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The need for robust model systems in the study
of hybrid interfaces for photocatalysis
and photoelectrocatalysis

Mekha P. Mohandas and Jared P. Bruce® *

Small molecule conversion to value-added products using renewable energy sources has emerged as a
promising strategy to mitigate our reliance on fossil fuels. Hybrid materials that integrate the strengths of
photoabsorbers and co-catalysts (electrocatalysts) are essential for maximizing the efficiency of
photochemical (PC) and photoelectrochemical (PEC) systems. In this perspective, we will focus on the
need for fundamental studies with a strong emphasis on the importance of beginning with well-defined
hybrid interfaces. A particular focus is given to small molecule adsorption studies that correlate surface
structure and chemistry to reactivity, highlighting its potential in characterizing complex interfaces. We
also make the case for understanding how light and electrochemical environments influence surface
structure, adsorption, and reactivity and should be considered in model hybrid system design. Finally, we
provide a framework to connect the theory and experiment of model hybrid surfaces to provide a
molecular understanding of PC and PEC at these interfaces and accelerate our integration of these
materials into real systems capable of meeting our renewable energy needs.

in particular, are two promising methods for addressing energy
and environmental challenges associated with consuming fos-

Light-driven chemical conversion of small molecules to fuel is sil fuels. There has been particular focus in the literature to
a method that has great promise to alter our reliance on develop materials that can be integrated into these technolo-
fossil fuels and has been of intense interest over the last few gies for long-term sustainable fuel production.

decades. Photocatalysis (PC) and photoelectrocatalysis (PEC), Heterogenous PC involves using light to initiate chemical
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reactions on the surface of a material. This process begins with
light absorption, leading to the generation and separation of
electron-hole pairs. These charge carriers travel to the surface,
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where they can participate in redox reactions, such as the
oxidation of organic pollutants’ or the reduction of carbon
dioxide.”> The efficiency of this process depends on many
factors, such as the band gap, light absorption properties,
charge carrier separation, and surface reactivity of the
material.® Electrocatalysis (EC), on the other hand, accelerates
charge transfer reactions at the electrode-electrolyte interface
via an external power supply. This process involves reactant
adsorption, charge carrier diffusion, surface reactions, and
product desorption when converting reactants to products.”
While photocatalysis and electrocatalysis differ in their energy
conversion mechanisms, both rely on mass transfer and surface-
dependent catalytic processes. A PEC system combines the favor-
able principles of both PC and EC to enhance its overall light-to-
fuel efficiency.” However, traditional phoroabsorbing materials
used in PC and PEC systems, such as TiO,, Si, and InP, often
suffer from poor efficiency and lack of durability.®

More recently, there has been a growing interest in coupling
various co-catalyst materials to the surface of photoabsorbers in
an effort to lower the reaction barrier and increase the rate of
reaction while maintaining the favorable light absorption char-
acteristics of the underlying substrate. These coupled co-
catalysts serve several vital functions, including enhancing
quantum efficiency by suppressing electron-hole recombina-
tion at the interface/junction,” providing new active sites for the
desired surface reactions,® and ensuring long-term stability by
protecting the semiconductor from photocorrosion.”*** These
new surfaces formed with photoabsorbers and coupled co-
catalysts have been called “hybrid” or “co-catalyst” interfaces
and represent an emerging set of materials capable of photo-
chemical conversion of small molecules to high value-added
products. A wide range of co-catalysts are being investigated to
improve the efficiency of photocatalytic activity of semiconduc-
tors, like noble metals (e.g., Pt, Ag, Pd, Au),"**® transition
metals (Cu, Ni, Fe),"**® organometallic compounds (e.g., Co-
porphyrin complex),'® carbon-based materials like graphene,®®
and biological co-catalysts such as enzymes®' and bacteria.>”

PEC, PC, and EC reactions all take advantage of heteroge-
neous solid-liquid or solid-gas interfaces to perform their
catalytic functions. Traditionally, gas-solid interfaces have
benefitted from years of careful surface science studies that
have significantly transformed our understanding of catalytic
reactions that often lead to breakthroughs in industrial
processes.”’ These fundamental studies are essential for under-
standing and improving catalytic systems due to the strong
correlation between surface structure, chemistry, and stability
of these interfaces. For example, the exposure of facets with
varying atomic compositions and surface energies directly
impacts performance, stability, intermediate formation, and
the desired product yield.>* Additionally, the unique interac-
tions between photogenerated charge carriers and specific
facets emphasize the significance of surface science
understanding.** Notably, spatial charge differences exist
between surfaces with different atomic arrangements, signifi-
cantly influencing photo/electro-catalytic reaction pathways
and the formation of reaction intermediates.>*
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Extensive research has examined the addition of metal co-
catalyst onto semiconductors to enhance its photocatalytic
activity. For instance, the addition of Cu to the surface of
TiO, has led to significant improvements, such as a twofold
increase in CO, reduction efficiency.>® The introduction of
metals like nickel or ruthenium can also positively impact
performance.”>*” Nickel doping can create lattice vacancies,
promoting charge carrier separation and reduction reactions.>®
Ruthenium doping, meanwhile, can facilitate charge transfer
and CO, adsorption, leading to increased selectivity for specific
products.””

A considerable portion of these hybrid material systems are
comprised of hybrid nanomaterials, where the newly formed
interfaces can induce unique properties, ranging from altered
physical characteristics to entirely new functionalities. Many of
the unique electronic and optical properties observed in these
systems are from their reduced dimensionality and size and the
unique chemical and electronic environment at their surfaces.
Significant progress been made in using these materials to
convert light into fuel.?®*° However, the complex nature
of nanoparticle surfaces, characterized by kinks, defects,
and multiple facets, makes it challenging to precisely charac-
terize their structure, correlate these features with catalytic
activity, and isolate the specific active sites responsible for
catalysis.’®*>? As a result, a significantly large gap exists in
our knowledge of the fundamental surface science of these
hybrid materials and their impact on chemical conversion at
the interface. Here, well-defined, robust model systems provide
a promising approach to address these complexities, elucidat-
ing clear structure-function and chemistry-function relation-
ships. While the perspective will not focus on hybrid
nanomaterials, there are many excellent reviews that the reader
can find‘28,29,34736

Buried interfaces between electrocatalysts and photoabsor-
bers are another region of the hybrid material that significantly
influences device performance.?”*® Thus, the precise engineer-
ing of this interface also offers a unique opportunity to opti-
mize the charge transfer kinetics and surface chemistry of
hybrid materials. Robust model systems would ideally involve
well-defined photoabsorber surfaces and precisely deposited
co-catalysts under pristine ultra-high vacuum (UHV) condi-
tions. By controlling the atomic-scale structure and composi-
tion of the catalysts, insights into the interfacial reactions, light
absorption, charge carrier dynamics, and overall system per-
formance could be obtained. Moreover, the current under-
standing of hybrid systems, including identifying active sites,
largely relies on ex situ characterization and theoretical
modeling.** Experimental evidence directly probing in situ
processes (e.g., evolution of reaction intermediates) using the
model systems is crucial in advancing this field.** Importantly,
studies have demonstrated that in situ (UHV) and quasi-in situ
(inert gas) experiments can offer valuable knowledge regarding
photoabsorber/electrolyte interfaces.’® This perspective will
explore the current state-of-the-art hybrid surfaces (fabrication
and characterization), how the community could benefit from
model surface studies to fundamentally understand the

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02967d

Open Access Article. Published on 24 2025. Downloaded on 16.10.25 13:40:55.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

reactivity of hybrid materials in light-driven reactions, and
where our focus should be, moving forward into engineering
and device fabrication that takes advantage of hybrid materials.

2. Semiconductor/co-catalyst (hybrid)
interfaces

Integrating electrocatalysts as co-catalysts is a widely adopted
strategy in photocatalysis to lower activation energy barriers.”
Some of the common types of electrocatalysts coupled with
photoabsorbers are noble metals (Pt, Pd),*"*” transition metals
(Cu, Fe),****> metal oxides (RuO,, IrO,),”*® and metal dichalco-
genides (MoS,, WS,).*”*® Building upon the advancements in
electrocatalyst-modified photoelectrodes, metal-semiconduc-
tor interfaces emerge as another promising strategy to enhance
charge separation and overall photocatalytic efficiency.>® The
Schottky barrier, formed at the metal-semiconductor interface
hinders the recombination of photogenerated electron-hole
pairs, further promoting charge separation. Due to the differ-
ence in their work functions, electrons flow from the material
with a lower workfunction to the material with a higher work-
function until the Fermi levels between the two materials
align.”® This charge transfer results in the formation of a
depletion region near the interface. In n-type semiconductors,
the depletion region is characterized by upward band bending,
creating an internal electric field that drives photogenerated

metal/semiconductor
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electrons toward the metal and holes toward the semiconduc-
tor bulk. This field effectively separates charge carriers enhan-
cing the efficiency of charge transfer processes. At the same
time, in p-type semiconductors the depletion region exhibits
downward band bending. The resulting electric field directs
holes toward the metal and electrons toward the semiconduc-
tor bulk. Fig. 1 schematically depicts the band-bending process
at a metal-semiconductor interface formed with an n-type
semiconductor.’® This effective separation and selective trans-
fer of charge carriers to the co-catalyst due to the Schottky
barrier formation at the co-catalyst/semiconductor interface
leads to better utilization of the charge carriers (holes and
electrons) for surface reactions (oxidation and reduction), thus
improving the overall efficiency of the system.

2.1 Fabrication and characterization of hybrid Interfaces

A critical aspect of hybrid interface design is understanding
how the specific material combination - including the semi-
conductor type (e.g., TiO,, CdSe, etc.) and the chosen metal (e.g.,
Au, Pt, etc.) - dictates the resulting structure (electronic and
atomic) and properties. The combination of these materials can
influence factors like facet reactivity, lattice constant, and sur-
face defects ultimately guiding the growth and morphology.>®
The desired properties, whether structural, physical, or
chemical, often decide the most suitable synthetic strategy.
Due to its importance in heterogeneous catalysis, the growth of
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Fig. 1 Energy band diagrams of metal and n-type semiconductor contacts. E,,c, vacuum energy; E., energy of conduction band minimum; E,, energy of
valence band maximum; ¢, metal work function; ¢, semiconductor work function; y. electron affinity of the semiconductor.>® Reprinted with

permission from ref. 50. Copyright 2012 American Chemical Society.
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metal on oxide surfaces is an intensively explored area. Most
importantly, this has received much attention since the metal
deposited on an oxide surface can serve as a simple model
system for understanding complex commercial catalysts.>!
Various surface-sensitive techniques were used to extensively
investigate the growth patterns, factors influencing the growth,
and electronic properties of these hybrids.”> Surface science
techniques conducted within UHV environments allow
the precise construction of the hybrid interface and subsequent
investigation of composition, structure, and, electronic
properties.®® The atomically clean surfaces, a prerequisite for
UHV analysis, could be achieved by various techniques, such as
electropolishing, chemical etching, sputtering and subsequent
annealing.’® These well-defined, single-crystal semiconductor
surfaces provide an ideal platform for the deposition of metal
atoms. The controlled growth and organization in the deposi-
tion are significant in achieving defined hybrid interfaces.
Comprehensive characterizations of formed interfaces can
establish an accurate correlation between their atomic and
electronic structure and chemical reactivity.

Well-defined hybrid interfaces can be designed through
various deposition methods. This comprises a range of techni-
ques - from thermal deposition to light-induced photo deposi-
tion for site-selective growth. Physical vapor deposition
(PVD) techniques such as thermal evaporation®>® and
sputtering®>®*®* can be employed for situations requiring
accurate film thickness and composition control. Thermal
evaporation involves heating the target (e.g., resistively via
electron beams or lasers)* to induce sublimation and subse-
quent condensation onto a cooler substrate.®* Sputtering, in
contrast, bombards the target with high-energy ions (often
argon) from a plasma source, ejecting atoms that deposit as a
thin film. Sputtering offers distinct advantages over evapora-
tion enabling deposition of high melting point materials,
superior control over film stoichiometry, and the ability to
deposit insulators. Both of these methods allow the deposition
of a wide range of materials while offering excellent control
over film uniformity.®>®® For instance, PVD allows for the
deposition of a heterojunction layer, enhancing the device’s
charge separation efficiency.

Chemical vapor deposition (CVD) is another technique that
offers similar advantages in precise control and allows for
deposition on complex geometries.®” This technique controls
a series of gas-phase reactions, transforming precursors into a
solid film on a heated substrate.®® CVD is an effective method
for constructing metal-decorated structures with clean inter-
faces, unlike other methods, such as photo-deposition, which
often requires surfactants.®® The clean interface contact can
maximize the photocatalytic activity. Various advanced CVD
methods include atmospheric-pressure CVD (APCVD), low-
pressure CVD (LPCVD), and plasma-enhanced CVD (PECVD),
which have advantages over the traditional one.”® For example,
PECVD uses plasma to activate precursor molecules, lowering
the deposition temperature compared to thermal CVD. This
helps integrate temperature-sensitive materials into hybrid
structures. However, this method has some limitations,
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including safety concerns with some precursors and limited
precursor availability for specific materials.®®

Unlike CVD, atomic layer deposition (ALD) relies on the
alternating introduction of gaseous precursors, enabling a self-
limiting surface reaction mechanism for controlling film
thickness.”® This high level of control translates to highly
conformal films ensuring constant coverage even on complex,
high-aspect-ratio structures. Precursors in ALD must exhibit
high reactivity, possess surface termination groups generating
volatile byproducts upon reaction with the substrate, and dis-
play a self-limiting surface reaction mechanism. Common
precursors include metal halides, alkoxides, hydrides, and
metal organics, while oxygen and nitrogen sources are
employed for depositing oxides and nitrides, respectively.”
The uniformity and conformality of deposited films with ALD
ensure consistent performance across the overall surface.”* The
technique’s low-temperature nature minimizes thermal stress
on sensitive substrates and promotes film adhesion. However,
the slow growth rate compared to other methods and the
wastage of a significant portion (up to 60%) of the precursor
material are drawbacks of ALD.”*

Photodeposition, also known as photoreduction or photo-
chemical chemical deposition, is another method employed in
fabricating hybrid surfaces. It uses light-mediated control to
initiate and progress deposition.”” Photodeposition offers a
simple, environmentally friendly alternative to complex mate-
rial synthesis methods requiring only basic reaction setups and
mild conditions.

New interfaces created through these deposition procedures
require various surface-sensitive techniques that can precisely
define the interface between a substrate and deposited
materials. These techniques, which rely on different funda-
mental principles, are extensively discussed in numerous
books®”"*7® and reviews.”*®* Techniques like low-energy elec-
tron diffraction (LEED),*® Auger electron spectroscopy (AES),
and scanning tunneling microscopy (STM)® play a central role
in characterizing substrate surfaces prior to deposition. LEED
analysis provides visualization of diffraction patterns and the
crystalline structure of the surface, typically employing elec-
trons of energy 10-500 eV.*® Visual inspection of the LEED
pattern alone provides insights into the surface unit cell and
long-range order,® revealing details such as surface defects®®
and surface reconstructions that can significantly influence the
growth mode of metal islands.®” Using AES as a complementary
technique to LEED can characterize the surface elemental
composition, revealing vital information like oxygen vacancies
and surface contaminants.®® LEED imaging, as illustrated in
Fig. 2 for ultra-thin Cu films on TiO,(110), can study the
geometrical structure and growth of metal films on metal oxide
surfaces.® As Cu coverage increases beyond 7 A, substrate spots
diminish while the hexagonal Cu pattern intensifies.* Notably,
the rectangular TiO,(110) diffraction pattern completely disap-
peared for Cu coverages exceeding 50 A. The LEED study
revealed initial layer-by-layer growth followed by Cu atom
agglomeration upon reaching a critical thickness and the
preferential alignment of Cu atoms along the [110] direction.
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Fig. 2 The evolution of LEED patterns from a TiO,(110) surface as a
function of deposition thickness dc,, of Cu deposited at room temperature.
(@ dc, =7A Ey=123.4¢eV; (b) dcu, = 15 A, E, = 1242 eV; () dcy, = 50 A,
E, = 122.8 eV; (d) the (c) surface flash heated at 160 °C for 5 min. £, =
119.6 eV.%° Adapted with permission from ref. 89. Copyright 1989 Elsevier.

Analogous to LEED, in situ reflection high-energy electron
diffraction (RHEED) measurements provide real-time data on
the progressive changes in the film’s microscopic structure as it
grows.”® It also gives the relative positions of atoms on the
surface, like LEED, with diffraction of electrons in the
10-100 keV range (high energy electrons).’* It provides detailed
information about the early stages of metal growth, including
epitaxial relationships and crystallographic parameters up to
the formation of complete overlayers.””> RHEED’s high surface
sensitivity allows for precise investigation of strain relaxation
processes. It can accurately measure lateral lattice parameter
changes and monitor growth mode through intensity oscilla-
tions of RHEED spots.”®

At the same time, STM provides unparalleled atomic-scale
resolution, visualizing surface defects and adatom positions. It
directly reveals local processes during early growth stages and
enables the study of kinetics and morphology of both single
adatoms and larger islands.”® As a direct imaging technique,
STM is best suited for studying the nucleation behavior
of metals on model catalysts. An STM study of the initial
growth stages of Fe/GaAs(110) revealed the preferential
adsorption sites of Fe adatoms on the As-rich surface, which
provides crucial information on their diffusion and nucleation
behavior.” This technique’s ability to directly visualize film
morphology under various deposition parameters, including
temperature and subsequent annealing treatments, makes
it invaluable for investigating the evolution and structure of
interfaces.?® Variable-temperature STM studies can probe
growth from submonolayer to multilayer regimes. This
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technique has revealed surface alloy formation between Cu
and Ag, even at temperatures as low as 300 K.°®

Due to its sensitivity to the outermost atomic layer, low-
energy ion scattering (LEIS) is employed to elucidate model
surfaces’ structural and compositional evolution.®” Using LEIS
and STM, the growth mode of Ag metal on TiO, was investi-
gated. A linear correlation between the LEIS peak area and
metal exposure indicates layer-by-layer growth, while a non-
linear relationship suggests a 3D growth.”®

Insights into the electronic excitations at the interface,
revealing the interaction between deposited metal atoms and
surface defect sites, can be gained from electron energy-loss
spectroscopy (EELS) analysis. EELS measures the energy dis-
tribution of electrons that have lost energy upon interacting
with a sample.”® EELS analysis revealed a strong interaction
between deposited copper and the MgO surface during the
initial stages of film growth.'® Combining LEED and EELS
results, the growth mode was elucidated, and Mg** vacancy
sites were identified as nucleation centers, further confirming
the strong interaction observed between copper and the MgO
surface."’

X-ray photoelectron spectroscopy (XPS) is a spectroscopic
technique for studying interface electronic properties that
utilizes X-ray photons to eject core electrons from a surface.
XPS is widely used to monitor growth processes by tracking
changes in signal intensities, including the diminishing of
substrate signals and the emergence of adsorbate signals.”
Unlike EELS, which probes electronic excitations using a beam
of electrons, XPS directly analyses the core-level electron bind-
ing energies.*® It's an excellent technique for studying the
chemical interactions between the deposited metal and sub-
strate since the binding energy shifts directly indicate changes
in the electronic properties of both metal and substrate.”® The
electron transfer and band-bending phenomena that occur at
the interface can be investigated using this technique.'®"*%?
The initial growth mode and subsequent morphological evolu-
tion of metal films on oxide substrates were studied as a
function of substrate temperature, deposition rate, and surface
defects, and a kinetic model for this process was developed
with the combined application of XPS and LEIS.>® The balance
of interfacial and surface energies plays a significant role in
determining the growth mode of metal islands on a substrate
material.'® These surface-sensitive techniques have enabled a
deep understanding of the surface structure and its evolution,
including the synergy between metal adatoms, their diffusion
on the semiconductor surface, and the subsequent nucleation
and growth of metal islands in model systems.'®* An in-depth
understanding of the growth processes at the metal-semicon-
ductor interface can help with its precise fabrication. The
deposition and annealing temperatures influence the metal
film’s thermal stability and morphology.’®> As metal atoms
get deposited on the semiconductor surface, their interaction
strength with the underlying atoms dictates their mobility.'*®
Factors like surface contaminants and the kinetic energy of the
incoming metal atoms can significantly affect growth behavior.
The substrate temperature can also significantly influence the
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orientation relationship of metal with the support.'®” Metal
island sizes, densities, and size distributions can also be found
to be controlled by deposition temperature and deposition rate
for a variety of different metals deposited on oxide surfaces.>
Numerous studies explored the growth of metal on well-defined
metal oxide surfaces, highlighting its importance.®®"%%'%°

A clear picture of the structure-function relationship can be
explained by correlating the atomic structure with the compre-
hensively characterized surface by employing surface-sensitive
techniques with reactivity work. The interaction of the reactant
with the catalyst surface is of primary importance in catalytic
reaction systems. Recent studies have revealed that the stability
of reaction intermediates on the catalyst surface dictates the
reaction pathway and product selectivity."'® Small-molecule
probes for surface adsorption studies give detailed insights
into surface-adsorbate interaction, including surface structure,
active sites, and reaction mechanisms that are often challen-
ging to study with other techniques. The next section will
discuss how small molecules are used for current model
systems and their applicability to hybrid systems.

3. Small molecule probes for
investigating surface chemistry

Small molecule adsorption is a well-established technique for
investigating the surface chemistry and reactivity of catalyst
materials. In hybrid interfaces, adsorption is advantageous
because it allows for precisely characterizing the local atomic
arrangement, chemistry and electronic properties of the
complex surfaces.'™ Various adsorption techniques, such as
temperature programmed desorption (TPD), temperature pro-
grammed reaction (TPR), and reflection absorption infrared
spectroscopy (RAIRS), provide complementary information.
Various probe molecules are used, each providing distinct
information about the surfaces. Carbon monoxide (CO) is a
popular probe due to its unique interactions with surfaces
arising from its electronic and vibrational characteristics.'"?
The lone pair electrons in CO readily engage with metal
surfaces, serving as a potent tool for studying surface electronic
properties."”® A large body of work has been done on CO
adsorption on well-defined single crystal surfaces using tech-
niques such as RAIRS and TPD.""*'*°

RAIRS offers a detailed analysis of a molecule’s vibrational
spectrum upon adsorption, providing insights into its bonding
geometry and surface electronic properties.’***?® A character-
istic peak in the RAIRS spectrum corresponds to a specific
adsorption configuration on a flat, uniform surface. In con-
trast, adsorption on defects or steps can shift the peak position
or cause additional peaks to appear.’*" This difference arises
from the change in the bonding between the molecule and the
substrate.’*® These spectral patterns distinctively identify dif-
ferent adsorption sites on the surface, each characterized by
specific binding energies and geometric configurations. TPD
provides complementary information to RAIRS and involves
monitoring the desorption process as the sample temperature

4030 | Phys. Chem. Chem. Phys., 2025, 27, 4025-4044

View Article Online

PCCP

increases. The concentration of desorbing molecules is
observed as a function of temperature, revealing the strength
of the interaction between the adsorbed molecule and the
surface.”*™'%> A single desorption peak in the TPD profile
signifies a homogeneous surface with a uniform binding energy
for the adsorbate.”® Conversely, a broader profile with
multiple peaks indicates a heterogeneous surface with diverse
binding sites.">® TPD enables the kinetic study of various rate
processes on solid surfaces, making it invaluable for investigat-
ing surface phenomena such as adsorbate-induced surface
reconstruction."*”

A comprehensive understanding of the surface structure and
its interaction with CO molecules, which is then correlated with
known catalytic functionalities of the material, can be achieved
by combining TPD and RAIRS. For example, studies comparing
CO adsorption on Pt(111) and Pt(100) surfaces have revealed a
higher tendency for CO dissociation on Pt(100), a crucial step in
many catalytic reactions, and is attributed to the presence of
undercoordinated surface atoms on Pt(100) that weaken the CO
bond."*® The investigations on the influence of surface compo-
sition on CO adsorption behavior offer another valuable dimen-
sion to this characterization technique. Studies employing
RAIRS and TPD have explored how the presence of additional
metals can modify the CO adsorption behavior on bimetallic
surfaces. For instance, compared to pure Cu(100), CO adsorp-
tion on Pd-Cu(100) bimetallic surfaces exhibits a lower wave-
number peak in the RAIRS spectrum, indicating a stronger CO-
metal interaction. The corresponding TPD profile has a higher
desorption temperature, further confirming the enhanced
binding strength (Fig. 3)."'> The IR observations provide
insights into how the electronic structure of bimetallic catalysts
can influence CO back-donation and, consequently, the CO
bond strength."*® Correlating specific CO adsorption behaviors
with known catalytic functionalities can help analyse how sur-
face structure influences reaction mechanisms. For example,
the previously mentioned study comparing Pt(111) and Pt(100)
surfaces showed a higher CO dissociation on Pt(100) due to
weaker CO binding."*® This aligns with undercoordinated sur-
face atoms, facilitating CO dissociation at lower temperatures.
O desorption behavior from TPD can be connected with the
catalyst’s effectiveness for reactions requiring CO dissociation
as a step in the reaction pathway.

By incorporating molecules with diverse chemical proper-
ties, the probe molecule beyond CO can offer complementary
information on surface chemistry and catalysis. Nitric oxide
(NO) is an alternative probe molecule with a weaker dipole
moment."** TPD examined NO dissociation on Pt(100), Pt(411),
and Pt(211) surfaces to study the influence of surface structure
(beyond orbital symmetry) on NO dissociation. These surfaces
possess nearly identical orbital symmetries but differ in
active site densities. The TPD profiles revealed compelling
differences despite comparable NO dissociation (66-70%).
The study showed that while orbital symmetry plays a role,
factors like site density and local atomic arrangements (e.g.,
steps vs. terraces) significantly influence binding energies and
reactivity."*® Thermal desorption can be used to characterize
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Reprinted with permission from ref. 112. Copyright 2008 Elsevier.

surface defects by analysing the desorption profiles."*' TPD
studies on Cu(100) revealed the dependence on surface defects
in water adsorption. Clean Cu(100) surfaces exhibit a single
desorption peak at 162 K, indicative of three-dimensional, ice-
like water clusters forming even at low coverages. This suggests
an interaction between water and the pristine Cu(100)
surface."*> However, introducing defects through sputtering
creates additional binding sites, leading to a new desorption
peak at 177 K attributed to water clusters bound at these defect
sites. These water clusters exhibited stronger hydrogen bond-
ing than those on defect-free surfaces, as revealed by high-
resolution electron energy loss spectroscopy (HREELS). This
observation aligns with the notion that defect sites can enhance
molecule-surface interactions by providing localized regions
with altered electronic properties.’** A comparative analysis of
TPD studies on Pt(553) and TiO,(110) surfaces can further
emphasize the influence of surface composition on water
adsorption.'**'** Pre-adsorbed oxygen atoms (O,q) on Pt(553)
significantly influenced the water desorption profile. Multiple
peaks suggest the formation of various water/OH hydrogen-
bonded networks, revealing the synergy between water and
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pre-adsorbed species. Adsorbed oxygen can act as anchoring
sites for water molecules, altering their bonding configurations
and desorption behavior.’** In contrast, TPD results on
TiO,(110) suggest that water primarily adsorbs molecularly at
low exposures, with minimal dissociation to form hydroxyl
groups.'® This behavior contrasts with Pt(553), where water
dissociation is more prevalent at high coverages."** These
observations emphasize the dependence of water interaction
on the surface chemical nature. The co-adsorption study of CO
and H,O on Au(310) illustrated how water adsorption could
modify the surface reactivity towards other adsorbates with
isotopic labeling (**CO). The presence of water hinders CO
oxidation at lower temperatures, likely due to forming a hydra-
tion shell around reactive oxygen species generated from water
dissociation.'®® The initial stages of water adsorption on weakly
interacting surfaces were studied using STM on Au(111), which
showed the formation of planar and amorphous water mono-
layer films at low temperatures. Interestingly, water clusters
were only observed on top of this amorphous film, suggesting
its role as a precursor for multilayer formation.'*® Another
example of TPD’s ability to investigate surface reactivity comes
from the observation of water dissociation on SrTiO;(100)
surfaces. Molecular adsorption on stoichiometric surfaces sug-
gests the role of bridging oxygen atoms in facilitating water
dissociation.'®” Bridging oxygen atoms aids water dissociation
by forming hydrogen bonds with water molecules, weakening
the O-H bonds. This effect is more pronounced on surfaces like
TiO,(100), where multiple hydrogen bonding interactions can
occur. In contrast, surfaces like TiO,(110) and SrTiOz(100)
exhibit weaker water adsorption and limited dissociation due
to the absence or reduced number of bridging oxygen atoms."*’
TPD has been employed to investigate various molecular
adsorption and desorption behaviors on catalyst surfaces,
including 02,127,138—140 H2,141_143 N2,144—146 CH3OH,135‘147’148
and others.

Insights on how these small molecules interact with catalyst
surfaces are crucial in heterogeneous catalysis. Extensive
research has demonstrated the potential of adsorption studies
in elucidating surface structure and reactions. While this sec-
tion focuses on non-light-activated heterogeneous systems, the
information from these studies is valuable in investigating
complex hybrid materials using desorption techniques. The
distinct desorption behavior revealed by CO-TPD corresponded
to different primary surface sites that are important for reactant
activation.>***° Analyzing the position and intensity of the TPD
peaks can distinguish the type of reaction sites. Additionally,
H,-TPD provides valuable insights into the interaction between
metal and semiconductor components. For example, H,-TPD
studies on Cu/ZnO catalysts, where hydrogen spillover from Cu
to ZnO, provide evidence for metal-support interactions."*® The
emergence of a low-temperature desorption peak and the
enhancement of a high-temperature peak in Cu-containing
catalysts suggest a spillover mechanism. Hydrogen dissociates
on Cu or at the Cu-ZnO interface, spilling over to ZnO, where
it can adsorb and recombine."® Similarly, in Mn-Ce oxides
supported on TiO, for formaldehyde oxidation, H,-TPD
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indicated a greater abundance of readily reducible surface
oxygen species, crucial for the reaction.'” NH;-TPD revealed
that the acidic site distribution correlated with the observed
catalytic behavior.>*"*? Correlating TPD results with data from
complementary characterization techniques like XPS, AES, and
FT-IR provides a comprehensive understanding of how surface
structure and composition influence photocatalytic activity.

XPS identifies surface metal species’ oxidation state and
electronic structure on hybrid catalysts. In the case of Cu/ZnO
catalysts for CO, hydrogenation, XPS analysis identified the
presence of metallic Cu (Cu®) as the primary active species for
CO, hydrogenation. Cu (LMM) AES confirmed the identifi-
cation of Cu® in the CO, hydrogenation study, a technique that
can differentiate Cu’ from Cu” based on subtle differences in
their Auger electron energy.'*® Fe/ZnO catalysts decorated with
hydroxyl (-OH) and alkyl (-R) groups for CO, hydrogenation,
CO,-TPD revealed the creation of strong basic sites upon
modification.'”® Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) analysis identified surface-bound carbo-
nate species formed during CO, adsorption, offering valuable
clues about the reaction mechanism."*® Similarly, in the study
on Cu(111) and Zn-Cu(111) surfaces for methanol adsorption,
XPS revealed similar chemical states for methanol on both
surfaces. However, the presence of Zn on Zn-Cu(111) surfaces,
as evidenced by XPS, modified the interaction between metha-
nol and the surface, potentially by altering the electronic
properties or introducing new binding sites, emphasizing
the importance of surface composition in influencing small
molecule adsorption (Fig. 4).'*> Studies on the influence of
reduction environments highlight the importance of under-
standing the spatial arrangement of active sites within the
hybrid material and its identification.”®® CO-TPD, N,O-
titration, and FTIR revealed a dual-site reaction pathway.">
Similarly, reduction modifies the surface morphology, poten-
tially influencing adsorption behavior as identified through
TPD analysis."™*

The investigation of Pd/Ag(111) single-atom alloys (SAAs)
using CO-RAIRS and TPD also exemplifies the power of small
molecule adsorption in characterizing complex hybrid surfaces.
The study establishes CO as a probe molecule to identify
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isolated Pd atoms and quantify their concentration on the Ag
surface. The observed CO desorption peaks and their depen-
dence on Pd coverage and temperature reveal the dynamics of
Pd aggregation and subsurface diffusion. Additionally, H,-TPD
experiments provide insights into H, dissociation on Pd/
Ag(111) SAAs.™° By correlating TPD data with surface composi-
tion information from synchrotron X-ray photoelectron spectro-
scopy (SXPS), the researchers elucidated the dependence of
water and CO interactions on ceria oxidation state and the
influence of Rh deposition by investigating the adsorption
behavior of water and CO on ceria thin films with varying
oxidation states."” Rhodium (Rh) significantly impacted how
water interacts with ceria. The observation from TPD is corro-
borated by SXPS analysis, suggesting minimal interaction
between water and oxidized ceria, while reduced ceria can store
oxygen derived from water dissociation.’®” Rh on oxidized ceria
did not alter water adsorption. Still, it facilitated H, production
from hydroxyls on reduced ceria at lower temperatures, imply-
ing that Rh promotes oxygen removal from hydroxyls, poten-
tially through hydrogen spillover. CO adsorption studies
revealed that the oxidation state of ceria also influences the
interaction between CO and co-adsorbed water. Co-adsorbed
water enhances CO dissociation and its subsequent reaction
with surface oxygen. CO desorption temperature and the extent
of dissociation varied with the oxidation state. Notably, co-
adsorbed water did not affect the desorption of molecular CO
from Rh sites, indicating a lack of interference with CO
adsorption on Rh."”’

4. Photoabsorbers — surface
adsorption studies

The initial step in photocatalysis is the adsorption of reactant
molecules onto the catalyst surface. For example, in photoca-
talytic CO, reduction, chemisorption can occur via several
mechanisms: Lewis acid sites accepting electrons from the
CO, oxygen atom, Lewis basic sites donating electrons to a
CO, carbon atom, or a combination of both, leading to a mixed-
coordination structure.'® Following adsorption, multi-electron
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Fig. 4 CO,-TPD (a) and H,-TPD (b) profiles of CO-activated catalysts.1>? Reprinted with permission from ref. 152. Copyright 2024 Elsevier.
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transfer processes can reduce the molecule to various products
such as CO, formic acid, formaldehyde, methanol, methane,
ethylene, or ethanol.'” UHV-based surface science studies that
use well-defined single crystals can provide direct evidence for
the elementary processes of photocatalytic chemistry at the
model interfaces."®

Small molecule adsorption studies on photocatalytic reac-
tions offer valuable insights into the interaction between reac-
tants, intermediates, and the photocatalyst surface. An
important example of this is shown by Friend and co-workers,
wherein they employed TPR to assess the photocatalytic oxida-
tion of formaldehyde on rutile TiO,(110) single crystals with a
focus on the influence of surface reduction and oxygen ada-
toms and their results demonstrate a strong correlation
between the presence of oxygen adatoms and efficient formate
production, the primary product of formaldehyde photo-
oxidation on rutile TiO,(110).'°" This work highlights the
critical role of surface and near-surface defects in photocataly-
tic formaldehyde oxidation (FCO). TPR revealed that oxygen
adatoms (O,q) on highly reduced TiO, surfaces significantly
enhance FCO efficiency. Conversely, bridging oxygen vacancies
and subsurface Ti*" defects hinder the reaction by trapping
photogenerated holes.'®" The oxygen adatoms on rutile TiO,
have also been shown to play an important role in facilitating
the photochemistry of ketones via complex formation and
photoactivation on this surface."*" The observed reaction path-
way indicated an excited-state mechanism, suggesting the
importance of considering excited-state dynamics when study-
ing reactions on TiO,."*' Another study from the same group
reported the formation of methyl formate, a product not
previously detected in the photo-oxidation of methanol.'®* This
study demonstrated that temperature plays a significant role in
determining the product distribution. At lower temperatures
(240 K), the formation of methyl formate is favoured, while at
higher temperatures (300 K), formaldehyde is the primary
product suggesting that the reaction mechanism involves a
competition between different pathways. Oxygen adatoms were
found to be take part in the activation of methanol, leading to
the formation of methoxy species; however, subsequent photo-
chemical steps involving the oxidation of methoxy and formal-
dehyde do not require the presence of oxygen adatoms. Instead,
the photogenerated holes on the TiO, surface drive these
reactions. Notably, methyl formate formed at low temperatures,
was found to be trapped on the surface, which in turn can
significantly influence the overall product distribution and the
efficiency of the photocatalytic process.'®® The significant
influence of temperature on reaction selectivity in the photo-
catalytic oxidation of isobutanol was elucidated with combined
TPD and reactivity studies.'®® At lower temperatures, the
primary photoproduct, isobutanal, can undergo further photo-
oxidation to form propane and CO. However, at higher tem-
peratures isobutanal desorbs before undergoing secondary
reactions leading to a different product distribution. This
temperature-dependent product selectivity is because the ther-
mal desorption of the initial photoproduct competes with a
subsequent photochemical reaction. In the case of isobutanol,
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the products formed at 240 K significantly differ from those
formed at 300 K, emphasizing the necessity of elucidating the
elementary steps involved in photochemical reactions.'®

Studies employing STM have revealed light-induced surface
reconstructions at the atomic scale in transition metal
oxides (TMOs), particularly in TiO,. These reconstructions
can significantly impact the adsorption behavior of small
molecules, thereby influencing photocatalytic reaction rates
and selectivities."®" One such study investigated the effect of
UV radiation on the (1 x 1) and (1 x 2) terminations of the
TiO,(110) single-crystal surface.'® Their findings highlight the
dependence of surface structure on UV-induced defect for-
mation. The (1 x 1) surface exhibited remarkable resilience
to UV irradiation, with no statistically significant changes
observed in surface morphology or pre-existing oxygen vacancy
densities. This suggests that under these conditions, UV
photons might lack the energy threshold required to dislodge
bridging oxygen atoms on the (1 x 1) surface. In contrast, the
(1 x 2) surface substantially responded to UV exposure. The
characteristic STM revealed the emergence of well-defined line
defects propagating along specific crystallographic directions.
Due to their distinct topographic profile, these defects are
readily distinguishable. The study quantified the efficiency of
UV light in creating these defects on the (1 x 2) surface by
estimating a cross-section of 107>** + 0.2 cm?® photon'. The
authors propose a mechanism involving UV-generated excitons,
where holes become trapped by oxygen anions in the added
rows specific to the (1 x 2) reconstruction while the photo-
generated electrons become delocalized. This partial neutrali-
zation triggers molecular oxygen’s movement and subsequent
release. The increased electrical conductivity of the (1 x 2)
phase compared to the (1 x 1) phase is hypothesized to
enhance exciton-electron delocalization and reduce electron-
hole recombination (Fig. 5).°

Several reviews comprehensively summarize and discuss the
surface photocatalytic chemistry of various molecules, includ-
ing hydrogen, water, oxygen, carbon monoxide, alcohols, alde-
hydes, ketones, and carboxylic acids."®* % These findings offer
valuable insights into understanding and controlling the
adsorption and desorption of small molecules on photocatalyst
surfaces. The light-induced creation of surface defects can alter
the surface electronic structure and introduce new adsorption
sites for small molecules. Depending on the specific defect type
and its interaction with the adsorbate, the adsorption strength
and geometry can be significantly affected. This, in turn, can
influence photocatalytic processes’ reaction kinetics and pro-
duct selectivity. For instance, oxygen vacancies might create
stronger adsorption sites for specific reactant molecules, pro-
moting their activation and facilitating the photocatalytic
reaction.*® A recent study investigated the influence of tem-
perature and methanol surface coverage on the kinetics of its
photocatalytic reaction on the rutile TiO,(110)-(1 x 1)
surface.'® This reaction is proposed to be a step-wise reaction
with the initiation of the photocatalytic oxidation from metha-
nol, and the rate of the response is affected by temperature,
light intensity, and the coverage of molecules. The combined
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Fig. 5 Effect of UV irradiation on the TiO,(110)-(1 x 1) surface. (a) 30 x 30 nm? empty-state STM image of the clean TiO,(110)-(1 x 1) surface at a sample
bias voltage of +2.5 V and a tunneling current of 0.035 nA; (b) 10 x 10 nm? close-up empty-state STM image of the clean TiO,(110)-(1 x 1) surface (V =
+2.5V, It = 0.035 nA) displaying oxygen vacancies; (c) 30 x 30 nm? empty-state STM image of the irradiated (60 min, 2.7 W cm™2) TiO»(110)-(1 x 1)
surface at a sample bias voltage +2.5 V and a tunneling current of 0.035 nA: (d) 10 x 10 nm? close up empty-state STM image of the irradiated (60 min,
2.7 W cm™2) TiO,(110)-(1 x 1) surface (V = +2.5 V, I+ = 0.035 nA) showing no morphological changes. Effect of UV irradiation on the TiO»(110)-(1 x 2)
surface. (e) 100 x 100 nm? empty-state STM image of the clean TiO,(110)-(1 x 2) surface at a sample bias voltage +3.5 V and a tunneling current of
0.035 nA; (f) 30 x 30 nm? close-up empty-state STM image of the clean TiO,(110)-(1 x 2) surface (V = +3.5V, I+ = 0.035 nA) displaying a typical cross-
linking structure; (g) 100 x 100 nm? empty-state STM image of the irradiated (60 min, 2.7 W cm™2) TiO»(110)-(1 x 2) surface at a sample bias voltage
+3.5V and a tunneling current of 0.035 nA; (h) 30 x 30 nm? close up empty-state STM image of the irradiated (60 min, 2.7 W cm™2) TiO,(110)-(1 x 2)

surface (V = +3.5V, I+ = 0.035 nA) showing morphological changes.’®®> Reprinted with permission from ref. 165. Copyright 2003 Elsevier.

application of STM and TPD resolved conflicting observations
regarding product formation, underscoring the significance of
the reverse reaction. The study also revealed that light intensity
can be optimized and that the kinetics of response transition
from 1D to 2D fractal behavior as coverage increases.'*®

Due to the complex physical, chemical, and electrical pro-
cesses involved in solar energy conversion reactions, an in-
depth understanding of the mechanism is essential for design-
ing efficient materials for PC and PEC. Small molecule probes
are shown to be valuable tools for this purpose. Au clusters on
rutile-TiO,(110) surfaces catalyze photocatalytic hydrogen pro-
duction from methanol."”® Using deuterated methanol, the
study revealed that Au clusters efficiently dissociate methanol
at low temperatures (below 150 K) (Fig. 6). The adsorption and
dissociation of deuterated methanol on Au/TiO, surfaces. By
analyzing the desorption spectra, the researchers observed that
gold clusters significantly lowered the temperature required for
methanol dissociation, allowing efficient dissociation at tem-
peratures as low as 150 K, revealing that gold clusters promote
the activation of methanol molecules and reduce the energy
barrier for bond breaking.'”®

Another important study on Pt/TiO,(110) also shows the
significance of detailed surface structure investigations using
small molecule adsorption.’®® TPD (Fig. 7) and UPS
analyses demonstrated that Pt deposition alters the surface
structure and modifies reactant/product interactions. Pt pre-
ferentially adsorbs at oxygen vacancy sites, facilitating

4034 | Phys. Chem. Chem. Phys., 2025, 27, 4025-4044

dissociative methanol adsorption and promoting water
desorption at lower temperatures. This enhances hydrogen
production and potentially hinders H recombination with
formaldehyde, leading to increased reaction.'®’

To distinguish between thermally driven and photo-driven
reaction pathways, a combination of isothermal photoreac-
tions, TPD, and post-irradiation TPDs were used in the
photocatalytic conversion of methanol on Pt/TiO,(110)."*”
Interestingly, the photo-oxidation of methoxy on TiO, was
independent of Pt co-catalyst loading within the investigated
range (1%), suggesting that photo-oxidation is the rate-
determining step in hydrogen evolution from methanol, contra-
dictory to previous observations.'®® TPD experiments in this
study offer kinetic evidence that the photocatalyst’s surface
reaction Kkinetics are significant in governing the overall
conversion and selectivity observed during photocatalytic
reactions.""’

Furthermore, modulating Pt co-catalyst facet geometry and
employing F~ pre-admission improves hydrogen generation
from water splitting."”" F~ pre-adsorption on Pt(111) facets
effectively inhibits H,/O, recombination, boosting hydrogen
generation. This is due to F— preferentially occupying top sites
on Pt(111), blocking nearby bridge sites crucial for H, and O,
adsorption and activation. DFT calculations and experimental
results confirm this mechanism. In contrast, pristine Pt/TiO,
suffers from rapid recombination, leading to negligible H,
production. However, F~ incorporation, especially on Pt(111),
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for O (red lines) and 10 min (blue lines) at 100 K. The black dash lines show
the TPD traces of these masses collected after adsorbing 0.65 ML CDsOH
on the clean R-TiO,(110) at 100 K. The Au/R-TiO,(110) surface was
prepared via depositing 0.1 ML Au atoms on R-TiO,(110), followed by
annealing to 800 K for 1 min. The photon flux of 355 nm light is 1.3 x 10Y
photons cm~2 s~*7! Reprinted with permission from ref. 170. Copyright
2020 American Chemical Society.
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significantly enhances photocatalytic activity by suppressing
recombination. Isotope labeling experiments verify that the
generated H, and O, originate solely from water splitting.
XPS and TPD of H, and O, confirmed weaker H,/O, adsorption
on F/Pt(111)/TiO, compared to F/Pt(100)/TiO,.'”* All this
research highlights the growing interest in using small mole-
cule adsorption techniques to understand light-induced reac-
tions using well-defined hybrid systems.

5. Electrocatalysts — surface adsorption
studies

Throughout the earlier portions of this perspective, there has
been a significant focus on studies under UHV conditions;
however, adsorption at the metal or semiconductor/liquid
interface is deeply consequential to the desired catalytic or
photocatalytic outcome. Reactant adsorption is the initial step
in surface redox reactions, generally occurring upon contact
between semiconductor photoelectrodes and electrolytes.”
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Several factors, such as the surface interaction with solvent
molecules, must be considered when discussing adsorption
behavior. Importantly, adsorption at the electrode surface is
a replacement reaction and a high electric field localized
close to the electrode surface is possible even with a low
external voltage.'”® Various factors affect this adsorption pro-
cess, including solvent (solvent displacement, desolvation),"”*
applied potential,"”* pH,"”®> and temperature'’® (Fig. 8). The
atomic arrangement of the surface significantly impacts the
adsorption of reactant molecules."””” This initial adsorption
influences subsequent adsorption events and can affect the
pathways for charge carrier transport."”®

Well-defined single crystal electrodes are essential in sys-
tematically studying the structure-reactivity relationship.'”
Numerous studies have demonstrated the effect of surface
adsorption in electrochemical reactions employing model
surfaces.'®*"'#* Studies conducted by Feliu and co-workers have
revealed the electrochemical behavior of surface adsorption on
well-defined platinum surfaces.'®® The voltammetric profile of
adsorbed CO on Pt(111) in the acidic solution has revealed
complex adsorption behaviors of CO and sulfate anions influ-
enced by surface order and charge density.'®* It showed two
distinct distributions: type I, where small, easily oxidizable CO
islands allow for small CO-free domains at low coverage, and
type II, appearing at high coverage that coexists with type I at
intermediate coverage. Type II forms large, compact CO
domains with significant CO-free (111) areas, even at similar
overall CO coverage to type 1. Both types exhibit a mixture of
linearly and bridge-bonded CO, with linear bonding dominat-
ing when hydrogen adsorption sites are entirely blocked. The
maximum CO coverage appeared to be one CO molecule per Pt
atom.'®* The desorption of sulfate anions on Pt(111) electrodes
is unusual due to its sensitivity to surface order and unique
charge density."®® Two distinct processes occur that may be
influenced by capacitive and faradaic processes. The charge
densities involved in sulfate anion desorption were investigated
by studying CO adsorption and comparing it to voltammetric
measurements. While the exact nature of these processes
remains unclear, the impact of surface order on the bonding
of sulfate anions to the Pt(111) surface was elucidated.'®® In
investigating the oxidation of CO on a Pt single crystal surface,
it was also found that CO preferentially adsorbs on step sites,
blocking hydrogen adsorption.'®® Surfaces with higher step
densities, such as Pt(553) and Pt(554), exhibited lower over-
potentials for CO oxidation compared to Pt(111). The increased
catalytic activity of Pt(553) and Pt(554) is due to the increased
formation of oxygen-containing species on step sites.’®® Step
sites on Pt(111) surfaces promotes the formation of oxygen-
containing species, thereby accelerating the electrochemical
oxidation of CO adlayers."®” The kinetics of this CO oxidation
followed a Langmuir-Hinshelwood mechanism involving the
reaction between adsorbed CO and OH species. At low CO
coverages, the reaction proceeds through a different mecha-
nism, possibly involving direct oxidation of CO by water mole-
cules. Additionally, surface defects can act as active sites,
influencing the kinetics of CO oxidation.'®” Another recent
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Fig. 7 TPD spectra from 0.5 ML methanol covered (L) clean and (R) 0.058 ML Pt-loaded TiO,(110), respectively, as a function of 380 nm light
illumination. The average flux of UV irradiation is 1.6 x 108 photons cm™2 s™%. Four masses (m/z = 31 (A and E), 30 (B and F), 18 (C and G), and 2 (D and H))
representing the main products and/or their fragmentation from the photocatalytic chemistry of methanol on clean and Pt-loaded TiO,(110) are shown.
The scales in all the figures are the same while the signal in each figure is multiplied by a value specified at the right bottom corner. Please note the
representative illumination time in the left and right panel are different.X*° Reprinted with permission from ref. 160. Copyright 2018 American Chemical

study provides a detailed analysis of the electrochemical beha-
vior of a Pt(100) single-crystal electrode.'®® By employing tech-
niques like graphene modification and studying stepped
surfaces, distinct adsorption/desorption processes for hydro-
gen, hydroxyl, and anions at specific crystallographic sites are

4036 | Phys. Chem. Chem. Phys., 2025, 27, 4025-4044

identified. Larger cations, like K and Cs', can interact with
adsorbed hydroxyl species, affecting their adsorption energy and
peak potential. Anions, such as sulfate, can specifically adsorb on
the Pt(100) surface, competing with hydroxyl adsorption and
shifting the corresponding peaks to higher potentials.'®®
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Fig. 8 Schematic of the electrochemical interface showing the interac-
tions that must be considered in electrochemical adsorption processes.
Not to scale.'” Reprinted with permission from ref. 174. Copyright 2024
American Chemical Society.

EC single-crystal studies are vital in interpreting the reaction
mechanisms in electrochemical environments. For example,
the methanol oxidation reaction (MOR) on Pt single-crystal
electrodes using cyclic voltammetry (CV) and isotopic labeling
with CD;OH revealed that the reaction mechanism involves the
adsorption of methanol aided by OH species, followed by the
rate-determining step of C-H bond cleavage.'®® Step sites,
particularly (110) steps, improved the reaction rate by promot-
ing OH adsorption. The kinetic isotope effect (KIE) observed
using CD;OH confirms the importance of C-H bond breaking
in the reaction pathway.'®® CV measurements were used to
characterize the adsorption/desorption of hydrogen and OH
species on the Pt surface and to monitor methanol oxidation
and its intermediates."®® The adsorption of OH species on low-
coordinated Pt step sites at low potentials shows that OH
adsorbs on these sites regardless of the step geometry or pH,
with higher coverage on (110) steps than (100) steps. The
potential of zero total charge is influenced by the adsorption
of species on the step sites, particularly for surfaces with longer
terraces.'®® One latest study investigated the effect of pH and
KIE with CV to understand another alcohol oxidation reaction,
formic acid oxidation (FAOR)."" This study employed acetate
adsorption as a model for formate adsorption (owing to the
similarities between the adsorption behavior) to better under-
stand adsorption at the interface and the role of competing
adsorbates like the acetate in the FAOR mechanism.""

Bimetallic surfaces - a step towards hybrid surfaces - have
also been shown to exhibit improved electrocatalytic activity.
Sub-monolayer coverage of Sn on platinum single-crystal elec-
trodes in acidic media enhances ethanol oxidation.'* Platinum
surface structure dictates the optimum Sn coverage, the Sn/
Pt(110) system with the highest activity. Pt surface structure was
also found to decide its further oxidation from acetaldehyde,
with the C-C bond breaking on Pt(110), forming CO,, whereas
Pt(111) lacked such sites, forming acetic acid.'®> A detailed
study on the Pt/Ru(111) system under electrochemical condi-
tions investigated surface adsorption by elucidating a correla-
tion between voltammetric behavior and the electrode surface
process. It revealed the altered adsorption behavior of Pt(111)

This journal is © the Owner Societies 2025
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Fig. 9 Depicted surface processes on Ru/Pt(111) in 0.1 M HClO,.*®
Reprinted with permission from ref. 193. Copyright 2022 American
Chemical Society.

0.6 0.8 1.0

with Ru deposition (Fig. 9). Notably, the electrochemical beha-
vior of Pt/Ru(111) is similar to Ru(0001)."** Interestingly, recent
CV investigation results on the influence of glassware on Cu
single-crystal electrodes have shown that the dissolved glass-
ware can significantly alter the results, highlighting the need to
avoid them in EC analysis."**

A combination of experimental CV analysis and ab initio
simulations illustrated the facet-dependent hydroxyl (OH) fea-
ture, a clear electrochemical distinction between different Cu
crystallographic planes.’> The structure- and electrolyte-
reactivity correlations are comprehensively summarised, dis-
cussing the effect of metal nanoparticle size, loading, composi-
tion, stability, support, defects, and crystal facets.''® Unifying
factors have been illustrated in the reactivity of surfaces in UHV
and electrochemical environments."”> However, in-depth
research is still needed to comprehensively understand elec-
trode surface reactivity, considering the influence of additional
factors on surface adsorption.

These works highlight the significant role of electrode sur-
face adsorption and the importance of well-defined materials in
understanding the crucial surface reactions in electrocatalysis.
Many studies emphasize the critical role of atomic-scale surface
structure with in-depth investigations in understanding photo
and electrocatalysis on single-crystal metal surfaces.'>*"%°71%8

6. Photoelectrocatalysts — surface
studies

While significant progress has been made in the fields of PC
and EC surface studies, PEC studies involving well-defined
surfaces remain relatively limited. As in the case of PC and
EC reactions, single crystal studies in PEC allow for precise
control over the exposed surface orientation, eliminating the
influence of grain boundaries and other structural defects
and allowing for a clear understanding of the relationship
between facet orientation, electronic properties, and catalytic
performance.'®® Single crystal studies in PEC are mostly
employed to study charge transfer dynamics and stability. For
instance, studies on SrTiO; have shown that the presence of
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hydroxide ions on the surface enhances PEC hydrogen evolu-
tion by promoting charge transfer and the generation of
reactive oxygen species.”®® Favorable surface states on the
semiconductor promote charge transfer and separation,
improving the process. Conversely, unfavorable surface states
trap charge carriers, leading to recombination.”®® The facet
dependence on charge transfer has also been shown in PEC
reactions.”®’ The orientation of a crystal facet significantly
influences its ability to facilitate charge separation and trans-
fer. Variations in work function have been attributed to the

View Article Online

PCCP

facet-dependent water oxidation activity of SiTiOz. The (111)
facet, with its higher work function, exhibits superior hole
accumulation, leading to enhanced photocurrent and photo-
voltage, followed by (110) and (100) facets.'®® This efficient
charge separation prevented recombination and enhanced the
photocatalytic activity."*®

Defects can introduce new electronic states that broaden the
light absorption range, but they can also act as recombination
centers, hindering charge carrier separation and transport. For
example, oxygen vacancies in hematite can improve light
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Fig. 10 Photoelectrochemical charge transport and charge transfer plots. (a) Schematic representations of the different photoanodes under study and
associated equivalent circuit (EC) used to fit the electrochemical impedance spectroscopy (EIS) data. The EC of a-Fe,O3/NiO4-H is implemented with an
additional Warburg element (Zy) if compared with a-Fe,Oz and a-Fe,O3/NiO,-L electrodes. Electrical parameters are defined as the resistance and
capacitance of the electrode/electrolyte interface (Rinterface aNd Cinterface: r€spectively) and of the space-charge layer (Rpui and Cpui, respectively); Rs is
the resistance associated with Ohmic losses in the electrolyte. (b) Trend of resistance at the electrode/electrolyte interface Rinterface VS. the potential of
bare hematite, a-Fe,O3/NiO,-L, and a-Fe,O3/NiO,-H electrodes. (c) Trend of capacitance at the electrode/electrolyte interface Cinterface VS the potential
of bare hematite, a-Fe,O3/NiO,-L, and a-Fe,Os/NiO,-H electrodes.?%® Reprinted with permission from ref. 207. Copyright 2020 American Chemical
Society. (d) Amperometric /-t curves of the BiVO, and CoBi/BiVO, electrodes at 0.4 V vs. SCE in 0.5 M Na,SOy4 (adjusted to pH 9) and 0.2 M sodium
borate (buffered at pH 9) electrolyte. Light source: 300 W Xe lamp (I > 420 nm).2°° Reprinted from ref. 208 with permission from the PCCP Owner
Societies.
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absorption but can also compromise stability.”*> Balancing the
benefits of defect engineering with the need for long-term
stability is crucial for optimizing PEC performance. ZnO single
crystals provide another example. Despite the wider light
absorption range due to native defects, as-grown ZnO exhibits
higher photocurrent density and efficiency than the oxygen-
annealed crystals,”®® which is due to reduced electron-hole
recombination in this system. However, these defects also
make the crystals susceptible to photocorrosion. While oxygen
annealing improved the crystal’s stability, it reduced its light
absorption and overall efficiency.”®® Likewise, the polar
Zn0O(0001) surface, stabilized by hydrogen adsorption, exhibits
higher water-splitting activity but is susceptible to photo
corrosion.”® In contrast, the nonpolar Zn0O(1010) surface is
more stable but less active.***

Similar to electrocatalytic systems, PEC systems often use
adsorption studies to understand how surface interactions
influence reactivity. Materials with high surface areas and
specific functional groups, such as Lewis acid sites, use NH;
desorption analysis to probe the surfaces and, thus, the
strength of adsorption of reactance molecules for PEC reac-
tions. The increased adsorption concentrates reactants near the
photocatalyst surface, enhancing the overall efficiency of these
systems.?®> For instance, improved chemisorption of reactant
N, molecule was observed on hybrid Au-coupled TiO,, attrib-
uted to increased oxygen vacancies and the unique morphology
on this surface.’®® This strong N, adsorption facilitates the
transfer of photogenerated electrons to adsorbed N, molecules
and promotes subsequent reduction reactions, thus enhancing
the efficiency of this PEC system.?°® The PEC analysis, linear
sweep voltammetry (LSV) results showed increased photocur-
rent densities under N, atmosphere, revealing efficient charge
separation and injection. Lower charge transfer resistance was
observed in EIS measurements, suggesting improved interfacial
charge transfer kinetics.”®

Most electrocatalyst-modified (hybrid) photoelectrodes have
shown increased photocurrent density at a given potential,
reduced onset over potential, and improved charge carrier
separation, transport, and surface reaction kinetics.*>?
Fig. 10(b) and (c) show how adding an electrocatalyst (NiOx)
improves the performance of a photoanode (hematite) with
photoelectrochemical impedance spectroscopy (PEIS).”°® The
NiO,-coated hematite photoanodes exhibited significantly
lower interface resistance than bare hematite, showing the
NiOj layer acts as an efficient electrocatalyst, facilitating charge
transfer at the interface and reducing the energy barrier for the
water oxidation reaction. The increased charge storage capacity
due to the NiO, layer is reflected in the higher interface
capacitance values observed in the EIS data.*®® Similarly, the
deposition of cobalt borate (CoBi) onto BiVO, photoanodes has
been shown to improve their performance significantly.**® The
onset potential for the PEC water splitting reaction was reduced
by 320 mV, leading to a higher current density and fill factor,
suggesting that the CoBi co-catalyst effectively suppresses
charge recombination (Fig. 10(d)). EIS confirmed that CoBi
accelerates the water oxidation reaction and enhances charge
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transfer at the semiconductor-electrolyte interface. Similarly,
the deposition of cobalt borate (CoBi) onto BiVO, photoanodes
has been shown to improve their performance significantly.>*’
The figure shows the amperometric I-V curve of BiVO, and
CoBi/BiVO, photoanodes under continuous illumination. Load-
ing of CoBi significantly improved the photocurrent. Addition-
ally, the onset potential for the PEC water splitting reaction was
reduced by 320 mV, leading to a higher current density and fill
factor, suggesting that the CoBi co-catalyst effectively sup-
presses charge recombination. EIS confirmed that CoBi not
only accelerates the water oxidation reaction but also enhances
charge transfer at the semiconductor-electrolyte interface.**°
However, optimizing the amount of catalyst is crucial, as
excessive loading can hinder light absorption or increase the
parasitic absorption and resistance.”” A thinner layer may
compromise the overall photoelectrochemical efficiency. Ide-
ally, co-catalysts should exhibit high activity for surface reac-
tions to maximize catalytic performance.>"’”

These hybrid systems show great promise for developing
efficient photoelectrodes. However, a comprehensive under-
standing of these hybrid materials’ surface structure and
chemistry remains incomplete. Very few studies have investi-
gated the surface structure of these hybrid systems, especially
in the context of PEC processes. Thus, moving forward, extend-
ing these investigations to robust model systems to facilitate a
deeper understanding of complex hybrid materials is essential.
Implementing small molecule adsorption studies, which have
demonstrated significant promise in characterizing complex
systems, could be a valuable tool for investigating these model
systems. By carefully controlling irradiation parameters, sur-
face structure, and electrochemical environment, these systems
hold immense potential for studying PEC reactions and advan-
cing their applications.

7. Conclusion and perspectives

Numerous efforts are being made to develop hybrids that use
hybrid surfaces for various PC and PEC reactions. While
significant progress has been made in understanding the
electronic properties of metal-semiconductor hybrid photoca-
talysts, the crucial role of atomic surface structure and chem-
istry in dictating reaction activity remains largely unexplored.
Single-crystal studies highlight the profound influence of
atomic-scale surface modifications on product selectivity, but
such investigations still need to be done for hybrid materials.
This knowledge gap can be addressed by utilizing small mole-
cule adsorption as a powerful probe. Techniques like TPD, TPR,
and RAIRS offer established methods for surface science ana-
lysis; however, their application to hybrid photocatalysts has
been limited.

A critical future perspective lies in establishing a better
correlation between surface structure, adsorption behavior,
and photocatalytic reactivity at the atomic level. This necessi-
tates integrating small molecule adsorption studies with com-
plementary techniques like RAIRS, STM, and theoretical
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calculations. Such a comprehensive approach will provide a
deeper understanding of how light interacts with the hybrid
surface, potentially inducing structural changes that influence
reaction pathways and product selectivity. This research avenue
holds immense promise by bridging the gap between
theory'>?*"" and experiment. Notably, the limitations of purely
theoretical approaches in accurately describing PEC systems
have been recently highlighted.>'*> Well-defined experimental
models can offer precise input parameters for computational
modeling there by a robust foundation for theoretical studies of
PEC systems. This emphasizes the potential of model systems
with precisely controlled interfaces and characterized surface
and electronic structures to gain insights into the complex
synergistic phenomena occurring at the interfaces in photo-
catalytic and photoelectrocatalytic reactions.

Successful implementation and investigation of model
hybrid systems hold immense promise for advancing our
fundamental understanding of PC and PEC processes. This
knowledge will undoubtedly inform the design and develop-
ment of next-generation PC and PEC systems with enhanced
efficiencies, leading to better solar energy conversion and a
clean fuel future.
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