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ABSTRACT: Hydrogen spillover is an important process in catalytic hydrogenation
reactions, facilitating H2 activation and modulating surface chemistry of reducible oxide
catalysts. This study focuses on the operando unveiling of platinum-induced hydrogen
spillover on monoclinic tungsten trioxide (γ-WO3), employing ambient pressure X-ray
photoelectron spectroscopy, density functional theory calculations and microkinetic
modeling to investigate the dynamic evolution of surface states at varied temperatures. At
room temperature, hydrogen spillover results in the formation of W5+ and hydrogen
intermediates (hydroxyl species and adsorbed water), facilitated by Pt metal clusters. With
increasing temperature, water desorption, reverse hydrogen spillover and surface-to-bulk
diffusion of hydrogen atoms compete with each other, leading initially to reoxidation and
then further reduction of W atoms in the near-surface. The combined experimental results and simulations provide a comprehensive
understanding of the mechanisms underlying hydrogen interaction with reducible metal oxides, lending insights of relevance to the
design of enhanced hydrogenation catalysts.

■ INTRODUCTION
Hydrogen (H2) plays a crucial role in the chemical industry for
global decarbonization, particularly in catalytic hydrogenation
and hydrogen evolution reactions.1−4 Generally, for hydro-
genation reactions taking place on solid surfaces, H2 first
undergoes dissociative adsorption to yield surface-bound
hydrogen species, H* (thermochemical equivalent of H+/e−).
These act as the foundation for subsequent reaction steps.
Hence, the thermochemistry and dynamics of H* formation
and further reactions are understood to have a major effect on
catalytic performance.5,6 This means it is vitally important to
explore the chemical reactivity of solid−gas interfaces in
reducing environments to obtain insights into the design of
enhanced hydrogenation catalysts.

On the surfaces of catalysts containing transition metal
oxides, which are commonly used as solid supports and active
hydrogenation catalysts, H2 molecules usually need to
overcome a considerable activation energy barrier to adsorb
and dissociate.7,8 To accelerate this elementary reaction step at
low temperatures (lower than 500 °C),7,9 noble metal
nanoparticles, such as platinum (Pt), are often introduced to
the oxide surface to catalyze H2 dissociation. In this process,
homolytic dissociative chemisorption of H2 molecules first
occurs on Pt metal surfaces, followed by the transfer of Pt-
bound H* species to proximal metal oxides, forming hydrogen
intermediates, i.e., hydroxyl species (−OH) and adsorbed
water (H2Oads) along with concomitant reduction of the metal
element in the oxide.8,10,11 This process is referred to as

hydrogen spillover, which serves as a key mechanism of pivotal
H2-involved transformations of energy conversion.12−15

Studies to date have shown that reducible metal oxides, such
as tungsten trioxide (WO3), are especially effective substrates
for hydrogen spillover via proton-coupled electron transfer
(PCET).16−18 However, the fundamental mechanisms of
PCET in reducible metal oxides are still the subject of
considerable debate.8,19,20 This is in part due to the difficulty of
distinguishing between redox chemistry on the surface versus
bulk sites for hydrogen bonding in oxides like WO3 that can
undergo bulk hydrogenation to form hydrogen bronzes (e.g.,
HxWO3). The wide range of surface structures and
terminations offers multiple pathways for (I) hydrogen
insertion into the bulk oxide lattice (Hbulk);

18,21 (II) the
formation of H2 molecules by reverse hydrogen spillover;22,23

or (III) the accumulation of oxygen vacancies (Ovac) via
H2Oads desorption.12,15,20 Distinguishing the formation of
Hbulk, H2 molecules, and Ovac is challenging but important
for manipulating hydrogen reactivity, especially through
operando techniques at elevated temperatures.

In spite of extensive prior studies on hydrogen spillover,
relatively little work has been done regarding dynamic
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spectroscopic visualization under real-world catalytic con-
ditions.12,24−27 This is important because it facilitates the
understanding of reaction mechanisms particularly when
compared with theoretical predictions. In this work, we
focused on Pt-decorated monoclinic γ-WO3 as the prototypical
platform for hydrogen spillover.17,21,28 Density functional
theory (DFT) calculations indicate the spontaneous homolytic
dissociation of H2 on Pt metal and subsequent facile transfer of
hydrogen atoms to WO3, favoring the formation of hydrogen
intermediates at room temperature and Ovac at elevated
temperature on the surface of WO3. Using synchrotron
radiation-based ambient pressure X-ray photoelectron spec-
troscopy (APXPS) with soft X-rays, we investigated the
interactions between H2 and WO3 thin films over a range of
temperatures with and without Pt metal clusters. Upon
exposure to H2, bare WO3 exhibits unaltered features up to
at least 400 °C, which agrees with extensive prior work
invoking spillover mechanisms that require H2 activation and
dissociation at a secondary catalytic site.8,10,11 With the
addition of Pt metal (Pt/WO3), we observed the dynamic
evolution of W and O species via operando time- and
temperature-dependent APXPS strategies for the first time.
Using the simulation of electron spectra for surface analysis
(SESSA) software, we concreted the surface components of
the WO3 at different conditions, which inform the chemical
dynamics on the surface of Pt/WO3 in the temperature-
dependent APXPS experiments. These results demonstrate
that the fundamental mechanisms of Pt-induced hydrogen
spillover entail at least three reactive processes�H-binding,
Ovac formation, and H-migration via reverse hydrogen spillover
and surface-to-bulk diffusion�each of which contributes
significantly to the observed W redox chemistry over the
temperature range from 25 to 400 °C.

■ RESULTS AND DISCUSSION
We constructed two models to study H2 adsorption and
dissociation on monoclinic WO3 through DFT calculations
(Figure 1): WO3 with Pt metal clusters at the surface (Pt/
WO3) and bare WO3 (WO3). We first examined the
interaction of molecular H2 with the pristine WO3 (001)
surface. The molecular adsorption of H2 on bare WO3 is weak,
with a binding energy of −0.30 eV and H−H bond length of
0.76 Å. Next, heterolytic dissociation of molecular H2 takes
place on the terminal W−O site pairs with an exothermic
binding energy of −0.79 eV. However, this reaction step is
kinetically hindered with an activation barrier height (Ea) of
0.34 eV. In contrast, homolytic dissociation of H2 over Pt
metal clusters is highly exothermic (binding energy = −3.12
eV) with Ea = 0 eV, consistent with previous reports.11,25,29−31

These computational findings show that Pt metal clusters
significantly facilitate H2 activation and dissociation under
conditions in which the same behaviors of H2 are kinetically
inhibited on the WO3 surfaces.

Based on these theoretical calculations, we prepared two
types of samples, Pt/WO3 and WO3, respectively (Figures S1−
S3), using a reported method.18,21,32−35 We adopted the well-
established method to create a standard catalyst platform�Pt
metal clusters on monoclinic WO3 to operando investigate Pt-
induced hydrogen spillover mechanisms on monoclinic WO3,
rather than developing a novel material system or intentionally
targeting specific Pt lattice facets. We then used synchrotron
radiation-based APXPS with soft X-rays to understand
interactions between H2 and monoclinic WO3 at room
temperature (Figure 2a). WO3 was first introduced to the
APXPS system and treated with 200 mTorr of oxygen (O2) at
400 °C for 30 min to remove carbon contaminations (Figure

Figure 1. Schematic H2 dissociation on the monoclinic WO3 (001) surface with and without Pt metal clusters with corresponding electronic energy
profiles. Comparison of the Ea highlights the kinetically favorable H2 dissociation on Pt/WO3.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c13711
J. Am. Chem. Soc. 2025, 147, 6472−6479

6473

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13711/suppl_file/ja4c13711_si_001.txt
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13711/suppl_file/ja4c13711_si_001.txt
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c13711/suppl_file/ja4c13711_si_001.txt
https://pubs.acs.org/doi/10.1021/jacs.4c13711?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13711?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13711?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c13711?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


S2). After O2 treatment, the W 4f and O 1s XPS spectra were
measured at room temperature with a photon energy (PE) of
570 eV. Analysis of the spectra showed the presence of W6+

and preponderant lattice oxygen (OL), respectively, consistent
with fully oxidized WO3 (Figure S4). We then changed the gas
environment to 5 mTorr of H2, followed by consecutive
collections of W 4f and O 1s regions to monitor compositional
changes at the solid−gas interfaces (PE = 570 eV). As depicted
in Figure 2b,c, the spectra remained constant, suggesting no
interactions between H2 molecules and bare WO3 (Figure S5),
and also excluding any beam-induced effects on the sample.
These results align with our DFT calculations, indicating H2
dissociation and spillover are kinetically inhibited at room
temperature on bare WO3.

We further performed analogous APXPS measurements on
Pt/WO3, where Pt metal clusters were in situ deposited on the
bare WO3 surface in the APXPS chamber via evaporation
(Figure S3).33−35 Initial surface composition with respect to W
and O signals were indistinguishable from those of bare WO3
(Figure S4), suggesting the minimal interaction between Pt
metal clusters and the WO3 substrate. However, upon 5 mTorr
of H2, clear signs of hydrogen spillover were observed based on
the presence of W5+ (Figure 2d), along with the formation of
H2Oads and an increased amount of undercoordinated oxygen
(OU) species (Figure 2e), which are reported signatures of
PCET on the Pt/WO3 surface.8,12 This hydrogen spillover
process reached equilibrium within 10 min (Figure S6 and
Table S1). The stark contrast in H2 interaction with Pt/WO3

and WO3 reveals the critical role of Pt metal in facilitating
hydrogen dissociation and spillover, in agreement with prior
work.8,10,11 Furthermore, after hydrogen spillover, Pt/WO3 can
be fully restored through O2 treatment (Figure S7) and
displays consistent behavior during a subsequent hydrogen
spillover cycle, demonstrating remarkable reversibility.

To aid in interpreting the spectroscopic results, DFT
calculations were performed to estimate binding energies
(BEs) for various O species on the WO3 surfaces (Figure S8).
The simulated peaks informed the assignments of the
experimentally measured XPS peaks for O species. The peak
located approximately 1.2 eV higher in BE than the OL peak
could be attributed to the oxygen in surface hydroxyl (−OH),
chemisorbed H2O, or near Ovac species formed upon water
desorption.36−38 This feature has therefore been assigned as
undercoordinated oxygen (OU) in Figure 2e.

Mechanistically, hydrogen spillover entails dissociative
chemisorption of molecular H2 on the Pt metal cluster.
Afterward, the Pt-bound H* species migrate to surface
terminal oxygen sites of WO3 through surface diffusion or
proton-coupled electron transfer.39,40 Further spillover results
in the formation of surface bound water (H2Oads), and Ovac
then forms through H2Oads desorption to the gas phase. The
Gibbs free energy (ΔG) profile for hydrogen spillover on Pt/
WO3 at 25 and 400 °C are depicted in Figure 2f. In the first
elementary step, H2 molecules dissociate spontaneously on Pt
metal clusters. Then, the first hydrogen atom migrates to the
WO3 (001) surface and forms −OH, which is thermodynami-

Figure 2. Operando monitoring of hydrogen spillover on WO3 surfaces at room temperature using APXPS with soft X-rays. (a) Schematic
representation of the experimental configuration and reaction steps associated with hydrogen spillover on Pt/WO3 using APXPS with soft X-rays;
solid green, purple, and gray circles represent O, H, and Pt elements, respectively. (b,c) W 4f and O 1s regions of XPS spectra (PE = 570 eV) on
bare WO3 collected at room temperature under 5 mTorr of H2 gas. (d,e) W 4f and O 1s regions of Pt/WO3 under the same conditions as panels
(b,c). (f) Gibbs free energy profiles of elementary steps for H-dissociation and Ovac formation on Pt/WO3 at different temperatures from DFT
calculations with corresponding local structures for each step.
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cally favorable with a reaction energy of −1.02 eV at 25 °C.
The activation energy barrier is calculated to be 0.29 eV. The
second hydrogen atom spills over to the same terminal oxygen,
with exergonic reaction energy of −0.21 eV and a higher
activation energy barrier of 0.76 eV, indicating that the
formation of H2Oads is the rate-determining step. At 25 °C, the
formation of Ovac via H2Oads desorption is endergonic (ΔG =
0.22 eV). On the contrary, H2Oads desorption becomes
thermodynamically favored as the temperature is increased
(ΔG = −0.64 eV at 400 °C). Thus, the formation of Ovac
becomes predominant at elevated temperatures. Microkinetic
modeling (MKM) was further conducted to understand how
the reaction temperature affects the steady−state surface
coverage of various species on the Pt/WO3 (001) surface
(Figure S9). Table S2 reports the thermodynamic and kinetic
parameters of the elementary steps in hydrogen spillover
reaction network on Pt/WO3. At 25 °C, the most dominant
species are surface H2Oads. With increasing temperature,
molecular H2Oads species start to desorb while leaving behind
Ovac, until steady-state coverage of Ovac reaches a plateau at
150 °C, while the existing amount of −OH species remains
negligible invariably. These MKM and Gibbs free energy

results suggest the variable assignments of OU peaks in the O
1s spectra at different temperatures. At room temperature, OU
species could represent chemisorbed H2O. With increasing
reaction temperature, H2Oads desorbs from the surface and
thus Ovac gradually accumulates on the surface. Therefore, at
elevated temperatures, OU species could represent the
integration of chemisorbed H2O and O atoms near Ovac.
These important computational findings inspired us to further
experimentally explore the behaviors of the interfaces via a
temperature-dependent APXPS strategy.

Further temperature-dependent APXPS measurements were
used to assess these theoretical studies. A bare WO3 sample
was heated from room temperature to 400 °C in 7 steps under
5 mTorr of H2. At each temperature, the sample was
equilibrated while the W 4f and O 1s regions were
continuously recorded for 30 min, which was sufficient to
obtain stable spectra in each case. High-resolution W 4f and O
1s spectra were then measured with PEs of 320 and 800 eV,
respectively (Figure S10), ensuring comparable probing depth
(2.2 nm) for both elements in the sample. The results show
negligible changes in the chemical states of W and O across the
entire temperature range up to 400 °C, indicating that bare

Figure 3. Depth profiles and models of Pt/WO3 showing component variations at different temperatures. W 4f regions measured at 320 and 800
eV of photon energies in (a,c,e) and (g); O 1s regions measured at 570 and 800 eV of photon energies in (b,d,f,h), showing the chemical states of
W and O on the surface of Pt/WO3 at 25, 50, 150, and 400 °C, respectively. (i) SESSA modeling represents surface composition of Pt/WO3 at 25,
50, 150, and 400 °C, indicating the ratios of W6+, W5+ and W4+ in the WOx layers using checkerboard patterns with building squares in the same
colors for the W species as those in (g).
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WO3 remained stable in the presence of H2 at elevated
temperatures. Introducing Pt metal clusters into WO3 resulted
in remarkably different interfacial dynamics, which also varied
considerably with temperature. These changes were further
measured by altering the PE to obtain depth profiles (Figures
S11, S12 and Tables S3, S4). At each temperature, the PEs of
320 and 800 eV (probing depths of 2.2 and 4.4 nm,
respectively) were chosen to investigate the W states, while
the PEs of 570 and 800 eV (probing depths of 1.4 and 2.2 nm,
respectively) were used to study the O states based on the
photon flux distribution at the beamline.41 Upon equilibration
under 5 mTorr H2 at room temperature, W was found as a
mixture of W5+ and W6+ on Pt/WO3, with considerable
amounts of OU and H2Oads (Figure 3a,b), aligning with our
aforementioned dynamic observations (Figure 2d,e). When the
temperature increased from 25 to 50 °C, the amount of W5+

increased to its highest level within the entire temperature
range, while the quantity of W6+ decreased correspondingly
(Figures 3c,d and S11). Concurrently, increased quantities of
OU and H2Oads were also observed. We interpret these
observations as evidence of hydrogen dissociation and
spillover, resulting in W reduction and the accumulation of
hydrogen intermediates on the surface of Pt/WO3 via PCET.
Based on the depth profiles (Figure S11), a slightly larger
quantity of W5+ was found deeper in the lattice (4.4 nm depth)
compared to the subsurface (2.2 nm), implying the facile
transport of spillover H atoms into the oxide lattice besides the
formation of H2Oads and slightly higher stability for the species
in the bulk versus surface sites.17,28,39 This migration behavior
of hydrogen helps mitigate hydrogen poisoning, especially
minimizing the negative impact on surface sites. High mobility
of protons in the monoclinic WO3 lattice21 also supports the
feasibility to avoid the hydrogen poisoning effect. Furthermore,
the presence of H2Oads catalytically facilitates hydrogen
migration by bridging two separated oxygen atoms, trans-
porting hydrogen from the WO3 top surface layer to subsurface
layers, reducing hydrogen poisoning.40

When the temperature increased further from 50 °C,
dissociated hydrogen atoms spilled over to both surface and
bulk. On the surface, H2Oads molecules started to desorb to the
gas phase, leaving behind abundant Ovac sites.12,15,20 At
elevated temperatures, OU species can be interpreted as the
integration of chemisorbed H2O and O atoms near Ovac
species. The H2Oads signal at 533.8 eV disappears at 100 °C,
which can be regarded as an indication that H2Oads evaporates,
implying the assignment of this H2Oads peak in O 1s region to
physisorbed H2O (Figure S12).37,38 In the bulk, hydrogen
atoms diffused inward binding with OL

17, leading to reduction
of the near W site. As a result, the amount of subsurface W6+

(penetrating to 2.2 nm) was higher than that in deeper depth
(4.4 nm) (Figure S11). Notably, hydrogenated HxWO3 serves
as an efficient proton conductor, exhibiting barrierless proton
mobility within its bulk.21,40 However, the formation of
molecular H2 in the bulk of HxWO3 is kinetically hindered,
with an energy barrier of 2.25 eV on H0.5WO3.

21 In contrast,
H2 formation on the surface of WO3 is kinetically more
favorable (Figure 1). Consequently, it is challenging to entirely
exclude the possibility of reverse H2 formation on the surface
of HxWO3, especially given the facile diffusion of lattice
protons from the bulk to the surface.21 On the other hand, H2
formation on Pt clusters faces a significant kinetic trap due to
the strong binding of dissociated hydrogen atoms to Pt clusters
(Figure 1), suggesting that reverse H2 formation on Pt clusters

is unlikely. From 50 to 150 °C, the average oxidation state of
W atoms increased as the amount of W6+ and OL kept rising,
which reached maximum at 150 °C (Figures 3c−f, S11 and
S12). There are two ways where this reoxidation phenomenon
can occur: (I) H* species diffuse from surface to bulk sites
(not probed by XPS) and bind with OL to form HxWO3; (II)
H* species on the surface of WO3 undergo reverse hydrogen
spillover facilitated by HxWO3, with the formation of H2
molecules on Pt metal followed by the desorption of H2 to
the gas phase.42 Based on the gradient reduced W species from
the surface to bulk (Figure S11), the inward migration of H*
happened over the whole range of temperature. Meanwhile,
heating likely drives reverse spillover of H* species to
regenerate gas-phase H2 molecules22,23 based on the entropic
contributions at elevated temperatures. It was also reported
that reverse hydrogen spillover from WO3 to Pt6 cluster was
feasible.40 However, it is challenging to differentiate the
superior pathway between surface-to-bulk diffusion and reverse
spillover of H* species based on current characterization
techniques. We propose that both possible pathways surpass
surface spillover of H* species and thus cause surface
reoxidation in the temperature range of 50−150 °C.

As the temperature increased beyond 150 °C, H2Oads
desorption was further facilitated, making surface spillover
predominant. Consequently, W4+ was detected, and a large
quantity of Ovac sites formed, as indicated by much more
deconvoluted OU species (Figures 3g,h, S11 and S12). As the
inward hydrogen diffusion still occurred and was even
enhanced compared to that at lower temperatures, incremental
gradients of reduced W (W4+ and W5+) and OU were observed
from the surface to the bulk (Figures S11 and S12). In the
temperature range of 150−400 °C, with the marginally
superior H2Oads desorption, W was continuously reduced
and Ovac sites accumulated on the WO3 substrate as a result of
oxygen loss and the formation of substoichiometric WOx
phases.20,43 Throughout this process, Pt metal clusters showed
negligible changes, scarcely affecting the H2 activation (Figure
S13).

To better understand the dynamic evolution in the APXPS
experiments, we further simulated the surface components of
Pt/WO3 at 25, 50, 150, and 400 °C using the SESSA software
package44,45 based on the experimental fractions of W and O
species. The validation of the models for elucidating surface
evolution at variable temperatures is proved by the highly
comparable fractions of W and O species between experiments
and modeling (Figure 3i and Table S5). At room temperature,
there are two layers of tungsten oxide (WOx) above the bulk
WO3, showing more reduced W species at greater depth, where
W was partially reduced to W5+. Above the two layers of WOx,
there are two layers of H2Oads as the products of surface
hydrogen spillover. One is due to chemisorption with strong
binding between H2O and WOx; the other is generated by
weak binding of H2O on WOx as a result of desorption of H2O
from a chemisorbed state. As the temperature reaches 50 °C,
the amount of W5+ and chemisorbed H2O further increases,
indicating hydrogen dissociation and spillover on the surface
are enhanced. At 150 °C, H2Oads with weak binding on WOx
desorbs to the gas phase, and the chemisorbed H2O with
strong binding on WOx becomes thicker. An increasing ratio of
W6+/W5+ in the two surface layers of WOx indicates the surface
reoxidation led by surface-to-bulk diffusion and reverse
spillover of H* species. When it comes to 400 °C, H2Oads
desorption is significantly facilitated, resulting in the formation
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of W4+ in the WOx layers. Concurrently, surface-to-bulk
diffusion of hydrogen atoms continues to drive an increasing
concentration of reduced W species with increasing depth
(Figure S14 and Table S5). These models make the surface
states of the substrate more visible and provide a clear
understanding of reaction mechanisms at different temper-
atures.

To summarize, the three predominant reaction processes at
each of three corresponding temperature ranges are schemati-
cally depicted in Figure 4. H2 molecules dissociate, spill over,
and interact with monoclinic WO3 at different temperatures
induced by Pt metal, leading to dynamic changes in W and O
states (Figure S15), which were revealed by operando soft X-
ray APXPS combined with DFT calculations and microkinetic
modeling.

■ CONCLUSIONS
In summary, this work investigates Pt-induced hydrogen
interaction with WO3 by operando APXPS in combination
with first-principles-based multiscale modeling. It reveals the
key role of Pt metal clusters in facilitating the activation and
dissociation of H2 molecules, as well as the subsequent
spillover of hydrogen atoms onto the WO3 surface. The
dynamic evolution of surface states was further elucidated
through time- and temperature-dependent APXPS experiments
and SESSA simulations. At room temperature, hydrogen
spillover contributes to W reduction toward W5+ and the
formation of hydrogen intermediates (−OH and H2Oads) via
PCET. In the temperature range of 50−150 °C, surface-to-bulk
diffusion and reverse spillover of hydrogen atoms were
enhanced compared to surface spillover, which resulted in
surface reoxidation. When the temperature reached beyond
150 °C, H2Oads desorption took over, leading to dynamic
reduction of W species and accumulation of Ovac sites on the
WO3 surface. These findings, supported by experimental
observations using APXPS, first-principles-based microkinetic
modeling, and SESSA simulations, provide a comprehensive
understanding of the reaction mechanisms underlying hydro-
gen spillover on reducible metal oxides, offering valuable
insights into the control of catalytic hydrogen-related trans-
formations.
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6 Magneĺi Oxides and Their Implications for Photon-Assisted
Applications. Chem. Mater. 2019, 31 (11), 4282−4290.
(44) Machida, A.; Nagata, K.; Murakami, R.; Shinotsuka, H.;

Shouno, H.; Yoshikawa, H.; Okada, M. Bayesian inference method
utilizing SESSA in quantitative layer structure estimation from XPS
data. J. Electron Spectrosc 2024, 273, 147449.
(45) Smekal, W.; Werner, W. S. M.; Powell, C. J. Simulation of

electron spectra for surface analysis (SESSA): a novel software tool
for quantitative Auger-electron spectroscopy and X-ray photoelectron
spectroscopy. Surf. Interface Anal. 2005, 37 (11), 1059−1067.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c13711
J. Am. Chem. Soc. 2025, 147, 6472−6479

6479

https://doi.org/10.1063/1.4902249
https://doi.org/10.1063/1.4902249
https://doi.org/10.1021/cm301829y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm301829y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm301829y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm301829y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elspec.2006.12.059
https://doi.org/10.1016/j.elspec.2006.12.059
https://doi.org/10.1039/C9TA06394C
https://doi.org/10.1039/C9TA06394C
https://doi.org/10.1021/jp410244c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp410244c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp410244c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b11698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nanoen.2020.104653
https://doi.org/10.1016/j.nanoen.2020.104653
https://doi.org/10.1021/acs.chemmater.9b01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01430?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elspec.2024.147449
https://doi.org/10.1016/j.elspec.2024.147449
https://doi.org/10.1016/j.elspec.2024.147449
https://doi.org/10.1002/sia.2097
https://doi.org/10.1002/sia.2097
https://doi.org/10.1002/sia.2097
https://doi.org/10.1002/sia.2097
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c13711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

