt–Pt bonds, respectively.
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First, we analyzed the Bader charges of each Pt atom (ZPt) in
the [PtCln/gCN]

z (n = 1–3) and [Pt SA/gCN]z in a vacuum
(Fig. 5B(a)). Our results show a clear trend: across almost all
samples, as the overall charge (Ztot) becomes more negative, the
ZPt also shis to a more negative value.

Next, we focused on the intermediates with a neutral overall
charge ([PtCln/gCN]

0 (n = 1–3) and [Pt SA/gCN]0). The ZPt for
[PtCl3/gCN]

0 is 0.82, and as the number of chlorine ligands
decreases, the ZPt value becomes progressively more negative,
reaching its lowest value of 0.40 for [Pt SA/gCN]0. For compar-
ison, the SA precursor, [H2PtCl6]

0, has a ZPt of 0.87, the most
positive value among all the presumed intermediates. This
trend, where the desorption of Cl from the Pt complex shis ZPt
to a more negative state, is also observed for intermediates with
different overall charges. The effect of charge state on ZPt is even
more pronounced when, instead of the model in a vacuum,
water is modeled as a solvent (Fig. 5B(b)). Furthermore, overall,
J. Mater. Chem. A
the removal of Cl in [PtCln/gCN]
z induced the shortening of Pt–N

bonds (Table S2–S4). This same behavior is also observed for Ru
SA/gCN, suggesting a similar formation mechanism (Fig. S15,
Table S5 and S6).

To further elucidate the origins of the high activity observed
for SACs, we performed a detailed analysis using DFT calcula-
tions (Fig. 5C). We compared the H adsorption energies for the
Pt(111) surface, a common crystal facet of Pt NPs, and for Pt SA/
gCN in a vacuum. As shown in Fig. 5C(a), H adsorbs on the
Pt(111) surface in either an on-top (−64.8 kJ mol−1) or a bridge
(−45.9 kJ mol−1) conguration. In contrast, the H adsorption
energy for Pt SA/gCN is signicantly lower (−92.1 kJ mol−1). The
strong adsorption of hydrogen consequently may hinder the
nal release and formation of hydrogen molecules from the SA
site. From a thermodynamic standpoint, this suggests that the
HER is more likely to proceed on Pt NPs with a Pt(111) surface
rather than on Pt SA/gCN.
This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Results of DFT calculations. (A) The simulation models of (a) Pt SA/gCN, (b) PtCl/gCN, (c) PtCl2/gCN and (d) PtCl3/gCN. (B) Results of
Barder charge analysis for Pt (ZPt) on Pt SA/gCN, PtCln/gCN, and PtCl6 at each total charge (Ztot from−2 to +2) under (a) vacuum and (b) water. (C)
Adsorption energy of a hydrogen atom: (a) on the on-top or bridge sites of Pt(111) and Pt SA/gCN under vacuum, and (b) on M SA/gCN (M = Pt,
Pd, Rh) under aqueous conditions. The reference energy is defined as the sum of half of the formation energy of an H2 molecule and the energy
of the non-interacting surface system (i.e., the infinitely separated state).
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Our previous work demonstrated that Pd SAs exhibit supe-
rior photocatalytic HER activity compared with other metal
SACs, such as Pt and Rh.1 We therefore used DFT calculations to
investigate the origin of this metal-species-dependent activity.
By comparing the H adsorption energies for various M SA/gCN
catalysts (where M = Pt, Pd, or Rh), we found that Pd SA/gCN
has the lowest H adsorption energy (Fig. 5C(b), S16 and Table
S7 and S8). Conversely, Pt SA/gCN exhibits a lower HER activity
owing to its stronger H adsorption energy. This strong correla-
tion between calculated H adsorption energies and our previ-
ously reported experimental HER activities supports our
hypothesis that the optimal H adsorption energy for HER shis
with a change in metal size. This shi allows Pd SA to function
as a highly active cocatalyst for the HER.

SAC-formation mechanism

Based on in situ XAFS and DFT calculations, we propose
a mechanism for Pt SAC formation, as summarized in Fig. 6A.
This journal is © The Royal Society of Chemistry 2026
The Pt SA precursor, H2PtCl6, exists as a relatively stable
[PtCl6]

2− ion in water (Fig. 6A(a)). This octahedral d6 species is
coordinatively saturated and electronically stable, resulting in
negligible interaction with the gCN surface. However, under UV
irradiation, the electronic state of [PtCl6]

2− is destabilized
through a ligand-to-metal charge transfer (LMCT) transition,
initiating a sequence of decomposition and reduction steps.41–43

As illustrated in our proposed mechanism (Fig. 6A(a)), the
photo-excitation generates highly reactive, unstable intermedi-
ates—collectively denoted as PtClx—including [PtCl5]

2−,
[PtCl4(OH)(H2O)]

2−, [PtCl3(OH)]−, [PtCl5(OH)]2−, [PtCl5(H2O)]
−,

[PtCl4(OH)(H2O)]
−, [PtCl2(OH)(H2O)]

−.42 The nitrogen atoms
within the gCN framework, acting as Lewis bases with lone
pairs, effectively attack these transient Pt intermediates, form-
ing robust Pt–N coordination bonds that anchor the Pt at the
atomic level (Fig. 5A and B).

The UV-vis spectral evolution of H2PtCl6 (Fig. 7a) further
elucidates the reaction pathway under light irradiation in water.
J. Mater. Chem. A
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Fig. 6 Schematic showing the proposed mechanism. (A) Proposed (a)
formation mechanism during preparation of SA/gCN; (b) local struc-
tural changes for SA/gCN during photocatalytic reaction; and (B)
proposed formation mechanism for Pt NP/gCN.

Fig. 7 Tracking results of the photoreductive decomposition reaction
of H2PtCl6. Time-dependent UV-vis spectra under light irradiation (l =
405 nm) of 0.02 mM H2PtCl6 aqueous solutions (a) without and (b)
with methanol (50 vol%).
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The decrease in the [PtCl6]
2− peak (∼260 nm) and the

concomitant emergence of the [PtCl4]
2− peak (∼230 nm and

330 nm shoulder) by the ight irradiation conrm the reduction
from Pt(IV) to Pt(II). Notably, this transformation proceeds even
in the absence of gCN, indicating a self-reducing chain reaction
involving the disproportionation of Pt(III) intermediates (2
Pt(III) to Pt(IV) + Pt(II)). Crucially, our control experiment
revealed that adding gCN to [PtCl4]

2− solution does not result in
SAC formation. This indicates that the stable Pt(II) end-product
is not the active species for immobilization. Instead, the trap-
ping of Pt onto the support must occur during the transient
window when unstable PtClx intermediates are present.

In these coordinatively unsaturated intermediates (PtClx), at
least one coordination site is either vacant or occupied by
a labile water molecule. The exceptionally low activation energy
(Ea) of 3.67 kJ mol−1 obtained from the Arrhenius plot (Fig. S17),
derived from Fig. 7a, provides strong evidence for this non-
thermal pathway. This value is nearly an order of magnitude
lower than the typical thermal barriers for ligand exchange
reactions (tens of kJ mol−1), which involve the vibrationally-
excited cleavage of metal–ligand bonds. Consistent with the
mechanistic framework proposed by Glebov et al.,42 we attribute
the remarkably low Ea to the formation of a geminate radical
pair. Upon photo-excitation, the [PtCl6]

2− complex undergoes
homolytic scission to form a {[PtCl5]

2−$Clc} pair conned within
a solvent cage as is well-established in the Frank–Rabinowitch
model. Because the substantial energy required for this primary
bond cleavage is provided by incident photons rather than
thermal energy, it is effectively decoupled from the observed
activation barrier. Consequently, the measured unusually low
Ea likely reects the minimal physical barrier associated with
J. Mater. Chem. A
“cage escape”—the diffusion of the radical species out of the
solvent cage— or the low-barrier propagation steps of the Pt(III)-
mediated chain reaction.

Finally, once the PtClx are anchored on gCN, subsequent
photoreductive halogen desorption gradually removes the
remaining Cl ligands (Fig. 4C(b));41–46 thereaer, these atoms
are further stabilized in a Pt(II) state through electron transfer
from the photo-excited gCN, ultimately yielding a stable and
atomically dispersed Pt catalyst (Fig. 6A(b)).

Interestingly, the presence of methanol as a sacricial agent
during light irradiation leads to the formation of Pt NPs instead
of SAs on gCN (Fig. 6B). The formation of Pt NPs is generally
understood to occur in three distinct steps:32,47 (i) the reduction
of precursor Pt complexes to form Pt(0) atoms; (ii) the nucle-
ation of Pt nanoclusters (NCs) via the aggregation of these Pt(0)
atoms; and (iii) the subsequent growth of these NCs. The role of
the sacricial agent is thought to suppress of charge recombi-
nation in the photocatalyst, and scavenge Clc radicals, thereby
facilitating multi-electron reduction. Furthermore, the addition
of alcohol also promotes photoinduced dissociation of [PtCl6]

2−

to Pt(0) in water even in the absence of a photocatalyst.41,47 This
was also conrmed by the fact that when light is irradiated onto
[PtCl6]

2− in an aqueous solution containing methanol, absorp-
tion in the visible region (>400 nm) increases due to the
formation of Pt NCs (Fig. 7b and S18). This efficient reduction
promotes the rapid and efficient progression of step (i), leading
to a high concentration of Pt(0) atoms in the aqueous solution.
The presence of high concentrations of Pt(0) atoms is expected
This journal is © The Royal Society of Chemistry 2026
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to promote steps (ii) and (iii), leading to the formation of Pt NPs.
However, without the sacricial agent, the reduction is less
efficient, and the unstable intermediate species formed are
thought to adsorb onto the gCN support before a multi-electron
reduction to Pt(0) can occur. This adsorption is what leads to
the formation of SAs. Once the SAs are formed and stabilized on
the gCN, their relatively high structural stability prevents their
aggregation into NPs.
Highly active mechanism of SACs

As shown in Fig. 3, Pt SA/gCN exhibits superior photocatalytic
HER activity compared to Pt NP/gCN. To elucidate the origin of
this enhancement, we examined the impact of SA introduction
on the light absorption property and conductivity of gCN. Our
results indicate no signicant alterations in these properties
upon Pt SA loading (Fig. S2(d) and S19). Our DFT calculations
suggested that the Pt(111) surface is more favorable for the HER
than Pt SA/gCN based on H adsorption energy. To validate this,
we compared values for the activity per surface Pt atom. Using
the average particle size (3.1 ± 0.7 nm) from transmission
electron microscopy (TEM) images of Pt NP/gCN (Fig. 2A(b)), we
calculated the number of surface Pt atoms, assuming a face-
centered cubic (fcc) model (Table S9). The surface Pt atoms
account for approximately 36% of the total Pt atoms in Pt NP/
gCN. When we calculated the HER activity per surface Pt
atom, we found that Pt NP/gCN exhibits 1.28-times the HER
activity of Pt SA/gCN. This nding is consistent with our DFT
calculations, which indicate that the surface Pt atoms in Pt NP/
gCN are inherently more favorable for HER than those in Pt SA/
gCN. We attribute the superior HER activity of Pt SA/gCN
primarily to its signicantly higher atomic utilization. Speci-
cally, while the activity per Pt atom is lower for Pt SA than for Pt
NP, the absence of internal atoms in Pt SA ensures that 100% of
the Pt atoms are available for the reaction, compared to only
36% for Pt NP/gCN (Table S9). This high density of accessible
active sites enables the overall photocatalytic HER activity of Pt
SA/gCN to surpass that of Pt NP/gCN (Fig. 3).

However, our previous research showed that M SA/gCN (M =

Pd or Rh) exhibits higher HER activity per atom than both Pt SA/
gCN and Pt NP/gCN.1 This observation cannot be explained solely
by the increased surface-metal atomic ratio. While Pt NPs are
generally known to have higher HER activity than Pd NPs,48–51 this
relationship is reversed for SACs. We considered that this is
because the electronic structure of Pd and Rh SAs changes with
decreasing size, making it more suitable for H adsorption.

Our DFT calculation results are in good agreement with our
previously reported ndings on the metal-species dependence
of HER activity.1 We expect that even more active photocatalysts
can be created by combining these two (SA and support mate-
rials), as more precise changes in the electronic structure of SAs
are possible through support control.52
Conclusions

In this study, we combined in situ XAFS measurements and DFT
calculations to elucidate the fundamental mechanisms
This journal is © The Royal Society of Chemistry 2026
governing the performance of SACs as cocatalysts for water
splitting photocatalysis. Our key ndings are as follows:

Pt SAs exhibit a 2.13-fold higher HER activity per unit weight
of Pt compared with Pt NPs. The superior performance of Pt SAs
is primarily attributed to a maximized ratio of surface-exposed
Pt atoms.

The catalytic activities of different metal SACs vary signi-
cantly. Rh and Pd SAs demonstrate higher HER activities than
Pt SAs. DFT calculations revealed that Pt SA exhibits an exces-
sively strong H adsorption energy, which is thermodynamically
unfavorable for the HER. In contrast, Rh and Pd SAs exhibit
more suitable H adsorption energies, leading to their higher
catalytic efficiencies.

The critical factors for successful SAC formation were iden-
tied as the destabilization of the SA precursor and the
suppression of neutral-metal-atom formation.

Without sufficient destabilization of the SA precursor, its
conversion to an SA state does not occur. However, excessive
reduction of the precursor can lead to the formation of neutral
metal atoms, which readily aggregate and form metal NPs.

These results provide crucial insights into the functional
mechanisms of SACs, clarifying how they achieve high catalytic
activity. The SAC formation mechanism elucidated in this study
offers a valuable strategic framework for the future synthesis of
a wide range of SACs,53–60 potentially extending beyond light-
driven processes. This approach demonstrates exceptional
generalizability to various metal species and supports
(Fig. S20−S24).1

Experimental
In situ XAFS measurement

In situ XAFS measurements were performed with a LED lamp
(Asahi Spectra, CL-1501) with a LED head unit at 365 nm or
405 nm (Asahi Spectra, CL-H1-365-9-1 B, or CL-H1-405-9-1-B). In
preparation of Pt SA/gCN, H2PtCl6$6H2O (200 mL, 10 mM) and
gCN (20 mg) were added to a disposable UV cell (optical path
length 10 mm) sealed with a paraffin lm. The suspension was
irradiated with 365 nm of LED and the Pt L3-edge XAFS spectra
was recorded every 10 minutes in transmission mode under the
same conditions as above. In photocatalytic reaction of M SA/
gCN (M = Pt, Pd or Rh) or Pt NP/gCN, the photocatalyst and
25 wt% TIPA as a sacricial reagent were mixed and grinded in
an agatemortar. The samples (10mg) were pelletized and added
to a disposable UV cell sealed with a paraffin lm. The samples
were irradiated with 405 nm of LED and the Pt L3-edge XAFS
spectra were recorded every 3 minutes in transmission mode.

Computational details for M SA/gCN

The structures shown in Fig. 5A of the main text were used as
models for density functional theory (DFT) calculations of M SA/
gCN. To obtain geometrically optimized structures for M SA and
Cl ligands, the gCN structure was xed during both the geom-
etry optimization and vibrational frequency calculations. For
systems with an even number of electrons, both singlet and
triplet spin states were considered, and the more stable spin
J. Mater. Chem. A
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state is discussed in this study. For systems with an odd number
of electrons, the doublet spin state was considered. For the
Pt(111) surface calculations, a Pt31 cluster model was employed,
and all atoms except for the central seven Pt atoms were kept
xing during both the geometry optimizations vibrational
frequency calculations. Electronic structure calculations were
performed using the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) functional,61 employ-
ing the 6-31G* basis set for H, C, N, and Cl, and the LANL2DZ
basis set for Ru, Rh, Pd, and Pt. Grimme's D3 dispersion
correction was also applied.62 To account for water solvent
effects, we employed the polarizable continuum model (PCM)
using the integral equation formalism variant (IEF-PCM).63 All
DFT calculations were carried out using Gaussian 16 Rev.
C.02.64 Bader charge analysis was performed using the Hen-
kelman group's code.65–67 The molecular model of g-C3N4 was
constructed based on previous reports.68,69

Time-dependent UV-vis spectra

Time-dependent UV-vis spectra of H2PtCl6 was monitored using
0.02 mM H2PtCl6 aqueous solution, with (10−50 vol%) or
without methanol. The UV-vis spectrum of the solution was
measured aer irradiation with a LED lamp (l = 405 nm) for
a xed period.
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