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ABSTRACT

Transparent hydrogen-evolution electrodes are essential for photoelectrochemical and optoelectronic energy-conversion devices,
yet typically suffer from a trade-off between catalytic activity and optical transmission. Here, we demonstrate that an ultra-
low loading of Pt single atoms (SA, 0.03 at%) directly anchored on fluorine-doped tin oxide (FTO) via a reactive deposition
delivers hydrogen evolution reaction (HER) kinetics approaching bulk Pt, while remaining optically invisible. At this low SA
loading, HAADF-STEM directly resolves atomically isolated Pt sites, while x-ray photoelectron and absorption spectroscopy
confirm exclusively cationic Pt** (§ ~ 2) in Pt-O, coordination. The Pt SA/FTO electrodes exhibit pH-universal HER activity,
alongside turnover frequencies exceeding 500 s~! at moderate overpotentials. Density Functional Theory calculations support the
high stability of Pt SA/FTO and explain exceptional HER activity by optimized energetics of intermediate formation. Achieving
comparable kinetics with conventional sputtered Pt films requires >1000-fold higher Pt loading and leads to substantial optical
losses. Owing to its optical neutrality, the Pt SA/FTO electrode enables 2-3 x higher photocurrents than activity-matched Pt
films when used as a counter electrode in sandwich-type photoelectrochemical cells. These results on Pt SA-decorated FTO
thus describe a general strategy to unite noble-metal utilization, high catalytic efficiency, and optical transparency in electro-
and photoelectrochemical devices.

1 | Introduction splitting and related energy-conversion devices, FTO is fre-

quently employed as a counter electrode or current collec-

Transparent conductive oxides such as fluorine-doped tin oxide
(FTO) are essential components in photoelectrochemical (PEC)
architectures, spectroelectrochemical platforms, and operando
optical studies, due to the combination of optical transparency,
chemical robustness, and electrical conductivity [1-5]. In water-

tor positioned directly in the optical path, where minimizing
absorption losses is essential for efficient device operation.
However, activating such transparent electrodes for efficient
hydrogen evolution (HER) typically requires the introduction
of noble-metal catalysts, most commonly Pt, which inevitably
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introduces a trade-off between catalytic activity and optical
transmission.

To provide HER activity, FTO surfaces are conventionally deco-
rated with Pt using a variety of established approaches, including
thermal platinization of Pt precursors, atomic layer deposi-
tion, electrodeposition or electrophoretic deposition, chemical
wet reduction, UV-assisted photoreduction, and sputter- or
evaporation-based thin-film deposition, often followed by ther-
mal annealing [6-14]. While these methods can provide high
catalytic activity, they consistently result in the formation of Pt
nanoparticles, clusters, or continuous ultrathin films. Moreover,
achieving reasonable HER kinetics generally requires relatively
high Pt loadings, which affect optical transparency and lead
to inefficient noble-metal utilization. Even strategies such as
solid-state dewetting of ultrathin Pt films — while improv-
ing transparency and metal-support interactions—still rely on
nanoscale Pt ensembles rather than atomically dispersed sites
and therefore do not fully overcome this fundamental activity—
transparency trade-off [7]. Resolving this trade-off therefore
requires a catalyst configuration that decouples HER activity
from optical absorption — a condition that nanoparticulate or
film-based Pt cannot fulfill in principle.

In this context, using Pt as dispersed single atoms (SAs) offers
an extreme atom economy by exposing every metal atom as
an accessible site, while support interactions may strongly alter
catalytic reaction barriers [15, 16]. Accordingly, Pt single-atom
catalysts have demonstrated exceptionally high mass activi-
ties for hydrogen evolution and related reactions, particularly
on carbon-based supports and photocatalytic oxide substrates
[16-18]. However, despite these advances, the direct implemen-
tation of Pt single atoms on transparent, conductive oxides
has remained largely unexplored. This is particularly surprising
when considering the potential for a unique combination of low
loading/high activity and concomitant minimization of optical
transparency losses.

FTO represents a particularly attractive platform for stabilizing
Pt single atoms while enabling efficient electrocatalysis. Besides
its macroscopic conductivity, Pt-SnO, interfaces are known
to exhibit distinct electronic metal-support interaction (EMSI)
effects that can enhance hydrogen evolution kinetics [1, 7, 19].
At the atomic scale, the SnO, lattice provides oxygen-coordinated
cationic sites and oxygen-vacancy motifs capable of stabilizing
cationic Pt species (Pt°*) through strong Pt-O(Sn) coordination
[20]. Such stabilization is especially relevant for hydrogen evo-
lution in neutral and alkaline media, where water activation
becomes kinetically demanding and oxide-assisted pathways can
lower the effective Volmer barrier. These considerations suggest
that conductive oxides such as FTO can function not only as
current collectors, but as chemically and electronically active
hosts for single-atom catalytic sites.

Here, we report a room-temperature reactive deposition strategy
that enables the direct anchoring of isolated Pt single atoms on
fluorine-doped tin oxide without applied bias or illumination.
This approach yields a sub-monolayer population of atomically
dispersed Pt sites at an ultralow total loading of only 0.03
at%, while fully preserving the optical transparency of the FTO
substrate. Despite the extremely low Pt density, the resulting Pt

single-atom/FTO electrodes exhibit hydrogen evolution reaction
kinetics approaching those of bulk Pt across acidic, neutral, and
alkaline electrolytes.

2 | Results and Discussion

To deposit Pt single atoms by reactive deposition, we followed an
approach previously established for other oxide substrates, which
relies on a surface displacement reaction between H,PtCl, and
redox-active sites on the oxide surface [18, 21, 22]. For this, com-
mercial FTO substrates were exposed to a dilute chloroplatinic
acid solution (10 mM H,PtCl,) for 1 h under ambient conditions
(see Supporting Information for details). After treatment, no
macroscopic modification of the FTO surface is observed: optical
images and high-resolution SEM (Figure 1a and Figure S1) show
neither surface etching nor the formation of Pt nanoparticles or
agglomerates >1 nm (resolution limit of HR-SEM).

In contrast, high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) shows the successful
deposition of atomically isolated Pt species on the FTO surface
(Figure 1b, Pt SAs marked with yellow circles). The underlying
lattice spacings of 0.13, 0.16, and 0.26 nm can be indexed to the
(310), (211), and (101) planes of SnO,, respectively, in agreement
with the XRD pattern of the FTO substrate (Figure S2) [23,
24]. Importantly, the Pt SAs are uniformly dispersed across
the surface, yielding an areal density of ~2.7 X 10° pm™ as
determined by direct atom counting from multiple STEM images.
Energy-dispersive x-ray spectroscopy (EDXS) mapping further
confirms the homogeneous Pt distribution and the absence of Pt
agglomerates (Figure 1c).

High-resolution x-ray photoelectron spectroscopy (XPS) of the
Pt 4f region exhibits a single doublet with Pt 4f;, and Pt 4f;,,
peaks at 72.8 and 76.2 eV, respectively (Figure 1d and Figure S3),
characteristic of cationic Pt** species with § ~ 2. No contribution
from metallic Pt° is detected. To further investigate the local
coordination environment of Pt SAs on FTO, x-ray absorption
spectroscopy (XAS) was performed at the Pt L;-edge. Since direct
XAS analysis of the planar FTO electrodes was not feasible
due to the extremely low Pt loading, FTO powder decorated
with Pt SAs by the same reactive deposition procedure was
used instead. Prior to the XAS measurements, we verified that
the characteristic Pt SA features were preserved on the powder
substrate. As shown in Figure 2a, the Pt 4f XPS spectrum of
Pt SA on FTO powder shows a Pt 4f;, and 4f;,, doublet at
72.9 and 76.2 eV, respectively, consistent with Pt>* (§ = 2) as
observed for the FTO film (Figure 1d), and the powder-supported
sample exhibits nearly identical HER behavior and Tafel slope
(Figure 2b). The x-ray absorption near-edge structure (XANES)
spectrum of Pt SA on FTO powder (Figure 2c) shows a white-
line intensity intermediate between those of the Pt foil and PtO,
references, indicating a partially oxidized Pt species, in agreement
with the XPS results. The corresponding Fourier transform of the
extended x-ray absorption fine structure (FT-EXAFS, Figure 2d)
spectrum is dominated by a single first-shell feature at an
apparent radial distance of ~1.65 A (phase-uncorrected), assigned
to Pt-O coordination. Quantitative fitting of the first shell yields
a Pt-O coordination number of 4.0 + 0.4 at a phase-corrected
distance of R = 2.02 A (Figure S4). The combination of the Pt 4f
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FIGURE 1 | (a)SEM image (inset: optical image), (b) HAADF-STEM image, and (c) the corresponding element mapping images of Pt SA on FTO.
(d) XPS Pt 4f spectra and (e) LSV curves of bare FTO, Pt SA on FTO, and Pt sheet (0.1 M Na,SO,).

binding energy from XPS, the intermediate white-line intensity
from XANES, and the fitted fourfold Pt-O coordination from
EXAFS consistently indicates isolated Pt species with an average
oxidation state close to +2 (Pt**, § =~ 2). Importantly, no Pt-Pt
scattering contribution is detected at the position of the first-
shell Pt-Pt peak of the Pt foil reference, ruling out the presence
of Pt clusters or nanoparticles. The dominant Pt-O coordination
together with the absence of Pt-Pt scattering is the established
EXAFS signature of atomically dispersed, oxygen-coordinated Pt
species on oxide supports [21, 22, 46], and is fully consistent with
Pt** anchored on O(Sn) sites of the SnO, lattice, formed by ligand
exchange between H,PtCl, and oxygen-coordinated surface sites
[20, 25] in line with the Pt** — Pt** reduction reported for reactive
deposition on other oxide supports [18, 21, 22].

Quantitative evaluation of the Pt 4f XPS spectra yields an
exceptionally low surface concentration of approximately 0.03

at% Pt. Converting this value into an areal single-atom density
using standard XPS assumptions regarding the information depth
and uniform surface distribution (see Figure S5) results in a
density of 1-3 x 10° um~2. Notably, this range is in excellent
agreement with the value independently obtained from direct
HAADF-STEM atom counting (~2.7 X 10° pm~2), confirming
that the STEM-observed density is representative of the entire
electrode surface rather than a local high-loading region. As
the XPS-based estimate assumes a homogeneous Pt distribution
within the probing depth, this agreement further indicates that
the derived site density is conservative.

Remarkably, despite this ultralow Pt loading, the Pt SA/FTO
electrode exhibits a pronounced hydrogen evolution activity.
Figure le compares linear sweep voltammetry (LSV) curves
recorded in 0.1 M Na,SO, for Pt SA/FTO, bare FTO, and a
bulk Pt foil reference. The Pt SA/FTO electrode displays HER
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FIGURE 2 | (a)XPS Pt 4f spectra, (b) LSV curves in 0.1 M H,SO, (inset shows corresponding Tafel slope) of Pt SA on FTO powder. (c) Pt L;-edge
normalized XANES spectra and (d) the corresponding FT-EXAFS spectra of Pt foil, PtO,, and Pt SA on FTO powder.

characteristics closely matching those of Pt foil, while bare FTO
remains essentially inactive. The observed activity in neutral
electrolyte is fully consistent with literature reports on Pt-based
HER electrocatalysts under comparable conditions [17, 26].

This high catalytic efficiency of the low-loading Pt SA/FTO
electrode is not limited to neutral electrolytes but extends across
acidic and alkaline pH values (Figure 3). In acidic solution
(0.1 m H,SO,, Figure 3a), the Pt SA/FTO electrode exhibits a
Tafel slope of 39.4 mV dec™, indistinguishable from that of
Pt foil (39.2 mV dec™), consistent with the well-established
high activity of Pt in the Heyrovsky/Tafel regime. This behavior
aligns with previous reports on Pt supported on F-doped 3-D
SnO, nanostructures or high-activity dewetted structures, where
strong electronic metal-support interaction (EMSI) effects were
shown to accelerate HER Kkinetics [1, 7, 19]. For example, Lai
et al.,, reported that the interfacial electron coupling at the Pt-
SnO, interface downshifts the Pt d-band center and optimizes

H* adsorption/desorption behavior, accounting for the enhanced
HER kinetics of the Pt/SnO, system [19]. In particular, the Pt
on F-doped SnO, system has been well described by DFT in the
work of Kim et al., which demonstrated that orbital hybridization
between Pt and F-SnO, enhances H* adsorption at the Pt-support
interface, directly improving the HER kinetics [1].

Moreover, the Pt SA/FTO electrode shows excellent electrochem-
ical stability under HER conditions. After 3000 CV cycles in
0.1 M H,SO, (Figure S6), the polarization curve shows negligible
degradation. To examine the structural stability of the Pt/FTO
electrode after HER operation, post-HER SEM analysis was
performed (Figure S7). The overall FTO surface morphology
was largely retained, although a few Pt NPs were observed,
indicating partial reduction of Pt species during HER. Notably,
the polarization behavior is essentially identical from the initial
cycle to after 3000 cycles, indicating that the minor restructuring
does not contribute measurably to the observed activity and
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FIGURE 3 | LSV curvesand corresponding Tafel plots of Pt SA on FTO

and Pt sheet in (a) 0.1 M H,SOy,, (b) 1 M KOH, and (c) 0.1 M Na,SOy. (d) LSV

curves taken in 0.1 M Na,SO, and (e) data of Pt content and Tafel slope of Pt PVD electrodes.

that the dominant active-site population is established upon
deposition.

Most notably, in alkaline electrolyte (1 M KOH, Figure 3b), Pt
SA/FTO reaches a Tafel slope of 42 mV dec™!, comparable to that

of Pt foil (48 mV dec™), which is exceptionally low for atomically
dispersed Pt on an oxide support [27-29]. Importantly, this
alkaline activity cannot be attributed to pre-existing Pt clusters or
nanoparticles, as HAADF-STEM, XPS, and XANES/EXAFS con-
sistently show that the as-prepared electrodes contain exclusively
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atomically dispersed Pt°* with no Pt-Pt contribution. Instead,
the observed alkaline activity is consistent with facilitated water
activation at Pt**-O(Sn) interfacial sites, placing Pt SA/FTO
among the small number of single-atom systems that achieve
bulk-like alkaline HER kinetics without the need for intentionally
engineered bifunctional supports [30-32].

In neutral electrolyte (0.1 M Na,SO,, Figure 3c), the Tafel slope
increases to 111 mV dec™! for Pt SA/FTO and 109 mV dec™
for Pt foil, consistent with Volmer-limited kinetics where water
dissociation becomes rate-relevant. The close correspondence
between Pt SA/FTO and bulk Pt again indicates that Pt>* sites
electronically coupled to FTO do not introduce an additional
kinetic hindrance in neutral media.

To compare the performance of the Pt SA/FTO electrodes to
conventional Pt metallization, Pt was sputter-deposited onto
identical FTO substrates with increasing loadings using a physical
vapor deposition (PVD) approach following Ref. [33]. Figure 3d
shows the corresponding LSV curves recorded in neutral elec-
trolyte, while Figure 3e summarizes the Pt surface concentration
derived from XPS together with the extracted Tafel slopes (Figure
S8). With increasing Pt loading, the HER kinetics improve gradu-
ally and only approach bulk-Pt behavior at surface concentrations
of approximately 40-50 at% Pt.

XPS analysis of these PVD-loaded samples reveals exclu-
sively metallic Pt°, while SEM images show the formation
of nanoscale Pt clusters with characteristic sizes of ~1 nm
(Figure S9). Thus, to achieve neutral-pH HER kinetics compa-
rable to those of the Pt SA/FTO electrode, conventional PVD
deposition requires a Pt surface concentration that is more
than three orders of magnitude higher in terms of accessible
Pt surface atoms. This comparison underscores the markedly
higher Pt utilization efficiency achieved by atomically dis-
persed Pt on FTO relative to nanoparticle- or film-based Pt
electrodes.

The enhanced HER kinetics of Pt SA/FTO are further reflected
in electrochemical impedance spectroscopy (EIS) measurements.
Nyquist plots recorded in 0.1 M Na, SO, and fitted using a classical
Randles equivalent circuit are shown in Figure S10, with the
extracted parameters summarized in Table S1. The Pt SA/FTO
electrode exhibits a charge-transfer resistance (R,,) 0f102.2 Q cm?,
which is substantially lower than that of bare FTO (4887.1 Q cm?)
and approaches the value observed for a highly loaded PVD-Pt
electrode (Pt PVDy, 27.5 Q cm?).

In contrast, the low-loading PVD-Pt electrode (Pt PVD,), which
contains a similar overall Pt amount as the Pt SA/FTO sample,
displays an R, value (3052.9 Q cm?) comparable to that of native
FTO. These results are consistent with the LSV and Tafel analyses
and indicate that atomically dispersed Pt on FTO enables effi-
cient interfacial charge transfer at ultralow Pt loadings, whereas
nanoscale Pt ensembles only become effective at substantially
higher surface coverage.

To further quantify the intrinsic activity of the Pt SA/FTO
electrodes, turnover frequencies (TOFs) were estimated using the
experimentally determined single-atom density of 1-3 x 10° pm™>
derived from STEM and XPS analyses. Based on the measured
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FIGURE 4 | Comparison of the overpotential (1) at 10 mA cm™2 in
acidic electrolyte of Pt SA on FTO (this work) and other literature.

geometric current densities and assuming unity Faradaic effi-
ciency for hydrogen evolution (as is standard for Pt-based HER
catalysts), TOFs of 260-770 s~ in acidic media (at # = 25 mV),
120-350 s7! in alkaline media (at 7 = 100 mV), and 140-430 s 7! in
neutral media (at #» = 300 mV) are obtained (Table S2). Notably,
TOFs on the order of 500 s™! are reached at relatively modest
overpotentials of 20-40 mV (acidic), 110-120 mV (alkaline),
and 300-360 mV (neutral). To further benchmark the catalytic
efficiency of the Pt SA/FTO electrode, we compared the Pt
loading and overpotential required to reach 10 mA cm™2 (7,,) with
previously reported Pt SA- and NP-based HER catalysts (Figure 4)
[1, 27, 34-42]. The Pt SA/FTO electrode exhibits a very low Pt
loading (~2.7 x 10° um~2), while maintaining a competitive HER
overpotential (1,,). In particular, a previously reported Pt NP/FTO
catalyst [1] reaches a comparable overpotential but requires an
orders-of-magnitude higher Pt loading. These results place Pt
SA/FTO among the most active Pt single-atom HER catalysts
reported to date [43], highlighting the exceptional utilization
efficiency of atomically dispersed Pt on a conductive oxide
support.

To explain the high HER activity of the Pt SA/FTO electrode,
we have performed DFT calculations on model Pt SAs and a
Pt, cluster on the FTO surface, comparing the energetics of
adsorbed H (H,4) formation with that on the Pt(111) surface. We
note that the simulated XRD patterns of FTO, compared with
those of the optimized SnO, (Figure S11), agree well with the
experimental ones (Figure S2), indicating a slight expansion of
the lattice with F doping. The most stable structure of Pt SA
on FTO (Figure 5a) provides AGy of only 0.02 eV, which is
better optimized for superb HER activity than Pt(111), with AGy
between —0.08 and —0.03 eV, depending on the coverage [44]. In
this configuration, Pt SA has a Bader charge of +1.35 e, somewhat
less than the formal +2 charge. The optimized Pt SA model
displays a distorted fourfold Pt-O coordination environment,
with an average Pt-O bond length of 1.9 A. This coordination
motif is consistent with the FT-EXAFS analysis (Figure 2d and
Figure S4), which indicates a Pt-O first shell with a fitted average
distance of 2.02 A. The difference between the calculated and
experimental distances is reasonable considering the distorted
surface coordination of the Pt single atom, the distribution of
local environments expected in the real material, the fact that
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FIGURE 5 | Theoretical modelling of Pt on FTO. Top row: DFT optimized structures of (a) Pt SA adsorbed onto FTO, (b) Pt SA embedded into
Sn-vacancy in FTO, (c) Pt, cluster on FTO. Middle row: (d) HER reaction profile on the studied Pt-on-FTO models, with Pt(111) added as a reference.
Bottom row: (e) Pourbaix diagram of Pt SA/FTO; (f) Time evolution of the Pt SA/FTO at 300 K (from ab initio molecular dynamics) showing that the
system is kinetically stable, insets give structure snapshots during the simulation.

FT-EXAFS provides an averaged first-shell structural parameter,
and the applied level of theory. Notably, both experiment and
theory support the same structural picture of an isolated cationic
Pt center coordinated to lattice oxygen atoms, rather than metallic
Pt aggregates. In contrast, Pt SA, which substitutes Sn (Figure 5b),
binds H,4, much more strongly (AGy = —0.73 eV). Despite
also having a Bader charge of +1.35 e, this model is a five-
coordinated Pt SA, indicating that this local structure is not the
experimentally observed one. To model the PVD electrode, we
placed a Pt, cluster on the FTO surface (Figure 5¢). In this cluster,
Pt atoms remain nearly metallic (average Bader charge of Pt

+0.25 e), while H binds strongly to it, with AGy of —0.34 eV.
By constructing the HER reaction profile (Figure 5d) according
to [44] one can see that the order of HER activity should be
{Pt SA/FTO} > {metallic Pt} > {Pt subnanoclusters on FTO},
suggesting that the activity is maximized by Pt SA deposition on
the FTO surface, where the improved H, 4, formation energetics
compensates the lower active site density compared to bulk
Pt surface. As AGy can be considered a universal descrip-
tor of HER activity [45], the optimized H,4 energetics on Pt
SA/FTO justify high HER activity irrespective of the electrolyte
pH.
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To examine the state of the Pt SA/FTO under electrochemical con-
ditions, we constructed a Pourbaix plot for this system (Figure 5e).
Strong binding of Pt on the FTO surface (—6.99 eV), surpassing
the cohesive energy of Pt, stabilizes Pt SAs against dissolution.
Furthermore, Pt SAs do not exhibit increased oxophilicity com-
pared to metallic Pt, and the deposition of O and OH starts at high
anodic potentials. Thus, at potentials just before the HER onset,
the Pt SA/FTO is bare and “HER-ready”, free from spectating
oxygen species. Strong Pt SA binding also leads to the conclusion
that Pt aggregation is not likely, but this was explicitly checked
using ab initio molecular dynamics at 300 K (Figure 5f). The
results show that the Pt SA/FTO structure is stable over time and
that the Pt atom retains its coordination, which warrants high
HER activity.

Beyond catalytic efficiency, the ultralow Pt loading provides a
decisive advantage in terms of optical transparency. Figure 6a
shows the total transmittance spectra T(1) of bare FTO and
Pt SA/FTO electrodes, which are essentially indistinguish-
able across the visible and near-infrared range, confirming
the optical neutrality of the atomically dispersed Pt layer.
No plasmonic features or measurable increase in absorp-
tion are observed, consistent with the absence of metallic Pt
nanoparticles [46, 47].

The corresponding Tauc plots (Figure 6b) reveal identical opti-
cal band gaps of approximately 3.9 eV for bare FTO and Pt
SA/FTO, indicating that the electronic structure of the SnO,
host is not measurably perturbed by the presence of Pt single
atoms. The weak absorption tail observed below the band gap
is commonly attributed to diffuse scattering and back-reflection
effects arising from the textured FTO substrate, rather than
to true sub-band-gap electronic states [48]. In contrast, the
activity-matched PVD-Pt electrode exhibits a noticeably reduced
transmittance across the visible spectrum and a modified sub-
gap response, reflecting the intrinsic optical losses associated with
thin metallic Pt films. This optical loss increases progressively
with Pt loading, as shown by the transmittance spectra of
the full PVD series (Figure S12). While the low-loading PVD
electrodes (0.16-1.07 at%) still retain the transparency of bare
FTO, they provide poor HER activity (Figure 3d,e) - namely
when compared to the Pt,>*-0, system, and the loadings required
for bulk-Pt-like kinetics (40-50 at%) result in substantial opti-
cal losses. That is, using conventional loading, a maximum
in activity and transparency cannot be obtained at the same
loading - single-atom electrode resolves this at a fixed, ultralow
loading.

To directly assess the device-level implications of optical losses at
the counter electrode, a sandwich-type photoelectrochemical cell
was assembled using a Gritzel-type TiO,/FTO photoanode and
either Pt SA/FTO or an activity-matched PVD-Pt/FTO counter
electrode. The TiO,/FTO was prepared as in Ref. [49] (poly-
crystalline anatase, thickness 7 um; details are given in Figure
S13). Figure 6c,d show the corresponding J-V curves recorded in
0.1 M Na,SO, under front-side illumination through the counter
electrode using a 365 nm LED and a 325 nm laser source,
respectively. For both excitation wavelengths, the photocurrent
obtained with the Pt SA/FTO counter electrode is approximately
2-3 times higher than that achieved with the PVD-Pt electrode
(Figure 6¢).

When normalized to the Pt surface loading, the PEC-specific
activity of the Pt SA/FTO counter electrode exceeds that of the
PVD-Pt electrode by nearly four orders of magnitude (Figure 6f),
underscoring the exceptional utilization efficiency of atomically
dispersed Pt. Together, these results demonstrate that eliminating
detrimental light absorption at the counter electrode—while
maintaining bulk-like HER kinetics—directly provides superior
photoelectrochemical performance, and highlights the remark-
able advantage of optically invisible, highly active Pt single-atom
catalysts for PEC device applications.

3 | Conclusions

In conclusion, we demonstrate that ultralow loadings of Pt
(0.03 at%), stabilized as isolated single atoms (at a density of
~3 x 10° SA pum™2) by reactive deposition on fluorine-doped
tin oxide (FTO), can deliver hydrogen-evolution reaction (HER)
activities that approach those of bulk Pt while retaining full
optical transparency across the UV-visible range. By exploiting
the intrinsic conductivity and surface chemistry of FTO, Pt single
atoms are anchored in an electronically coupled environment that
enables efficient charge transfer without the need for metallic
films or nanoparticle ensembles. As a result, HER performance
comparable to conventional Pt electrodes is achieved at Pt
loadings several orders of magnitude lower than those typically
required for transparent counter electrodes and is retained over
extended potential cycling. Experimental results are elucidated
by theoretical calculations, which suggest that Pt SA is strongly
anchored to the FTO surface and remains stable at both the
solidlvacuum and solidlelectrolyte interfaces under HER operat-
ing conditions, regardless of pH. Furthermore, the energetics of
the H,4, on Pt SA/FTO are consistent with the observed high HER
activity.

Electrochemical measurements across acidic, neutral, and alka-
line electrolytes reveal high apparent turnover frequencies
(>500s7! at moderate overpotentials) achieved at low site density.
This emphasizes the exceptional utilization efficiency of Pt in this
configuration, highlighting single-atom anchoring on conductive
oxides as a viable strategy to decouple catalytic performance from
precious-metal loading.

Beyond the specific Pt/FTO system studied here, these findings
establish a pathway to transparent and resource-efficient electro-
catalysts: conductive oxides can act not merely as inert current
collectors but as active platforms for stabilizing and electronically
wiring single-atom catalytic sites. This concept is relevant not
only for photoelectrochemical devices and tandem solar fuel
architectures, but also for other optoelectronic energy-conversion
systems where optical transparency and minimal noble-metal
usage are simultaneously required.
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