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ABSTRACT 

The superlinear dependence of reaction rate on the power of excitation light, which may arise 

from both thermal and nonthermal effects, has been a hallmark of plasmon-driven photocatalysis on 

nanostructured metal surfaces. However, it remains challenging to distinguish and quantify the 

thermal and nonthermal effects because even slight uncertainties in measuring the local temperatures 

at the active surface sites may lead to significant errors in assessing thermal and nonthermal 

contributions to the overall reaction rates. Here we employ surface-enhanced Raman scattering as a 

surface-sensitive in situ spectroscopic tool to correlate detailed kinetic features of plasmon-mediated 

molecular transformations to the local temperatures at the active sites on photocatalyst surfaces. Our 

spectroscopic results clearly reveal that the superlinearity in the power dependence of reaction rate 

observed in a plasmon-driven model reaction, specifically the reductive coupling of para-

nitrothiophenol adsorbates on Ag nanoparticle surfaces, originates essentially from photothermal 

heating rather than nonthermal plasmonic effects. 

    

KEYWORDS: plasmonic photocatalysis, power dependence, photothermal transduction, hot 
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Plasmon-driven photocatalysis has emerged as a paradigm-shifting approach toward the solar-to-

chemical energy conversion, enabling us to harness nanoscale light-matter interactions as a unique 

leverage to kinetically modulate interfacial molecular transformations on nanostructured metal 

surfaces with selectively controlled reaction outcomes.1-12 Unambiguous elucidation of detailed 

mechanisms underpinning plasmonic photocatalysis, however, has often been challenging due to 

strong interplay among multiple plasmon-derived nonthermal and thermal effects over a broad 

distribution of timescales.2, 7, 10, 12, 13 A widely adopted experimental strategy for mechanistic studies 

involves exploration of the relationship between the reaction rate and the excitation power, which 

delivers highly informative messages concerning the underlying reaction mechanisms.1, 3, 14-17 The 

rates of plasmon-driven photocatalytic reactions have been observed to be linearly proportional to the 

excitation power under moderate continuous wave (CW) illumination but may switch to a superlinear 

dependence when the excitation power exceeds certain threshold values or under illumination by 

pulsed lasers due to multiphoton absorption1, 3, 14, 17 and plasmon-induced activation energy 

reduction.15, 18, 19 Such superlinear power dependence is a unique feature of plasmonic 

photocatalysis,1, 14, 17 fundamentally distinct from the sublinear power dependence commonly 

observed in conventional semiconductor-based photocatalysis. Another singular characteristic of 

plasmon-driven photocatalysis is that the reaction rate increases exponentially with the working 

temperature, whereas the rate of a semiconductor-driven photocatalytic reaction typically goes down 

at elevated temperatures.1, 11, 12, 17 Whether the superlinearity of power dependence observed in 

plasmon-driven photocatalysis originates primarily from the hot carrier-related nonthermal effects or 

the plasmonic photothermal heating has been a vigorously debated open question well-worthy of in-

depth investigations.7, 11, 16, 19-23  

It remains an immensely challenging task to fully distinguish and precisely quantify the thermal 

and nonthermal contributions to the kinetic enhancement of plasmon-mediated photochemical 

reactions because of the difficulties in accurately measuring the local temperatures at the adsorbate-
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occupying active surface sites under operando conditions.7, 11, 13, 24, 25 The local temperatures on the 

surfaces of light-illuminated photocatalysts, however, vary drastically from site to site, deviating 

substantially from the apparent bulk temperatures in the photocatalysts and the surrounding media, 

which can be measured straightforwardly using thermocouples or thermal cameras. Here we measure 

the local surface temperatures in the plasmonic hot spots on light-illuminated nanostructured metal 

surfaces through surface-enhanced Raman spectroscopy (SERS)-based nanothermometry. We also 

utilize SERS as an in situ molecular fingerprinting tool to precisely monitor the plasmon-driven 

transformations of molecular adsorbates residing in the hot spots. Combination of SERS-based 

thermometric and kinetic measurements enables us to correlate the molecule-transforming kinetics to 

the local temperatures at the active sites on photocatalyst surfaces. 

We assembled quasi-spherical Ag nanoparticles (45 + 4 nm in diameter) coated with monolayers 

of thiolated molecular adsorbates into hexagonally close-packed nanoparticle arrays on Si substrates 

with sub-10 nm interparticle gaps (Figure 1A) over areas typically on the order of ~103-104 µm2 

(Figure S1 in the Supporting Information). The as-assembled Ag nanoparticle arrays exhibited unique 

triple functionalities, serving as SERS substrates, photothermal transducers, and plasmonic 

photocatalysts simultaneously. The strong plasmon coupling among neighboring Ag nanoparticles 

gave rise to a broad light extinction peak across the visible and near-infrared spectral regions (Figure 

S2 in the Supporting Information).26 Upon optical excitation of the plasmons by a near-infrared laser 

(785 nm), the local electric fields were enormously enhanced in the interparticle gaps, which 

functioned as the hot spots for Raman enhancement. We used SERS to monitor the structural 

evolution of molecular adsorbates in these hot spots during plasmonic photothermal heating and 

photocatalytic reactions. In our SERS measurements, a homebuilt reaction chamber26-29 assembled 

on top of the Si-supported Ag nanoparticle arrays was filled with either ambient air or an aqueous 

solution of 2 mM K2CO3 (pH = 9) and a CW laser (785 nm) was focused onto a focal spot about 2 

μm in size on the samples using a confocal Raman microscope. Our SERS-based thermometry 
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involved the use of chemisorbed thiophenol (TP) as a molecular probe with SERS features that are 

intrinsically sensitive to the change of temperatures. As shown in Figure 1B, the relative SERS 

intensity of the ring scissoring mode (βCC, 1000 cm-1) decreased significantly with respect to that of 

the C-S stretching mode (νCS, 1072 cm-1) after thermal treatment at an elevated temperature due to 

thermally induced irreversible conformational changes.27, 30 Similar SERS spectral changes upon 

temperature elevation were also previously observed in surface-adsorbed TP molecules on a variety 

of other Ag nanostructures.27, 28, 30  

 
 

Figure 1. (A) SEM image of Ag nanoparticle arrays on a Si substrate. The inset shows a TEM image 
of Ag nanoparticles. (B) SERS spectra of TP on Ag nanoparticle arrays collected at 20 oC and after 
treating the sample at 120 oC for 30 min. (C) Schematic illustration of the reductive coupling of pNTP, 
which produces DMAB. (D) SERS spectra of pNTP on Ag nanoparticle arrays before and after laser 
illumination at a Pex of 0.97 mW in air for 20 s. The SERS spectra shown in panels B and D were 
collected at 20 oC at a Pex of 0.08 mW with an integration time of 5 s. 
 

 

The photocatalytic reaction we focused on in this work was the plasmon-driven reductive coupling 

of para-nitrothiophenol (pNTP) on Ag nanoparticle surfaces, through which an aromatic azo 

compound, p,p′-dimercaptoazobenzene (DMAB), was produced (Figure 1C). The pNTP-to-DMAB 

conversion could be precisely monitored by SERS because pNTP and DMAB exhibited strikingly 

different SERS features (Figure 1D). pNTP molecules chemisorbed to Ag nanoparticle surfaces 

exhibited a set of characteristic SERS peaks, including the benzene ring mode (νCC ring, 1572 cm-1), 

the nitro stretching mode (νNO2, 1334 cm-1), the C-S stretching mode (νCS, 1072 cm-1), the nitro 
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scissoring mode (βNO2, 856 cm-1), and the C-H bending mode (βCH, 1105 cm-1).31 After laser 

illumination, the relative intensities of the νNO2 and βNO2 modes decreased with respect to that of the 

νCC ring mode, while the spectral signatures of DMAB, including the azo stretching modes (νNN, 1480, 

1438, and 1393 cm-1) and the C-N stretching mode (νCN, 1146 cm-1),31, 32 became clearly resolved. 

Although the reductive coupling of pNTP has been a plasmonic hot electron-driven model reaction 

intensively investigated over the past decade,27, 31, 33-49 strikingly opposing claims have been made in 

the literature regarding the relative contributions of photothermal heating and nonthermal plasmonic 

effects.36, 42, 45, 48 Here we endeavor to clarify this controversy through combined thermometric and 

kinetic measurements using SERS as a spectroscopic tool. 

The empirical parameter, Q, which was defined as the intensity ratio between the βCC mode at 1000 

cm-1 and the νCS mode at 1072 cm-1 in the SERS spectra of TP, kept decreasing as the bulk temperature 

of the surroundings progressively increased over a broad range from 20 oC up to ~120 oC (Figure 

2A). At temperatures higher than 140 oC, however, the SERS signals dropped drastically due to 

thermally induced surface melting of the Ag nanoparticles and decomposition of the molecular 

adsorbates. Within the temperature range of 20-120 oC, a linear relationship between Q and 

temperature was clearly observed (Figure 2B), which provided a calibration curve for our SERS-

based nanothermometry. After the samples were exposed to continuous laser illumination for 2 min, 

a thermal equilibrium between photothermal transduction and heat dissipation was fully established, 

and Q reached its steady state value, Qss, accordingly. The relationships between Qss and the excitation 

power, Pex, for the chemisorbed TP molecules exposed to air and an aqueous medium were shown in 

Figure S3 in the Supporting Information. Based on the measured Qss values, we were able to further 

calculate the steady-state temperature, Tss, using the calibration curve shown in Figure 2B. In our 

case, Tss represented the apparent steady-state temperature averaged over all hot spots within the focal 

volume of the excitation laser rather than the local temperature inside an individual hot spot. As shown 

in Figure 2C, higher Tss values were achieved in air than in the aqueous medium at identical Pexs 
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because the thermal conductivity of water (∼0.60 W m−1 K−1) was 24 times higher than that of air 

(0.025 W m−1 K−1). Our observations were fully in line with the local plasmonic heating effects in a 

tip-enhanced Raman scattering system.50 Tss increased with Pex and exhibited a sublinear Pex-

dependence, which could be fitted using the following quadratic polynomial function:20 

              (Equation 1), 

in which a and b are two coefficients describing the linear and nonlinear thermal responses of the 

plasmonic photocatalysts, respectively, and T0 is the ambient temperature in dark, which is 20 oC in 

our case. Both a and b exhibited significantly lower values in water than in air essentially due to the 

different heat dissipation rates in these two media. Under moderate light excitations, a linear 

relationship between Tss and Pex was typically observed because the contribution of the nonlinear 

response term was negligibly small in comparison to the linear response term. However, at 

sufficiently high Pex, the nonlinear term became more pronounced due to modification of the 

materials’ permittivity, frequency shift of plasmon resonances, decreased quality factor of plasmonic 

cavity, and changes in the thermal properties of the interfaces and local environment.20, 51  Although 

the excitation powers investigated in this work was in the sub-mW to mW range, the power densities 

in the focal plane were on the order of 103-104 W cm-2, significantly higher than those typically used 

in plasmonic photocatalysis.1, 14, 17, 20 Therefore, it was not surprising that a sublinear Pex-dependence 

of Tss was observed in our case.  

To study the kinetics of photothermal heating, we tracked the temporal evolutions of Q under 

continuous laser illumination at various Pexs both in air and in the aqueous environment through time-

resolved SERS measurements until the thermal equilibrium was fully established (Figure S4 in the 

Supporting Information). The elevation of local temperature in the hot spots also led to slight spectral 

downshifts (within ~ 4 cm-1) and intensity increase of the νCS and the νCC ring modes (Figure S5 in the 

Supporting Information), in line with our previous observations on TP-coated Ag nanocubes.27 As 

𝑠𝑠 0 𝑒𝑥 𝑒𝑥
2  
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shown in Figure 2D and 2E, the temporal evolutions of the apparent local temperature, T, in the hot 

spots could be well-described by the following first-order rate law: 

                         (Equation 2), 

where t is the illumination time and kT is the apparent rate constant for temperature elevation, which 

describes the net kinetic outcome of photothermal transduction and heat dissipation. The values of kT 

and Tss at various Pexs extracted from curve-fitting are shown in Figure 2F and 2G, respectively. Both 

kT and Tss increased with Pex, and superlinear relationships between kT and Pex were clearly observed. 

When switching the surrounding medium from air to an aqueous solution, both kT and Tss decreased 

significantly. Due to the complications caused by surface adsorbates, Si substrates, and interparticle 

interactions, the heat generation and dissipation processes were believed to be significantly more 

sophisticated than those of an individual nanoparticle dispersed in a homogeneous dielectric medium.  

 
 

Figure 2. (A) Representative SERS spectra of TP on Ag nanoparticle arrays after the samples were 
maintained at various temperatures for 30 min. The intensities of the νCS mode were normalized to 1 
for comparison. The spectra were offset for clarity. (B) Temperature-dependence of Q. (C) Pex-
dependence of Tss in air and in an aqueous medium. Temporal evolution of the local temperatures in 
the hot spots at various Pexs for TP in (D) an aqueous medium and (E) in air. The curve-fitting results 
are shown as solid black curves in panels D and E. Pex-dependence of (F) kT and (G) Tss. The error 
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bars in panels B-E represent the standard deviations of the SERS results collected from 10 different 
spots on each sample. The error bars in panels F and G represent the standard deviations associated 
with the least squares curve-fitting. 
 
 
 

The difference between the thermal conductivities of water and air gave rise to significantly 

different local temperatures at the active sites under laser illumination, which further led to strikingly 

distinct kinetic profiles of the pNTP coupling reactions in atmospheric and aqueous environments. 

Through time-resolved SERS measurements, we monitored the reaction progress in real time by 

tracking the temporal evolution of the relative intensities of the νNN and the νCC ring modes in the SERS 

spectra. As shown in Figure 3A and 3B, the coupling reactions proceeded at considerably faster rates 

and approached higher maximal yields of DMAB in air than in the aqueous medium at a Pex of 0.97 

mW. Although elevation of temperature seemed to kinetically boost the coupling reactions under laser 

illumination, no appreciable production of DMAB was observed without laser illumination even at a 

temperature as high as 120 oC (Figure S6 in the Supporting Information), strongly indicating that this 

reaction was a plasmon-driven photochemical process rather than a thermally activated catalytic 

reaction. We collected the time-resolved SERS results at various Pexs in both atmospheric and 

aqueous reaction environments and the SERS-based kinetics measurements were repeated at 10 

different spots on the samples under each reaction condition. We further calculated the apparent 

fractions of DMAB, θ, using the following equation: 

           (Equation 3), 

in which I(1438 cm-1) is the SERS intensity of the νNN mode at 1438 cm-1, I(1572 cm-1) is the SERS 

intensity of the νCC ring mode at 1572 cm-1, and QDMAB is the value of I(1438 cm-1)/I(1572 cm-1) at 

100% apparent yield of DMAB, which was achieved through plasmon-driven oxidative coupling of 

para-aminothiophenol on Ag nanoparticles as detailed in our previous work.26 The value of QDMAB 

𝜃 ൌ
𝐼ሺ1438 𝑐𝑚െ1ሻ

𝐼ሺ1572 𝑐𝑚െ1ሻ𝑄𝐷𝑀𝐴𝐵
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was determined to be 2.5, as shown in Figure S7 in the Supporting Information. In all cases, the 

bimolecular pNTP coupling kinetics could be well-described by the following second-order rate law: 

                (Equation 4), 

where kobs is the apparent second-order rate constant and θmax is the maximal θ value. The θ 

trajectories collected from individual spots on the samples under various reaction conditions and the 

curve-fitting results are shown in detail in Figures S8-S22 in the Supporting Information. To maintain 

the pH at 9 during the reactions, the concentration of K2CO3 was kept at 2 mM in the aqueous reaction 

medium. Switching from 2 mM K2CO3 to 10 µM KOH (pH also at 9) did not introduce any noticeable 

modifications to the reaction rates and yields (Figure S23 in the Supporting Information). 

 
 

Figure 3. Representative time-resolved SERS spectra (left panels) and snapshot SERS spectra at 
various stages (right panels) during plasmon-driven pNTP coupling reactions in (A) air and (B) an 
aqueous environment at a Pex of 0.97 mW. Pex-dependence of kobs for plasmon-driven pNTP coupling 
reactions in (C) air and (D) an aqueous environment. (E) Pex-dependence of θmax for plasmon-driven 
pNTP coupling reactions in atmospheric and aqueous environments. The error bars in panels C-E 
represent the standard deviations of the results collected from 10 different spots on the samples under 
each reaction condition. The curve-fitting results using various equations are shown as either solid or 
dash curves. 
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For the pNTP coupling reactions occurring in air, kobs exhibited a superlinear dependence on Pex 

in the sub-mW Pex range (Figure 3C), which could be fitted with the following power function: 

                 (Equation 5), 

in which A is a fractional coefficient and n is an exponent, respectively. An n value of 3.39 was 

obtained through least-squares curve fitting (the orange dash curve in Figure 3C). Interestingly, in an 

aqueous reaction environment, kobs became linearly proportional to Pex in the range of 0.2-1.4 mW 

(the dark cyan dash line in Figure 3D). Such strikingly different power dependence of reaction rates 

in different reaction media within the same Pex range strongly suggested that the origin of the 

superlinear power dependence should not be interpreted in the context of multiphoton absorption or 

Pex-dependent activation energy reduction for this plasmon-driven reaction under our reaction 

conditions. The most reasonable explanation ascribed the origin of superlinearity in power 

dependence to the local photothermal heating at the active sites on the Ag nanoparticle surfaces. In 

the aqueous environment, kobs exhibited a linear dependence on Pex in the low Pex regime below 1.5 

mW because of rather limited elevation of the local temperatures. However, when Pex exceeded 1.5 

mW, the superlinearity in power dependence started to develop as the photothermal effects became 

increasingly more significant (Figure 3D). Taking both nonthermal (linear Pex-dependence) and 

thermal (Arrhenius relationship) contributions into considerations, we fitted the experimentally 

determined Pex-dependence of kobs using the following equation (see the olive solid curve in Figure 

3C and the purple solid curve in Figure 3D):  

                  (Equation 6), 

in which B is a fractional coefficient, Ea is the activation energy associated with the rate-limiting step, 

R is the molar gas constant (8.314 J mol-1 K-1), and Tapp is the apparent local temperature at the active 

sites with the unit of oC. Under the current reaction conditions, the pNTP coupling reactions were 

𝑘𝑜𝑏𝑠 ൌ 𝐴 ൬
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sufficiently rapid, reaching the θmax values far before the thermal equilibrium was established. 

Therefore, Tapp during the reactions should be significantly lower than Tss, and we further assumed 

that Tapp depended linearly on Pex by ignoring the nonlinear photothermal response term: 

               (Equation 7). 

Here c is a photothermal transduction coefficient carrying the unit of oC mW-1. The values of Tapp 

calculated using the c values obtained from curve-fitting were considerably lower than the 

experimentally measured Tss (Figure S24 in the Supporting Information). Strictly speaking, Tapp 

should change over time during the reactions. However, further incorporating a temporally evolving 

Tapp terms into Equation 6 resulted in unacceptable uncertainties in the least squares curve-fitting. 

Therefore, the Tapp defined in this work should be more accurately described as the apparent local 

temperatures at the active sties averaged over the time duration of reactions. When switching the 

reaction medium from air to water, the Ea values (around 75 kJ mol-1) remained essentially 

unchanged, whereas the value of c decreased by one order of magnitude.  

The difference in local temperatures also led to significantly different maximal yields of DMAB. 

At identical Pexs, higher θmax values were achieved in air than in the aqueous environment (Figure 

3E). The maximal yields of DMAB achievable under our reaction conditions were always 

significantly lower than 100 % because this reaction could occur only when the local field intensities 

exceeded certain threshold values.26, 27 Increasing Pex resulted in higher θmax values as a large fraction 

of pNTP adsorbates became reactive. θmax exhibited a linear dependence on the logarithm of Pex within 

the Pex range we investigated (Figure 3E). When extrapolating the linear dependence to zero θmax, we 

obtained Pex threshold values of 0.13 mW (corresponding to an excitation power density of 4.2 kW 

cm−2) in air and 0.19 mW (corresponding to an excitation power density of 5.9 kW cm−2) in aqueous 

environment, respectively, for this pNTP coupling reaction. The Pex thresholds may vary significantly 

from reaction to reaction, depending on the local-field enhancements on the photocatalyst surfaces, 

𝑎𝑝𝑝 0 𝑒𝑥  
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the chemical nature of the reactions, the excitation wavelengths, the light illumination geometries, 

and the local reaction environments.26, 28, 52, 53 

The results of the SERS-based thermometric and kinetic measurements clearly indicate that the 

superlinearity in the power dependence of reaction rates observed in plasmon-driven bimolecular 

coupling of pNTP originates primarily from photothermal heating rather than nonthermal plasmonic 

effects. Considering the mechanistic complexity and diversity of plasmonic photocatalysis, however, 

the conclusion drawn on the pNTP coupling reaction may not be universally applicable to other 

plasmon-driven photocatalytic reactions. Under our reaction conditions (aerobic environments and 

near-infrared excitations), the photoexcited hot electrons are energetically insufficient to get injected 

into unoccupied molecular orbitals of the pNTP adsorbates.27, 54 Instead, the hot electrons are injected 

into the antibonding π* orbital of surface-adsorbed O2 to produce highly reactive O2
- radicals, which 

further induce the rate-limiting bimolecular coupling of pNTP to produce DMAB and O2.27 As shown 

by our previous work,27 pNTP molecules chemisorbed on Ag nanoparticle surfaces remain essentially 

unreactive under near-infrared excitations in an anaerobic environment. For plasmon-driven reactions 

whose rate-limiting steps directly involve hot carrier injection, however, it becomes possible that both 

multiphoton absorption and plasmon-induced activation energy reduction provide significant 

contributions to the superlinear power dependence of the reaction rates. Choosing Raman probes with 

temperature-dependent SERS features, such as TP used in this work and phenylisocyanide adsorbed 

to Au surfaces,55 enables us to measure the local temperatures in the plasmonic hot spots based on 

the Stokes Raman shifts without the need to analyze the anti-Stokes signals that are typically several 

orders of magnitude weaker than the Stokes signals. In principle, the local temperatures can also be 

quantified based on relative intensities of anti-Stokes and Stokes SERS peaks.45, 56-58 However, the 

local-field enhancements at Stokes and anti-Stokes scattering frequencies may differ drastically and 

the anti-Stokes-to-Stokes intensity ratios may be profoundly influenced by chemical interface 

damping in coupled metal-adsorbate systems,57, 58 which introduce nontrivial complication to the data 
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analysis. Integration of SERS-based kinetic measurements with straightforward SERS-based 

nanothermometry opens up a unique avenue to correlate the kinetics of plasmon-driven molecular 

transformations to the local temperatures at the active sites, representing a significant step toward 

quantitative understanding of thermal and nonthermal effects involved in plasmonic photocatalysis. 
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