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Being uniformly distributed in nature, 
biomass is a suitable source for decentralized 
chemical processes. As will be discussed 
later, the efficient utilization of biomass 
may have a significant impact in producing 
energy and commodity chemicals. The 
field of biomass utilization opens up 
great opportunities for catalysis research; 
coupling this research with life-cycleanalysis 
studies can help to effectively assess the 
aforementioned trade-off between technical 
investment and environmental impacts, as 
well as societal benefits alongside purely 
economic feasibility calculations5,6.

In addition, as illustrated in Fig. 2, the 
interconnected impacts of a technology 
should be considered in the broad context 
of the major global cycles. For example, 
catalytic processes can have a significant 
impact on the carbon cycle, both by 
utilization of CO2 and by upgrading biomass 
to fuels, thus helping to minimize the overall 
carbon footprint. Catalysis and biomass 
conversion can also play an important 
role in balancing other biogeochemical 
and hydrological cycles, such as the 
water, nitrogen and phosphorus cycles. 
Below we discuss examples of the role of 
catalysis in these different cycles as well as 
potential opportunities for new sustainable 
applications involving biomass utilization.

Carbon cycle
Africa, the Middle East and countries 
in Asia that are not members of the 
Organisation for Economic Cooperation 
and Development (OECD) are experiencing 
higher economic growth rates than OECD 
countries as well as some of the highest rates 
of population growth in the world7. Along 
with wind and solar power, lignocellulosic 
biomass is one of the renewable energy 
sources with the greatest potential to help 

satisfy the increasing energy needs of these 
countries. Other renewable energy sources 
include municipal solid waste, animal waste, 
waste from food processing, and aquatic 
plants and algae. The applicability of the 
source may vary depending on the available 
feedstocks and needs of the local economies.

Biomass has always been widely used 
in human history as an energy source, 
but mostly for direct burning, which is 
inefficient and even today constitutes 
a major source of pollution in many 
developing countries. Instead, biomass 
conversion to fuels could produce energy 
in carbon-neutral and even carbon-
negative ways as biomass carbon is 
derived from atmospheric CO2. However, 
biomass conversion is a complex process. 
For example, thermal conversion of 
lignocellulosic biomass (pyrolysis) produces 
an extremely diverse mixture of oxygenated 
compounds, which pose insurmountable 
challenges to design catalysts for direct 
upgrading to fuels8. Therefore, it is likely 
that successful biomass conversion to fuels 
will involve a combination of optimized 
processes for conversion and separation. 
Several approaches have been discussed  
in the literature and many options are  
still conceivable9.

One of the most attractive schemes 
proposed so far is to preserve the chemical 
diversity of the carbon atoms associated 
with their oxygen functionality — furanics, 
phenolics, ketones, aldehydes, alcohols — 
to take advantage of their higher reactivity 
before deoxygenating10. In this way, for 
example, convenient C–C bond-forming 
reactions can be achieved with minimum 
hydrogen consumption. Therefore, in 
addition to being an abundant source 
of sustainable energy, biomass can be 
converted to higher-value-added  

chemicals, which may improve the overall 
economy of the production of fuels.  
Here again, heterogeneous catalysts and 
catalytic processes hold the key to a  
techno-economical solution with enough 
flexibility to adapt to distributed catalysis  
of different scales and under varying 
regional conditions11,12. However, as 
described above, most current catalysts  
have been optimized for centralized 
large plants. Atom-economic carbon 
utilization will require the design of stable 
and recyclable catalysts as well as precise 
engineering of the local conditions under 
which catalysis occurs5,13,14. Basic research 
aiming at the knowledge required for 
development of catalysts with these new 
requirements will be needed.

To fully utilize the biomass feedstock, 
the different components of biomass 
(cellulose, hemicellulose and lignin) may be 
fractionated in the presence of a catalyst for 
separate conversion schemes, which target 
various application markets. For example, 
hemicellulose and lignin fractions can be 
dissolved in a γ -valerolactone–water–acid 
mixture and converted to furfural — a 
commodity chemical with an established 
market — and carbon feedstock for battery 
anode materials, respectively, while the 
cellulose product can be used to produce 
high-quality pulps suitable for textiles 
production5. Likewise, the lignin-derived 
compounds can be converted, with high 
selectivity, to renewable aromatics, as shown 
recently using a copper-doped porous metal-
oxide catalyst in supercritical methanol13. 
The copper-doped porous metal-oxide not 
only catalyses the initial depolymerization 
step but also converts the process residues 
to aliphatic small molecules in the following 
upgrading step, thereby enabling catalyst 
recycling. New markets would need to 
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Fig. 1 | Centralized versus distributed production. Distinct characteristics of catalytic processes used in conventional centralized plants and in distributed 
small plants.
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Distributed manufacturing: Renewal feedstock and energy

Better (more active, selective, robust) catalysts, external stimuli 
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localized surface plasmon drives chemical transformation

“Labors of the Months” 
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Questions:
Interfacial charge/energy transfer – where to where?
How it couples with molecular reaction?
Is it just activity, how about selectivity?
Can we control such charge/energy transfer and reactions?
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Metal nanoparticles are an important class of materials 
used as heterogeneous catalysts for a number of indus-
trial chemical transformations including dehydrogena-

tions, partial oxidations, reduction reactions, ammonia synthesis 
and hydrocarbon reforming, among others1–13. These processes are 
typically performed at relatively high temperatures to provide suf-
ficient energy for activating chemical bonds on the surfaces of the 
nanoparticles14,15. An unavoidable side effect of this approach is that 
energy is deposited into every available reaction coordinate. This 
can result in the simultaneous activation of unselective reaction 
pathways leading to the undesirable formation of by-products and 
chemical waste. An alternative mechanism for activating chemical 
bonds on metal surfaces involves the excitation of energetic charge 
carriers (typically via photoexcitation) into the reactants (adsor-
bates)16–20. These electronic excitations can lead to chemical trans-
formation. Under this mechanism, it is in principle possible to have 
improved control over the outcome of chemical reactions by specifi-
cally targeting electronic excitations that result in the preferential 
activation of desired chemical transformations.

Early observations of charge-carrier-mediated reactions on met-
als were primarily made on extended metal surfaces in the 1980s 
and 1990s21–24. In these studies, high-intensity lasers were used 
to excite energetic charge carriers at appreciable rates near the 
adsorbate/metal interface. The need to use high-intensity lasers 
to achieve measurable rates made this mechanism of activating 
chemical reactions generally impractical for technological applica-
tions such as heterogeneous catalysis. In recent years, however, it 
has been shown that plasmonic metal nanoparticles can perform 
charge-carrier-mediated reactions under lower-intensity visible 
light illumination, of the order of solar intensity25–27. These find-
ings have reignited interest in charge-carrier-mediated chemical 
transformations on metal surfaces and led to the emergence of a 
vibrant, new area of research in heterogeneous catalysis known as 
plasmonic catalysis28–31.

In this Review, we will provide an overview of plasmonic cataly-
sis with emphasis on recent advancements, discuss the limitations of 
plasmonic catalysis, and comment on future directions in the field. 
We begin by introducing plasmonic metal nanoparticles and their 
interaction with light through the excitation of localized surface 
plasmon resonance. This is followed by a discussion of the mecha-

nisms of energy transfer from plasmonic metals to reactants and the 
resulting charge carrier-mediated activation of chemical bonds. We 
then describe the limitations of plasmonic catalysis on monometal-
lic nanostructures and possibilities for guiding plasmonic energy to 
more reactive, non-plasmonic sites. Finally, we conclude by provid-
ing our perspective on the current state of the field and opportuni-
ties for further advancements.

Plasmonic metal nanoparticles
Plasmonic metal nanoparticles are light-harvesting materials that 
interact with visible light through the excitation of localized surface 
plasmon resonance (LSPR)32,33. LSPR is established when light of 
wavelengths longer than the size of the metal nanoparticles causes 
a resonant, collective oscillation of the free electrons in the metal 
nanoparticles. This physical process allows the nanoparticles to 
collect the energy of visible light, concentrate it near the surface of 
the particles, and ultimately convert light energy into the energy of 
excited charge carriers. We present a detailed discussion of these 
processes in the following sections.

Optical properties of plasmonic nanoparticles. A key characteris-
tic of plasmon excitation is a large optical extinction cross-section 
of the metal nanoparticles at resonant frequencies due to a collec-
tive excitation of electrons34,35. At the LSPR frequencies, the extinc-
tion cross-section of plasmonic nanoparticles can be up to ten times 
their geometric cross-section for single nanoparticles and even 
larger for nanoparticle clusters36. For a spherical nanoparticle, using 
Mie approximation, the extinction cross section (σext) is related to 
the complex dielectric function of the metal as follows:
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where ε1 is the real part of the dielectric function of the metal, ε2 is 
the imaginary part of the dielectric function of the metal and εm is 
the dielectric constant of the medium37,38. This relationship helps us 
identify physical criteria that must be satisfied for a metal to undergo 
plasmon excitation. It is clear that the extinction cross-section is the 
largest as the denominator approaches zero. This stipulates that 
ε1 ≈  − 2εm and ε2 should be small for plasmon excitation to occur.  

Catalytic conversion of solar to chemical energy 
on plasmonic metal nanostructures
Umar Aslam, Vishal Govind Rao, Steven Chavez and Suljo Linic*

The demonstrations of visible-light-driven chemical transformations on plasmonic metal nanostructures have led to the emer-
gence of a new field in heterogeneous catalysis known as plasmonic catalysis. The excitement surrounding plasmonic catalysis 
stems from the ability to use the excitation of energetic charge carriers (as opposed to heat) to drive surface chemistry. This 
offers the opportunity to potentially discover new, more selective reaction pathways that cannot be accessed in temperature-
driven catalysis. In this Review, we provide a fundamental overview of plasmonic catalysis with emphasis on recent advance-
ments in the field. It is our objective to stress the importance of the underlying physical mechanisms at play in plasmonic 
catalysis and discuss possibilities and limitations in the field guided by these physical insights.
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where ε1 is the real part of the dielectric function of the metal, ε2 is 
the imaginary part of the dielectric function of the metal and εm is 
the dielectric constant of the medium37,38. This relationship helps us 
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The real part of the dielectric function (ε1) describes the polarizabil-
ity of the metal with respect to wavelength. It is generally negative 
for metals across a wide range of wavelengths as shown in Fig. 1a. 
From the data in Fig. 1a, it can be concluded that the first condition 
for plasmon excitation (ε1 ≈  − 2εm) can be established for many met-
als in air at ultraviolet–visible wavelengths.

The imaginary part of the dielectric function (ε2) is directly 
related to the probability of photon absorption (mainly through 
one-electron excitations) in the metal at a particular wavelength 
(Fig. 1b). There are two types of electronic excitations that can take 
place in these materials. It is possible to have electronic excitations 
from filled s states below the Fermi level to empty s states above 
the Fermi level, known as intraband excitations. These excitations 
are generally available for all transition metals in the visible range. 
The s-to-s excitations are indirect electronic excitations (that is, 
forbidden) that require the involvement of a third entity to pro-
vide the required change in the momentum of the charge carriers. 
This change in momentum can be supplied by lattice phonons, the 
nanoparticle surface or plasmons. Because these excitations require 
a third entity, intraband excitations exhibit a relatively small char-
acteristic rate constant of ~1013 s–1 (ref. 39). In addition to the s-to-s  
excitations, the excitations from filled d states below the Fermi 
level to empty s states above the Fermi level, known as interband 
excitations, can also take place. The availability of these transitions 
in the visible range for different metals depends on the location 
of the metal d states relative to the Fermi level. For instance, Ag is 
characterized by a full d band that lies well below the Fermi level  
(Fig. 1c). Consequently, d-to-s interband excitations cannot be 

induced by visible light photons in Ag. Au and Cu are also char-
acterized by a full d band that lies below the Fermi level (Fig. 1c); 
however, the energy of the d band is higher compared with Ag, and 
visible light photons above a specific threshold energy are able to 
induce d-to-s interband excitations in these metals. In contrast to 
noble metals, the d states for the non-noble transition metals (Pt, 
Pd and so on) are not completely full and intersect the Fermi level 
(Fig. 1d). As a result, these metals can absorb photons via interband 
excitations throughout the visible range. In the case of the d-to-s 
interband excitations, no change in the momentum of the charge 
carriers is required, resulting in a larger characteristic rate constant 
for these excitations of ~1015 s–1 (ref. 39). The difference in the inher-
ent rates of the s-to-s compared with d-to-s excitations translates to 
higher values of ε2 in the metals at the wavelength where the inter-
band transitions are allowed. This means that non-noble metals 
have higher values of ε2 compared with the noble metals at visible 
wavelengths. The data in Fig. 1b show that for visible wavelengths, 
ε2 is small for Ag (across the entire visible range) as well as for Cu 
and Au above a threshold. The combination of ε1 ≈  − 2εm and low ε2 
stipulate that Ag, Au and Cu exhibit LSPR in the visible range. These 
metals are typically regarded as the plasmonic metals.

Characteristics of plasmon excitation. A direct consequence of 
plasmon excitation is the confinement of light energy near the sur-
face of metal nanoparticles in the form of elevated electric fields40. 
The distribution of the confined electric fields in the metal is spa-
tially inhomogeneous with the maximum field intensities localized 
at the surface of the nanoparticles41. The intensity of these fields 
decays dramatically with distance from the surface42. For isolated 
particles, the elevated field intensities can be up to 102 times the 
intensity of the incoming electromagnetic field and up to 103 times 
the intensity at corners or other sharp features of the nanopar-
ticles43. Furthermore, the field confinement can reach 104–106 
times the intensity of incoming radiation in the space between 
two closely positioned plasmonic nanoparticles. These regions of 
extremely high field intensities are commonly referred to as plas-
monic hotspots. The amplification of the electric field intensity  
near the surface of the nanoparticles amplifies photophysical pro-
cesses such as absorption (that is, excitation of energetic electron–
hole pairs) and photon scattering, and it has been leveraged for 
applications in spectroscopy, chemical sensing and cancer therapy, 
among others44–50. A classic example of this is the amplification of 
inherently weak Raman scattering in surface-enhanced Raman 
spectroscopy51–56.

The energy stored in the elevated LSPR fields is dissipated either 
through radiative photon scattering or nonradiative absorption 
in the metal nanoparticles within a very short time period, as the 
lifetime of a plasmonic excitation is in the femtosecond range57–59. 
Nonradiative absorption results in the generation of energetic 
charge carriers in the metal nanoparticles60,61. As discussed earlier, 
absorption (that is, the generation of energetic charge carriers) in 
metals can occur through either intraband s-to-s excitations or 
interband d-to-s excitations (Fig. 2a). Due to the inherently larger 
rate constant of interband excitations, plasmon decay via these exci-
tations is the dominant decay pathway when available. Recent first 
principles calculations by Atwater et al. shed light on this phenom-
enon62. The data in Fig. 2b show the partitioning among various 
absorption pathways in plasmonic gold nanoparticles versus plas-
mon (photon) energy for different particle sizes. The data show that 
direct interband excitations are the dominant pathway for plasmon 
decay (photon absorption) in Au nanoparticles at energies where 
they are energetically accessible regardless of nanoparticle size. The 
contribution of the other absorption processes (that is, the phonon-
assisted or surface-assisted intraband s-to-s excitations) are size 
dependent and only dominate for plasmon energies at which direct 
interband transitions are inaccessible63,64.
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Fig. 1 | Dielectric properties of metals. a, The real part of the dielectric 
function for the plasmonic metals (Ag, Cu, Au) and other transition metals. 
The black line represents the case where ε1 =  − 2ε m,air. b, The imaginary 
part of the dielectric function for the plasmonic metals and other transition 
metals. c,d, Sketches of the representative density of states of a plasmonic 
metal (c) and non-noble transition metal (d). Intraband s-to-s transitions 
are accessible with visible light photons for all metals. As the d band lies far 
before the Fermi level (Ef) for plasmonic metals, only high-energy photons 
can induce interband d-to-s excitations for these metals. In the case of 
non-noble metals, the d band intersects the Fermi level allowing for d-to-s 
excitations to take place throughout the visible range.
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The real part of the dielectric function (ε1) describes the polarizabil-
ity of the metal with respect to wavelength. It is generally negative 
for metals across a wide range of wavelengths as shown in Fig. 1a. 
From the data in Fig. 1a, it can be concluded that the first condition 
for plasmon excitation (ε1 ≈  − 2εm) can be established for many met-
als in air at ultraviolet–visible wavelengths.

The imaginary part of the dielectric function (ε2) is directly 
related to the probability of photon absorption (mainly through 
one-electron excitations) in the metal at a particular wavelength 
(Fig. 1b). There are two types of electronic excitations that can take 
place in these materials. It is possible to have electronic excitations 
from filled s states below the Fermi level to empty s states above 
the Fermi level, known as intraband excitations. These excitations 
are generally available for all transition metals in the visible range. 
The s-to-s excitations are indirect electronic excitations (that is, 
forbidden) that require the involvement of a third entity to pro-
vide the required change in the momentum of the charge carriers. 
This change in momentum can be supplied by lattice phonons, the 
nanoparticle surface or plasmons. Because these excitations require 
a third entity, intraband excitations exhibit a relatively small char-
acteristic rate constant of ~1013 s–1 (ref. 39). In addition to the s-to-s  
excitations, the excitations from filled d states below the Fermi 
level to empty s states above the Fermi level, known as interband 
excitations, can also take place. The availability of these transitions 
in the visible range for different metals depends on the location 
of the metal d states relative to the Fermi level. For instance, Ag is 
characterized by a full d band that lies well below the Fermi level  
(Fig. 1c). Consequently, d-to-s interband excitations cannot be 

induced by visible light photons in Ag. Au and Cu are also char-
acterized by a full d band that lies below the Fermi level (Fig. 1c); 
however, the energy of the d band is higher compared with Ag, and 
visible light photons above a specific threshold energy are able to 
induce d-to-s interband excitations in these metals. In contrast to 
noble metals, the d states for the non-noble transition metals (Pt, 
Pd and so on) are not completely full and intersect the Fermi level 
(Fig. 1d). As a result, these metals can absorb photons via interband 
excitations throughout the visible range. In the case of the d-to-s 
interband excitations, no change in the momentum of the charge 
carriers is required, resulting in a larger characteristic rate constant 
for these excitations of ~1015 s–1 (ref. 39). The difference in the inher-
ent rates of the s-to-s compared with d-to-s excitations translates to 
higher values of ε2 in the metals at the wavelength where the inter-
band transitions are allowed. This means that non-noble metals 
have higher values of ε2 compared with the noble metals at visible 
wavelengths. The data in Fig. 1b show that for visible wavelengths, 
ε2 is small for Ag (across the entire visible range) as well as for Cu 
and Au above a threshold. The combination of ε1 ≈  − 2εm and low ε2 
stipulate that Ag, Au and Cu exhibit LSPR in the visible range. These 
metals are typically regarded as the plasmonic metals.

Characteristics of plasmon excitation. A direct consequence of 
plasmon excitation is the confinement of light energy near the sur-
face of metal nanoparticles in the form of elevated electric fields40. 
The distribution of the confined electric fields in the metal is spa-
tially inhomogeneous with the maximum field intensities localized 
at the surface of the nanoparticles41. The intensity of these fields 
decays dramatically with distance from the surface42. For isolated 
particles, the elevated field intensities can be up to 102 times the 
intensity of the incoming electromagnetic field and up to 103 times 
the intensity at corners or other sharp features of the nanopar-
ticles43. Furthermore, the field confinement can reach 104–106 
times the intensity of incoming radiation in the space between 
two closely positioned plasmonic nanoparticles. These regions of 
extremely high field intensities are commonly referred to as plas-
monic hotspots. The amplification of the electric field intensity  
near the surface of the nanoparticles amplifies photophysical pro-
cesses such as absorption (that is, excitation of energetic electron–
hole pairs) and photon scattering, and it has been leveraged for 
applications in spectroscopy, chemical sensing and cancer therapy, 
among others44–50. A classic example of this is the amplification of 
inherently weak Raman scattering in surface-enhanced Raman 
spectroscopy51–56.

The energy stored in the elevated LSPR fields is dissipated either 
through radiative photon scattering or nonradiative absorption 
in the metal nanoparticles within a very short time period, as the 
lifetime of a plasmonic excitation is in the femtosecond range57–59. 
Nonradiative absorption results in the generation of energetic 
charge carriers in the metal nanoparticles60,61. As discussed earlier, 
absorption (that is, the generation of energetic charge carriers) in 
metals can occur through either intraband s-to-s excitations or 
interband d-to-s excitations (Fig. 2a). Due to the inherently larger 
rate constant of interband excitations, plasmon decay via these exci-
tations is the dominant decay pathway when available. Recent first 
principles calculations by Atwater et al. shed light on this phenom-
enon62. The data in Fig. 2b show the partitioning among various 
absorption pathways in plasmonic gold nanoparticles versus plas-
mon (photon) energy for different particle sizes. The data show that 
direct interband excitations are the dominant pathway for plasmon 
decay (photon absorption) in Au nanoparticles at energies where 
they are energetically accessible regardless of nanoparticle size. The 
contribution of the other absorption processes (that is, the phonon-
assisted or surface-assisted intraband s-to-s excitations) are size 
dependent and only dominate for plasmon energies at which direct 
interband transitions are inaccessible63,64.
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Fig. 1 | Dielectric properties of metals. a, The real part of the dielectric 
function for the plasmonic metals (Ag, Cu, Au) and other transition metals. 
The black line represents the case where ε1 =  − 2ε m,air. b, The imaginary 
part of the dielectric function for the plasmonic metals and other transition 
metals. c,d, Sketches of the representative density of states of a plasmonic 
metal (c) and non-noble transition metal (d). Intraband s-to-s transitions 
are accessible with visible light photons for all metals. As the d band lies far 
before the Fermi level (Ef) for plasmonic metals, only high-energy photons 
can induce interband d-to-s excitations for these metals. In the case of 
non-noble metals, the d band intersects the Fermi level allowing for d-to-s 
excitations to take place throughout the visible range.
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The real part of the dielectric function (ε1) describes the polarizabil-
ity of the metal with respect to wavelength. It is generally negative 
for metals across a wide range of wavelengths as shown in Fig. 1a. 
From the data in Fig. 1a, it can be concluded that the first condition 
for plasmon excitation (ε1 ≈  − 2εm) can be established for many met-
als in air at ultraviolet–visible wavelengths.

The imaginary part of the dielectric function (ε2) is directly 
related to the probability of photon absorption (mainly through 
one-electron excitations) in the metal at a particular wavelength 
(Fig. 1b). There are two types of electronic excitations that can take 
place in these materials. It is possible to have electronic excitations 
from filled s states below the Fermi level to empty s states above 
the Fermi level, known as intraband excitations. These excitations 
are generally available for all transition metals in the visible range. 
The s-to-s excitations are indirect electronic excitations (that is, 
forbidden) that require the involvement of a third entity to pro-
vide the required change in the momentum of the charge carriers. 
This change in momentum can be supplied by lattice phonons, the 
nanoparticle surface or plasmons. Because these excitations require 
a third entity, intraband excitations exhibit a relatively small char-
acteristic rate constant of ~1013 s–1 (ref. 39). In addition to the s-to-s  
excitations, the excitations from filled d states below the Fermi 
level to empty s states above the Fermi level, known as interband 
excitations, can also take place. The availability of these transitions 
in the visible range for different metals depends on the location 
of the metal d states relative to the Fermi level. For instance, Ag is 
characterized by a full d band that lies well below the Fermi level  
(Fig. 1c). Consequently, d-to-s interband excitations cannot be 

induced by visible light photons in Ag. Au and Cu are also char-
acterized by a full d band that lies below the Fermi level (Fig. 1c); 
however, the energy of the d band is higher compared with Ag, and 
visible light photons above a specific threshold energy are able to 
induce d-to-s interband excitations in these metals. In contrast to 
noble metals, the d states for the non-noble transition metals (Pt, 
Pd and so on) are not completely full and intersect the Fermi level 
(Fig. 1d). As a result, these metals can absorb photons via interband 
excitations throughout the visible range. In the case of the d-to-s 
interband excitations, no change in the momentum of the charge 
carriers is required, resulting in a larger characteristic rate constant 
for these excitations of ~1015 s–1 (ref. 39). The difference in the inher-
ent rates of the s-to-s compared with d-to-s excitations translates to 
higher values of ε2 in the metals at the wavelength where the inter-
band transitions are allowed. This means that non-noble metals 
have higher values of ε2 compared with the noble metals at visible 
wavelengths. The data in Fig. 1b show that for visible wavelengths, 
ε2 is small for Ag (across the entire visible range) as well as for Cu 
and Au above a threshold. The combination of ε1 ≈  − 2εm and low ε2 
stipulate that Ag, Au and Cu exhibit LSPR in the visible range. These 
metals are typically regarded as the plasmonic metals.

Characteristics of plasmon excitation. A direct consequence of 
plasmon excitation is the confinement of light energy near the sur-
face of metal nanoparticles in the form of elevated electric fields40. 
The distribution of the confined electric fields in the metal is spa-
tially inhomogeneous with the maximum field intensities localized 
at the surface of the nanoparticles41. The intensity of these fields 
decays dramatically with distance from the surface42. For isolated 
particles, the elevated field intensities can be up to 102 times the 
intensity of the incoming electromagnetic field and up to 103 times 
the intensity at corners or other sharp features of the nanopar-
ticles43. Furthermore, the field confinement can reach 104–106 
times the intensity of incoming radiation in the space between 
two closely positioned plasmonic nanoparticles. These regions of 
extremely high field intensities are commonly referred to as plas-
monic hotspots. The amplification of the electric field intensity  
near the surface of the nanoparticles amplifies photophysical pro-
cesses such as absorption (that is, excitation of energetic electron–
hole pairs) and photon scattering, and it has been leveraged for 
applications in spectroscopy, chemical sensing and cancer therapy, 
among others44–50. A classic example of this is the amplification of 
inherently weak Raman scattering in surface-enhanced Raman 
spectroscopy51–56.

The energy stored in the elevated LSPR fields is dissipated either 
through radiative photon scattering or nonradiative absorption 
in the metal nanoparticles within a very short time period, as the 
lifetime of a plasmonic excitation is in the femtosecond range57–59. 
Nonradiative absorption results in the generation of energetic 
charge carriers in the metal nanoparticles60,61. As discussed earlier, 
absorption (that is, the generation of energetic charge carriers) in 
metals can occur through either intraband s-to-s excitations or 
interband d-to-s excitations (Fig. 2a). Due to the inherently larger 
rate constant of interband excitations, plasmon decay via these exci-
tations is the dominant decay pathway when available. Recent first 
principles calculations by Atwater et al. shed light on this phenom-
enon62. The data in Fig. 2b show the partitioning among various 
absorption pathways in plasmonic gold nanoparticles versus plas-
mon (photon) energy for different particle sizes. The data show that 
direct interband excitations are the dominant pathway for plasmon 
decay (photon absorption) in Au nanoparticles at energies where 
they are energetically accessible regardless of nanoparticle size. The 
contribution of the other absorption processes (that is, the phonon-
assisted or surface-assisted intraband s-to-s excitations) are size 
dependent and only dominate for plasmon energies at which direct 
interband transitions are inaccessible63,64.
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Fig. 1 | Dielectric properties of metals. a, The real part of the dielectric 
function for the plasmonic metals (Ag, Cu, Au) and other transition metals. 
The black line represents the case where ε1 =  − 2ε m,air. b, The imaginary 
part of the dielectric function for the plasmonic metals and other transition 
metals. c,d, Sketches of the representative density of states of a plasmonic 
metal (c) and non-noble transition metal (d). Intraband s-to-s transitions 
are accessible with visible light photons for all metals. As the d band lies far 
before the Fermi level (Ef) for plasmonic metals, only high-energy photons 
can induce interband d-to-s excitations for these metals. In the case of 
non-noble metals, the d band intersects the Fermi level allowing for d-to-s 
excitations to take place throughout the visible range.

NATURE CATALYSIS | VOL 1 | SEPTEMBER 2018 | 656–665 | www.nature.com/natcatal 657

Ag, Au and Cu exhibit LSPR in the visible range. 
These metals are typically regarded as the 
plasmonic metals. 
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Plasmonic Photocatalysis

into energetic charge carriers (electron–hole, e!/h1 pair, path 2 in Fig. 5),
which eventually results in non-radiative absorption (example, heating)
within the particle. Absorption is the major contributor to the extinction
of small PMNs with a diameter of less than 10 nm. For larger nano-
particles, the extinction is dominated by scattering. The intense scat-
tering of the photons (path 1 in Fig. 5) by the PMN mainly contributes to
the concentration of the incoming light flux into a small volume near the
surface of the nanoparticle that results in highly confined optical fields
near the surface. This LSPR-mediated electromagnetic (EM) near field
effect is described in more detail in Section 3.1. Generally, in the pres-
ence of a surrounding medium (e.g., adsorbates), the energetic charge
carriers formed in PMN through Landau damping can interact with the
surroundings. Additionally, the LSP of PMN can decay directly into the
surrounding (e.g., adsorbates) through the mechanism known as chem-
ical interface damping (CID, path 3 in Fig. 5).34 The LSPR-mediated
charge transfer from PMN to the surface adsorbates can be utilized to
drive the chemical transformations on the surface of PMNs.6,42 The
mechanisms of LSPR-mediated photochemistry is described in greater
detail in Section 3.

2.3 Visible-light augmented low temperature catalysis on PMNs
PMNs exhibit very high extinction coefficients (i.e., six to seven orders of
magnitude larger than organic dye molecules) due to the LSPR behavior
when interacting with (UV-Visible) light. Therefore, PMNs can harvest
efficiently a large fraction of the incident. Recently Linic and
coworkers42,43 have demonstrated that the plasmonic nanocatalysts
made of plasmonic silver nanoparticles (Ag/Al2O3) can concurrently use

Fig. 5 Schematic representation of the excitation and decay of LSP to form energetic
charge carriers in PMN and their interaction with surrounding medium. Paths (1), (2), (3)
and (4) represent the relaxation pathways of LSP through scattering, Landau damping,
chemical interface damping, and PIRET, respectively.
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distinction between the conventional thermal-energy-mediated phonon-
driven catalytic systems and the photon-mediated electron-driven
chemical transformations on the surface of plasmonic nanocatalysts.
Section two introduces to localized surface plasmon resonance (LSPR),
plasmonic metal nanostructures (PMNs), composite, and hybrid plas-
monic nanostructures (HPMNs). Section three discusses the LSPR decay
pathways through which the charge carriers (electrons and holes) are
formed and transferred to the adsorbates. Section four of this chapter
details the LSPR-mediated photocatalytic mechanisms. Section five dis-
cusses the computational methods to predict and understand the pho-
tocatalytic activity and selectivity in plasmonic nanocatalysis. Section six
discusses current challenges and future outlook, and in the field of
plasmonic photocatalysis. Note there are emerging research of com-
bining plasmonic metal with catalytic materials for heterogeneous

Fig. 2 (a) GeAQ:1 neric view of plasmonic and hybrid plasmonic photocatalytic processes
which involves raw materials and photon energy and thermal energy as inputs and
outcome is products at the other end. (b) Schematic representation of plasmonic
photocatalysis showing photon-induced electron-mediated adsorbate excitation. In this
process, the electrons climbing up the vibrational ladder involving charge transfer and
formation of transient negative ion (TNI).
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Many different interfacial dynamics to dissipate the energy

S. B. Ramakrishnan, F. Mohammadparast, A. P. Dadgar, T. Mou, T. Le, B. Wang, 
P. K. Jain, M. Andiappan, Adv. Opt. Mater. 9(22), 2101128 (2021)
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5 K, over Cu(111) and Ag(111), UHV
Kazuma et al. Science 2018

dependence on Ag and Cu was also observed in
the enhancement of surface-enhanced Raman
scattering (SERS) intensities (22). In addition,
the maximum intensity of YLSP on Ag(111) and
Cu(111) was ~400 and ~300 times as high as
that of Yphoton, respectively, which was caused by
the strong enhancement of the electric field by
the LSP (Fig. 3C).
In the indirect hot-electron transfer mecha-

nism (Fig. 1A), the YLSP is determined both by the
energy distribution of hot electrons and by the
DOSs of the LUMOs. Energy distributions of hot
electrons and holes generated by the decay of
LSPs are sensitive to the electronic band struc-
ture of metals (17, 18). If the energy of the LSPs
was lower than the threshold energy for direct
interband transitions of the metals, both elec-
trons and holes would be equitably distrib-
uted from zero to the energy of the LSP through
phonon-assisted transitions (18). In contrast, at
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Fig. 2. Real-space investigations of the plasmon-induced chemical
reaction. (A) Schematic illustration of the experiment for the real-space
investigation of the plasmon-induced chemical reaction in the nanogap
between a Ag tip and a metal substrate. The tip was positioned over the
metal surface during light irradiation with the feedback loop turned on to
maintain the gap distance. The Vs and It were kept at 20 mV and 0.2 nA.
hn, Planck’s constant (h) multiplied by frequency (n). (B) Division of
the STM image into four areas depicted with 10-nm wide concentric rings
for analysis. (C) Simulated spatial distribution of the electric field at the
1-nm gap under p-polarized light at 532 nm. E0, incident electric field.
Topographic STM images of (CH3S)2 molecules on Ag(111) (D) before and

(E) after irradiation with p-polarized light at 532 nm (~7.6 × 1017 photons
cm−2 s−1, 2 s) (Vs = 20 mV, It = 0.2 nA, 43 nm by 43 nm). The tip was
positioned at the center of area one during light irradiation. (F) Time
dependence of the dissociation ratio (N/N0) under irradiation with
p-polarized light at 532 nm (~5.9 × 1016 photons cm−2 s−1) in the four
areas shown in (B). Each data point represents the average of results from
six trials. The dotted lines denote single exponential functions fitted to the
data points [ln(N/N0) = −kt]. Error bars indicate SD. (G) The rate constant
k obtained at areas one through four and the calculated lateral profile
of electric field intensity at 0.1 nm above the substrate surface (z = 0.1 nm)
under 533-nm light. x = 0 nm corresponds to the center of the tip.

BA C

Fig. 1. Excitation mechanisms for plasmon-induced chemical reactions. (A) Indirect
hot-electron transfer mechanism. Hot electrons (e−) generated via nonradiative decay of an
LSP transferred to form the TNI states of the molecule. (B) Direct intramolecular excitation mechanism.
The LSP induces direct excitation from the occupied state to the unoccupied state of the adsorbate.
(C) Charge transfer mechanism.The electrons are resonantly transferred from the metal to the molecule.
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higher energies, direct transitions dominate, and
the relative probability density of hot carriers
dramatically increases.
If the plasmon-induced dissociation of (CH3S)2

occurred through hot-electron transfer, the YLSP
l spectra would have exhibited a step change at
the threshold energy of the interband transition
at ~3.0 and ~2.0 eV for Ag and Cu, respectively
(23), and increased at the higher energies, be-
cause the LUMO states are distributed broadly
above the Fermi level (EF) (fig. S5). In addition,
the hot electrons generated by the direct transi-
tions of Cuhave a broad energy distribution above
EF (18) and can be transferred into the LUMO
states, resulting in the excitation of vibrational
modes lying along the reaction coordinate. How-
ever, the expected spectral change at the thresh-
old energy of the interband transition of the
metal was not observed. Moreover, the overall
shapes of the YLSP l spectra reflected not only
the shape of theEgap l spectra (Fig. 3C) but also the
shape of the Yphoton l spectra, that is, the energy
distribution of the DOSs for both the HOMO (nS)
and the LUMO (s*SS) (Fig. 3, A and B). Thus, we
could exclude the indirect hot-electron transfer
mechanism for this plasmon-induced dissociation.
Furthermore, hot-hole transfer in Cu, where hot
holes are much more energetic than hot elec-
trons (17, 18), could also be excluded by the
shape of the Yphoton l spectrum. We conclude
that the LSP efficiently induces and enhances
the dissociation reaction through the same reac-
tion pathway as photodissociation (nS → s*SS),
on the basis of the direct intramolecular excita-
tion mechanism (Fig. 1B).
The YLSP l spectra also had tails extending

to longer wavelengths where photodissociation
never occurred. This finding suggests that the
LSP also enabled direct intramolecular excitation
from the MO in-gap states near EF (supplemen-
tary text and figs. S5 to S7) to s*SS (MOin-gap →
s*SS), as well as the HOMO-LUMO transition
(nS → s*SS). The computationally estimated en-
ergy gaps between EF and the edge of the LUMO
state are ~1.0 and~0.80 eV onAg(111) andCu(111),
respectively (fig. S5). Thismodel is consistentwith
the threshold energy of the YLSP on Ag(111) being
greater than that on Cu(111). Dissociationwas also
apparently induced by direct intramolecular exci-
tation of MOin-gap → s*SS. The DOS of the in-gap
states is much smaller than that of the frontier
electronic states (figs. S5 to S7), and thus the
direct excitation of MOin-gap → s*SS is expected
to be a much less efficient process than that of
HOMO-LUMO transition (nS → s*SS). How-
ever, the LSP generated a strong electric field
localized at the interface between the adsorb-
ate and the metal and enabled dissociation
even through inefficient excitation pathways
(MOin-gap → s*SS).
A charge transfer from metals to molecules

(Fig. 1C) was proposed to explain chemical en-
hancement effects in SERS (24–26) on the basis
of LSPs. The Raman intensities of pyridine mole-
cules adsorbed on coinage metals such as Ag, Cu,
and Au were enhanced by electron transfer from
the highest occupied state (the valence shell s

orbital) of the metal near the EF to the un-
occupied MOs (24, 25). In addition, the charge
transfer mechanism was invoked recently to de-
scribe a plasmon-induced chemical transforma-
tion (27) in which the electrons near the EF of
plasmonic metal nanoparticles were transferred
to adsorbed molecules. In the plasmon-induced
dissociation of (CH3S)2, the charge transfer from
near the EF to s*SS (EF → s*SS) was also taken
into account to explain the tails of the YLSP l
spectra in the low-energy region because the
energy gaps between EF and s*SS were about
1.0 to 2.0 eVand0.8 to 1.5 eVonAg(111) andCu(111),
respectively (fig. S5).
Real-time observationwith an STMallowed us

to measure the rates of plasmon-induced chem-
ical reactions for single molecules, thereby pro-
viding insights into the elementary reaction
pathways that cannot be accessed by conven-
tional spectroscopies and the analyses of YLSP
l spectra. It is highly sensitive to the change in
the gap distance (d) (28), and thus real-time in-
formation can be collected by tracing It under
light irradiation (Fig. 4A). Figure 4B shows the
current trace when the STM tip was positioned
over a target molecule adsorbed on Ag(111) and
exposed to p-polarized light at 532 nm. A sudden
drop of It reflected the change in d from d1 to d2
(Fig. 4A) caused by molecular dissociation, and
the dissociation rate was determined by the
inverse of the time required for the plasmon-
induced dissociation (tR).
Notably, no reaction could be induced with

tunneling electrons at aVs of 20mV, and thermal
expansion of the tipwas negligible because It was
stable on the metal surface under light irradia-
tion (fig. S8). The gap distance d (Fig. 4C) is
controlled by It, where ItºVsexpð"Ad

ffiffiffiffi
F

p
Þ (Vs =

20 mV; A, coefficient; and F, barrier height). We
investigated the dependence of d on the dissoci-
ation rate (1/tR) at the single-molecule level (Fig.
4C and fig. S9). We note that 1/tR exhibited d
dependence similar to that of the calculated
electric field intensity (Fig. 4D and fig. S10). This
relation indicates that the reaction is caused by
the LSP and suggests that the reactivity is de-
termined by the coupling between the electric
field of the LSP and a transition dipole moment
of the molecule.
In the indirect hot-electron transfer mecha-

nism, the reactions are initiated from the TNI
states formed by the hot-electron transfer to
molecules via an inelastic electron tunneling (IET)
process (8) (Fig. 1A).We can obtain further knowl-
edge of reaction pathways initiated from the TNI
states formed by electron transfer from themetal
to themolecule via the IET process with the STM
(19, 20). In addition, the IET process examined
with the STM enables us to describe the elemen-
tary processes of vibrational or electronic excita-
tion resulting in molecular motion or reaction,
which reflects the local DOS of the adsorbed
molecules (28). Both the hot electrons of the LSP
and the tunneling electrons had a broad energy
distribution from the EF to the energy of the LSP
(17, 18) and the applied Vs, respectively (fig. S11).
Thus, the reaction pathways in the same energy

regions should be the same regardless of the
excitation source: hot electrons or tunneling
electrons. Rotation (Fig. 4E) and dissociation (Fig.
4F) of (CH3S)2 on Ag(111) were induced through
vibrational excitation with inelastically tunneled
electrons at energies higher than ~0.28 and
~0.36 eV, respectively (Fig. 4G). Dissociation oc-
curred through vibrational excitation of the C–H
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Fig. 3. Wavelength dependence of the plasmon-
induced chemical reaction and of the
plasmonic electric field.Wavelength
dependence of YLSP of (CH3S)2 molecules on
(A) Ag(111) (blue diamonds) and (B) Cu(111)
(red circles). Insets in (A) and (B) show YLSP

for 700 to 980 nm. Each data point represents
the average of results from six trials. The
photodissociation yields without the excitation
of the LSP [Yphoton, previously reported in (21)]
(black circles) are also shown. The yield is
determined from k divided by the number of
incident photons per second (~6.0 × 1016 to
6.5 × 1016 photons cm−2 s−1 for both plasmon-
induced dissociation and photodissociation).
Error bars indicate SD. (C) Calculated electric
field intensity for a 1-nm gap between a Ag
tip and the metal substrates under p-polarized
light. The simulated point is z = 0.1 nm above
the substrate surfaces and x = 0 nm.
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dependence on Ag and Cu was also observed in
the enhancement of surface-enhanced Raman
scattering (SERS) intensities (22). In addition,
the maximum intensity of YLSP on Ag(111) and
Cu(111) was ~400 and ~300 times as high as
that of Yphoton, respectively, which was caused by
the strong enhancement of the electric field by
the LSP (Fig. 3C).
In the indirect hot-electron transfer mecha-

nism (Fig. 1A), the YLSP is determined both by the
energy distribution of hot electrons and by the
DOSs of the LUMOs. Energy distributions of hot
electrons and holes generated by the decay of
LSPs are sensitive to the electronic band struc-
ture of metals (17, 18). If the energy of the LSPs
was lower than the threshold energy for direct
interband transitions of the metals, both elec-
trons and holes would be equitably distrib-
uted from zero to the energy of the LSP through
phonon-assisted transitions (18). In contrast, at
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Fig. 2. Real-space investigations of the plasmon-induced chemical
reaction. (A) Schematic illustration of the experiment for the real-space
investigation of the plasmon-induced chemical reaction in the nanogap
between a Ag tip and a metal substrate. The tip was positioned over the
metal surface during light irradiation with the feedback loop turned on to
maintain the gap distance. The Vs and It were kept at 20 mV and 0.2 nA.
hn, Planck’s constant (h) multiplied by frequency (n). (B) Division of
the STM image into four areas depicted with 10-nm wide concentric rings
for analysis. (C) Simulated spatial distribution of the electric field at the
1-nm gap under p-polarized light at 532 nm. E0, incident electric field.
Topographic STM images of (CH3S)2 molecules on Ag(111) (D) before and

(E) after irradiation with p-polarized light at 532 nm (~7.6 × 1017 photons
cm−2 s−1, 2 s) (Vs = 20 mV, It = 0.2 nA, 43 nm by 43 nm). The tip was
positioned at the center of area one during light irradiation. (F) Time
dependence of the dissociation ratio (N/N0) under irradiation with
p-polarized light at 532 nm (~5.9 × 1016 photons cm−2 s−1) in the four
areas shown in (B). Each data point represents the average of results from
six trials. The dotted lines denote single exponential functions fitted to the
data points [ln(N/N0) = −kt]. Error bars indicate SD. (G) The rate constant
k obtained at areas one through four and the calculated lateral profile
of electric field intensity at 0.1 nm above the substrate surface (z = 0.1 nm)
under 533-nm light. x = 0 nm corresponds to the center of the tip.

BA C

Fig. 1. Excitation mechanisms for plasmon-induced chemical reactions. (A) Indirect
hot-electron transfer mechanism. Hot electrons (e−) generated via nonradiative decay of an
LSP transferred to form the TNI states of the molecule. (B) Direct intramolecular excitation mechanism.
The LSP induces direct excitation from the occupied state to the unoccupied state of the adsorbate.
(C) Charge transfer mechanism.The electrons are resonantly transferred from the metal to the molecule.

RESEARCH | REPORT

on April 21, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

5 K, over Cu(111) and Ag(111), UHV
Kazuma et al. Science 2018

leading to the formation of ionic species that initiate
photochemical processes.19,20 The reaction probability is

determined by the density of hot electrons in the metal
substrate, and thus, the reaction yield depends on the
photoabsorption spectrum of the metal.16 Whereas indirect
excitation is the primary pathway for photochemical reactions
for numerous adsorbates on metal surfaces, only a few
experimental observations have been attributed to the direct
mechanism.9,11,13−15 Photodissociation via the direct excitation
of the frontier electronic states of an adsorbate on a metal
substrate has been reported for physisorbed (Figure 1b) and
chemisorbed molecules (Figure 1c). The sole example of
photodissociation of a physisorbed molecule weakly interacting
with a metal substrate is Mo(CO)6 on Cu(111).13 The
wavelength dependence of the yield for that case is almost
identical to the absorption spectrum of gas phase Mo(CO)6,
which implies that the incident UV light induces the direct
excitation across the HOMO−LUMO gap of the adsorbed
molecule. In contrast, chemisorbed systems show a photo-
excited transition between the hybridized molecular orbitals
(MOs) with a narrower energy gap than that in the gas phase
due to the strong metal−adsorbate hybridization (Figure 1c).
Only a few systems, such as O2 on Pt(111)9 and Cl2CO on
Ag(111),11 have been investigated by means of temperature-
programmed desorption after irradiation with UV pulse lasers.
Notably, all previously reported photodissociation reactions on
single-crystalline metal surfaces have been achieved only by
excitation with UV light rather than with visible light, despite
intense efforts to effectively utilize solar energy in photo-
chemical reactions. This failure is either due to a wider
molecular optical gap than the visible-light energy, or due to
short lifetimes of the molecular excited states resulting from the
strong hybridization with the metal surfaces. The real-space
STM investigation of molecular photodissociation on metal
surfaces, which has never been achieved, is essential to verify
the mechanism.
In this paper, we report the visible-light-induced photo-

dissociation of dimethyl disulfide, (CH3S)2, on Cu(111) and
Ag(111) surfaces investigated by STM combined with DFT
calculations. A quantitative analysis of the STM images revealed

Figure 1. (a−c) Excitation mechanisms proposed for UV-induced
photochemical reactions on metal surfaces. (a) Photodissociation
through indirect (substrate-mediated) excitation. The hot electrons
generated by photoabsorption in the bulk metal transfer transiently to
the unoccupied states of the adsorbate molecule. The light gray area
illustrates the distribution of the energies of the hot electrons. (b)
Photodissociation through direct (intra-adsorbate) excitation of
physisorbed molecules on a metal surface that has a HOMO−
LUMO gap only slightly shifted from its gas phase value. (c)
Photodissociation through direct excitation of chemisorbed molecules,
in which the electronic states are strongly hybridized with the metal
states. (d) Excitation mechanism for visible-light-induced photo-
dissociation on metal surfaces. Photodissociation through direct
excitation between the HOMO- and LUMO-derived MOs. The
LUMO-derived MOs have negligible overlap with the metal substrate.

Figure 2. (a) Structure of a (CH3S)2 molecule, indicating the photodissociation of the S−S bond. (b−i) Topographic STM images of (CH3S)2
molecules on (b−e) Cu(111) and (f−i) Ag(111) observed at ∼5 K (Vsample = 20 mV and Itunnel = 0.2 nA), (b, d, f, and h) before and (c, e, g, and i)
after irradiation with 532 nm light (5.86 × 1016 photons cm−2 s−1, 10 min). Dashed circles indicate dissociated molecules. The scale bars are 0.5 nm
in panels b and f and 5.0 nm in panels d and h.
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Figure 3. Density of states projected onto the adsorbate molecular orbitals at the ground state. 

Panels (a) and (c) show results for IS and TS over Ag(111), respectively; (b) and (d) display 

calculations for IS and TS over Cu(111), respectively. 

 

Next, we reexamine the plasmon-induced dissociation of (SCH3)2 that were observed in 

experiments. Kazuma et al.25 reported that when the STM Ag tip was positioned more than 2	VW  

above the surface, the maximum yield and threshold for the (SCH3)2 dissociation on Ag were 

450	?W	(2.76	,-) and 635	?W	(1.95	,-), respectively. Here the photodissociation was defined 

as the rate constant divided by the number of incident photons per second. It is worth pointing out 

that another work had shown no optical absorption at X ≥ 450	?W for Ag.47 Simulated spectrum 

for the bulk Cu suggests that optical absorption is not negligible at 450 ≤ X < 700	?W;25 one 

might expect some mechanistic differences for the photocatalytic reaction on Ag versus Cu due to 

different optical properties. The maximum peak and threshold wavelength for the reaction on Cu 

were reported as 450	?W	(2.76	,-) and 670	?W	(1.85	,-), respectively. When the STM tip is 

within the electron tunneling range with the metal surface (~1	?W), the photodissociation reaction 

is assisted by the plasmonic field between the tip and the surface, with the yield increased by two 

orders of magnitude. The maximum peak and threshold wavelength for the reaction on Ag changes 
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Stronger mol. Interaction with Cu than Ag
More broadened (delocalized) states on Cu
LUMO more localized than HOMO
Lower activation barrier on Cu 
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Figure 4. (a) (SCH3)2 photo- and plasmon-assisted-excitation mechanisms over Ag(111) or 

Cu(111). There is no net excess of carriers and therefore the system is neutral. Here, H, L and F 

represent the adsorbate HOMO and LUMO, and the Fermi level of the system, respectively. (b) 

Excitation energies for the adsorbate in the initial state (IS, shown in Figure 2) within the regular 

and linear expansion Δ89: method. (c) Excitation energies for the adsorbate in the transition state 

(TS, shown in Figure 2) within the regular and linear expansion Δ89:  method. Energies are 

referenced to the ground state energy of the same structure.  
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Figure 6. (a) (SCH3)2 plasmon-assisted-excitation mechanisms over Ag(111) or Cu(111). Carrier 

density fluctuations due to LSPR are modeled as extra carriers (electron or hole) on the Fermi 

level. Here, H, L and F represent the adsorbate’s HOMO and LUMO, and the Fermi level of the 

system, respectively. (b) Excitation energies for the adsorbate in the initial state (IS, shown in 

Figure 2) within the linear expansion Δ;<= for the neutral and charged system. 

 

 

 

Calculated excitation energy from linear expansion 
delta SCF method agrees with experiments.

Interfacial charge transfer may explain the 
experimental observation.

Since Fermi-LUMO dominates, one can think about 
changing the Fermi level (work function) or the 
molecular frontier orbitals (e.g., by solvent).

T. Salavati-fard, B. Wang, ACS Catal. 12, 12869 (2022)
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wavelength, Figure 3b and Figure S6b. This analysis showed that 440 nm photons are the most 
effective of the explored wavelengths at promoting the desorption rate of CO from small Pt 
nanoparticles on a per photon basis.  

We note that the reported influence of photon flux on CO desorption rate here is purely the 
photochemical influence, as the in-situ temperature measurement effectively accounts for the 
influence of photon induced heating. This is done to highlight potential bond specificity in 
photochemistry, which may not be apparent if photo-induced heating were not accounted for, as 
this would promote all thermally driven surface processes. However, if focus was instead on the 
overall efficiency of photon mediated catalytic process it would be useful to separately quantify 
the influence of photochemical and photon induced heating influences on reaction rates.45,46 

 
Figure 3. (a) T50% versus photon flux for CO desorption from 1% Pt/Al2O3, along with associated 
linear fits for each photon wavelength. Photon flux was calculated using the measured laser 
wavelength and intensity. T50% was extracted from TPD experiments. (b) Derivative of the T50% 
over the photon flux as a function of light wavelength measured for 1% Pt/Al2O3, along with errors 
corresponding to the standard error of the linear fits in (a) black data. In addition, previously 
measured quantum yields for CO oxidation, red data, and CH3OH decomposition, blue data, on 
supported Pt nanoparticle catalysts are also presented. Each data set has a corresponding y-axis 
presented in the same color. Red and blue data borrowed with permission from the authors.13,18 

The influence of photon fluxes on CO desorption rates from Pt agrees with previous reports of the 
influence of photon fluxes on CO oxidation and CH3OH decomposition kinetics on small Pt 
nanoparticles (Figure 3b), where quantum yield (QY) exhibited maxima with ~440-450 nm photon 
illumination.13,18  Under steady state CO oxidation and CH3OH decomposition conditions in these 
studies, CO is the most abundant surface intermediate and CO desorption is a kinetically relevant 
step that limits reaction rates. The direct observations here of the influence of photons on CO 
desorption kinetics from Pt nanoparticles substantiates the previous hypothesis that 440 nm 
photons most effectively weakened the CO-Pt bond and facilitated CO desorption kinetics, thereby 
increasing available site concentrations and increasing catalytic reaction rates.47 The maxima 
observed at 440 nm for photon influence on the kinetics of chemical processes involving CO 
desorption from Pt is also consistent with the resonance observed via 2 dimensional Vis-IR sum 

6 
 

quantified the influence of photon illumination on the rate of CO desorption by quantifying the 
temperature at 50% coverage (T50%) during a TPD experiment. A clear relationship is observed 
between photon flux and T50%, demonstrating that photons promote the rate of desorption of CO 
from Pt nanoparticles. For example, the T50% for the thermal TPD was 209 °C, while T50% 

decreased to 181, 163, 136, and 111 °C with the inclusion of 0.25, 0.39, 0.52 and 0.66 W/cm2 of 
440 nm photon exposure, respectively, Figure 3a. Because the influence of photons on CO 
desorption is a 1-photon process at the explored photon fluxes, the observed photon intensity 
dependence is likely due to a higher fraction of desorbing CO being influenced by photons at 
increasing fluxes.13,17  

 

 

Figure 2. (a) DRIFT spectra during a TPD experiment on 1% Pt/Al2O3 under dark conditions. 
TPD experiments consisted of heating the sample from 25 °C to 400 °C with a linear ramp rate of 
20 °C/min and acquiring spectra approximately every 40 seconds (~ every 13 °C). (b) Average of 
three independently measured TPD spectra from each 1% Pt/Al2O3 TPD experiment measured 
under dark (black curve) and under illumination (440 nm) at different light intensities (0.25, 0.39, 
0.52 and 0.66 W/cm2, red, blue, green, and purple curves, respectively). TPD spectra are analyzed 
by calculating the area under the curve for each spectrum and normalizing it by the largest area 
(A/A0). Error bars correspond to the standard error of the area and temperature measured for three 
distinct experiments. The black desorption profile in (b) corresponds to the TPD spectra shown in 
(a).  

Similar TPD experiments were performed with 400, 520, and 635 nm photon illumination, Figure 
S5. The T50% values are shown as a function of photon flux in Figure 3a and as a function of light 
intensity in Figure S6a. The T50% values decrease with increasing photon flux and the slopes exhibit 
a wavelength dependence. For example, a 98 °C decrease in T50% was observed with 0.66 W/cm2 
of 440 nm photons while the T50% decreased by only 77 °C with 1.25 W/cm2 of 635 nm photon 
illumination. To elucidate the wavelength dependent influence of photon illumination on T50%, the 
derivative of the change in T50% over photon flux was taken and plotted as a function of 
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frequency generation (2D SFG) for CO on Pt(111) at 490 nm and with UV-Vis measurements, 
Figure S7.24 This suggests that photo-excitation of an electronic transition at the Pt-CO interface 
is responsible for transferring vibrational energy into the potential energy surface associated with 
CO desorption, which can promote CO desorption rates and catalytic kinetics. 

 

Figure 4. (a) DRIFT spectra during a TPD experiment on 1% Pd/Al2O3 under dark conditions with 
a linear ramp rate of 20°C/min acquiring spectra every 40 seconds (~ every 13 °C). (b) Average 
of three independently measured TPD spectra obtained from 1% Pd/Al2O3 TPD experiments 
measured under dark conditions, (c) under light illumination (440 nm) at different light intensities 
(0.1, 0.2, 0.3, 0.4 and  0.5 W/cm2, red, blue, green, purple and mustard, respectively), and (d) under 
0.5 W/cm2 light illumination at different wavelengths of light, 400, 520 and 635 nm in red, blue 
and green, respectively. TPD spectra determined by calculating the area under the curve for each 
vibrational stretch, linear and bridge bound CO, and normalizing it by the sum of the initial area 
of both stretches (A/(APd(CO) + APd2(CO))0), where A is the total area of the CO stretch, and APd(CO) 

+ APd2(CO) are the areas of the linear and bridge bound CO stretches, respectively. Error bars 
correspond to the standard error of the area and temperature measured for three distinct 
experiments. The black desorption profiles in (b), (c) & (d) correspond to the TPD shown in (a).  
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a linear ramp rate of 20°C/min acquiring spectra every 40 seconds (~ every 13 °C). (b) Average 
of three independently measured TPD spectra obtained from 1% Pd/Al2O3 TPD experiments 
measured under dark conditions, (c) under light illumination (440 nm) at different light intensities 
(0.1, 0.2, 0.3, 0.4 and  0.5 W/cm2, red, blue, green, purple and mustard, respectively), and (d) under 
0.5 W/cm2 light illumination at different wavelengths of light, 400, 520 and 635 nm in red, blue 
and green, respectively. TPD spectra determined by calculating the area under the curve for each 
vibrational stretch, linear and bridge bound CO, and normalizing it by the sum of the initial area 
of both stretches (A/(APd(CO) + APd2(CO))0), where A is the total area of the CO stretch, and APd(CO) 

+ APd2(CO) are the areas of the linear and bridge bound CO stretches, respectively. Error bars 
correspond to the standard error of the area and temperature measured for three distinct 
experiments. The black desorption profiles in (b), (c) & (d) correspond to the TPD shown in (a).  
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How energetic electrons couple with the Pt/Pd-CO bonds
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How energetic electrons couple with the Pt/Pd-CO bonds
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