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Using visible sun light to promote chemical reactions (e.g., water oxidation, CO2 reduction, 

and N2 reduction) represents a unique approach for addressing the global energy crisis. 

However, those photochemical processes always involve multiple holes/electrons transfer 

and accumulation to ultimately generate stable products, which commonly exhibit slow 

kinetics in timescales from ~ ms to s. Therefore, elongating lifetimes of photo-excited hot 

carriers and revealing multi-carrier reaction pathways are essential in visible-light-driven 

photochemistry. In this work, we successfully demonstrated that catechol molecules 

adsorbed on Au/TiO2 heterostructures can trap and stabilize photo-generated hot holes on 

Au and further introduce a new multi-hole reaction pathway in which those long-lived 

catechol-trapped holes cooperate with newly generated holes on Au. The new reaction 

pathway enabled to boost the photoelectrochemical water oxidation on Au by one order of 

magnitude. Our study provided a molecular level understanding of the role of photo-

generated hot holes in facilitating water oxidation, illustrating a strategy to assemble metal 

nanoparticles, semiconductors, and molecules to effectively separate charge carriers and 

harvest hot holes for driving photochemical reactions. We expected that this multi-hole 

cooperation pathway would be extendable to various multi-hole (or -electron) 

photochemical reactions at metal/semiconductor or metal/molecule interfaces.
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Abstract

Natural photosynthesis utilizes redox cascade consisting of enzymes and molecular mediators that 

trap and stabilize hot carriers to achieve efficient multiple charge transfer. In this aspect, great 

challenges are facing artificial photochemistry regarding extremely short lifetimes of photo-

generated hot carriers. Herein, using Au nanoparticle photocatalysts as a model, we report that 

photoelectrodeposited catechol molecules on Au/TiO2 heterostructures trap and stabilize photo-

generated hot holes on Au and further introduce a new multi-hole reaction pathway in which those 

long-lived catechol-trapped holes cooperate with newly generated holes on Au. The new 

mechanism boosts photoelectrochemical water oxidation on Au by one order of magnitude. Our 

study illustrates a strategy to integrate metal nanoparticles, semiconductors, and molecular redox 

mediators to effectively separate charge carriers and harvest hot holes for driving photochemical 

reactions. 
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Main text

Numerous widely-tracked photochemical reactions, such as water oxidation and CO2 

reduction, involve multiple hole/electron transfer to ultimately generate stable products.1-6 Multi-

carrier reactions are based on long-lived hot carriers and multiple oxidations/reductions of active 

sites.3-4, 6 Natural photosynthesis utilizes sophisticated redox cascade consisting of enzymes and 

molecular mediators (e.g., quinone)7 to trap and transport hot carriers for achieving efficient 

multiple charge transfer. However, design principles for modulating multiple charge transfer in 

artificial hot-carrier photochemistry remain undeveloped.

Metal nanoparticle photocatalysts (MNPs, e.g., Au and Ag) boast broadly tunable optical 

properties coupled with catalytically active sites that offer unique opportunities for visible-light 

photocatalysis.8-20 The direct interband transition and nonradiative decay of surface plasmon 

resonance on MNPs generate hot electron-hole pairs that are promising for trigging photochemical 

reactions.8-26 However, lifetimes of those hot carriers are extremely short ( fs to ns)8, 10-11 when 

compared to the slow kinetics of multi-carrier reactions ( ms to s).3, 6, 9, 12, 24, 27-31 Numerous studies 

have used metal/semiconductor heterostructures to prolong lifetimes of hot electrons, thus 

improving low photocatalytic activities of reduction reactions.32-34 Nonetheless, to date, very few 

works have been reported to manipulate photo-generated hot holes for extending their lifetimes to 

coincide with kinetically sluggish oxidation reactions.35 It is noteworthy that photo-generated 

holes possess faster relaxation dynamics and lower mobility than electrons,36-37 making it more 

difficult to trap and utilize them to promote the overall photochemical reaction efficiency. 
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Scheme 1. Photo-induced multi-hole reaction pathways on MNPs. (a) Multi-hole accumulation 

on MNP. (b) Sequential oxidation pathway. Multi-hole accumulation on the hole-trapping 

mediator (HTM), which provides active sites for reactions. (c) Multi-hole cooperation pathway. 

The hole trapped on HTM cooperates with the subsequently generated hole on MNP to drive 

reactions at MNP/HTM interfaces, which circumvents the sluggish multi-hole accumulation on a 

single component. Red bubbles represent hot holes. The incident visible light only excites MNP 

but not HTM.

Long-lived hot holes lay the foundation for triggering multi-hole reactions. Directly 

trapping and stabilizing multiple hot holes on MNP for driving reactions (Scheme 1a) is difficult 
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due to extremely short lifetimes of hot holes9, 11-12 and the high energy barrier of multi-hole 

accumulation.12, 30-31 A hole-trapping mediator (HTM) then is necessary for extending lifetimes of 

hot holes and initiating multi-hole reactions. For instance, sequential oxidations of HTM have been 

reported in dye-sensitized photoelectrochemical cells.3 Similar multi-hole reaction pathway could 

also exist on MNP, in which the first trapped hole encounters the second trapped hole to enable a 

two-hole rate-determining step (RDS) solely taking place on HTM (Sequential oxidation pathway, 

Scheme 1b). Alternatively, HTM-stored hot holes would cooperate with newly-generated hot holes 

on MNP to drive the two-hole RDS at MNP/HTM interfaces (Multi-hole cooperation pathway, 

Scheme 1c). 

In this work, we reported that photoelectrodeposited catechol on Au/TiO2 heterostructures 

stabilized photo-generated hot holes on Au under visible-light illumination and triggered a multi-

hole cooperation pathway for prompting water oxidation, a typical sluggish proton-coupled four-

hole reaction. Our results showed that on pristine Au/TiO2 heterostructures, photo-generated hot 

holes were transferred from Au to TiO2 for driving multi-hole reactions via the sequential pathway, 

but the recombination of those hot holes with hot electrons also transferred to TiO2 severely limited 

the photoactivity. However, catechol molecules adsorbed on Au/TiO2 heterostructures trapped and 

stabilized hot holes directly on Au and physically separated them from transferred hot electrons 

on TiO2. It was further demonstrated that catechol-trapped holes coupled with those newly 

generated holes on Au to trigger a cooperation pathway for driving water oxidation at Au/catechol 

interfaces. The new mechanism was found to boost photoelectrochemical water oxidation on Au 

by one order of magnitude.
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Results and discussion

Au/TiO2 heterostructures were constructed by photodepositing Au nanoparticles (NPs) on 

TiO2 electrodes (see the experimental section in supplementary information and Figure S1 to S4). 

Measuring open-circuit potentials (OCPs) in a photoelectrochemical (PEC) water-oxidation cell 

would identify long-lived hot holes on Au/TiO2 heterostructures as the generation of open-circuit 

photovoltage (Vph = Vlight – Vdark) is known to arise from the accumulation of surface holes when 

electrodes consist of n-type semiconductors.38 Indeed, Au/TiO2 heterostructures exhibited Vph of 

0.2 – 0.4 V under visible-light excitation (Supplementary Note 1, Table S1, Figure S3 and S5), 

indicating that hot holes were accumulated on Au/TiO2 heterostructure surfaces with extended 

lifetimes. To further pinpoint the exact physical location of trapped hot holes on Au/TiO2 

heterostructures, dual-working electrodes were used to measure the separated Vph on Au and TiO2 

(Supplementary note 2 and Figure S6 to S9). It was found that TiO2 exhibited a twice larger Vph 

(~ 0.4 V) than that on Au (~ 0.2 V) (Figure 1a and Figure S8), strongly suggesting that transferred 

hot holes were accumulated on TiO2. Further isotope effect on Vph demonstrated that photo-

generated hot holes were transferred from Au to TiO2 via a proton-coupled process (Figure S10), 

which is known to have slow dynamics.39-40 TiO2-trapped holes were found to be released in the 

timescale of second (0.2 – 1.8 s, Figure 1b, Supplementary Note 3, Figure S11 to S13, and Table 

S2 and S3), showing that lifetimes of hot holes were extended via being trapped on TiO2. In the 

unbuffered solution with pH 7.0, time constants remained unchanged with increasing potentials; 

while for pH 13.6, under the potential above 0.7 VRHE time constants were found to increase as a 

function of the applied potential, implying that lifetimes of surface-trapped holes were further 

extended under alkaline conditions owing to circumventing the kinetically sluggish proton-

coupled process.41
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Figure 1. Visible-light-mediated hot-hole transfer on pristine Au/TiO2 heterostructures. (a) 

Vph obtained from TiO2 (red) and Au (black) on a dual-working Au/TiO2 electrode in the solution 

with pH 13.6. The light was turned on at 100 s and off at 400 s. (b) Trapping and releasing time 

constants of hot holes on TiO2 in the unbuffered solution with pH 7.0 (black) and pH 13.6 (red). 

Data were calculated from electrochemical impedance spectroscopy (EIS) results measured on 

Au/TiO2 heterostructures using the electric model (Figure S11). (c) Photocurrent densities (J in 

μA/cm2) over surface-hole densities ([hole] in number of hole/nm2) on Au/TiO2 heterostructures 

in the unbuffered solution with pH 7.0 (black) and pH 13.6 (red) at 0.5 VRHE. The estimation of 
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[hole] was shown in Supplementary note 4. (d) Scheme of transfer and recombination of hot 

carriers on Au/TiO2 heterostructures.

Long-lived holes provide opportunities to enable multi-hole reactions such as water 

oxidation.2 The reaction order for TiO2-trapped holes in PEC water oxidation was measured to 

identify multi-hole reaction pathways (Supplementary Note 4, Figure S14 to S17 and Table S4). 

Figure 1c showed a reaction order of ~ 2 under the neutral condition (pH 7.0, black) and a reaction 

order of ~ 4 under the alkaline condition (pH 13.6, red), suggesting that two holes were involved 

in RDS of PEC water oxidation under pH 7.0 while four holes were involved under pH 13.6. This 

pH dependence is a typical characteristic of proton-coupled hole transfer in multi-hole reactions.39 

Under neutral conditions, TiO2 surfaces were protonated and the slow dynamics of proton-coupled 

hole transfer only led to isolated surface-trapped holes (not adjacent trapped holes, Figure S17a) 

that underwent multiple sequential oxidations.2 However, under alkaline conditions, the 

deprotonation of TiO2 surfaces facilitated the transfer of hot holes and further-extended lifetimes 

of hot holes (Figure 1b) made it possible to generate two adjacent surface-trapped holes. In this 

scenario, those two trapped holes coupled with each other to create an alternative pathway with 

high efficiency for forming the rate-limiting O–O bond in water oxidation (Figure S17b).2 For 

water oxidation, from the point of thermodynamics, the oxidation of OH- ions is much easier than 

the oxidation of H2O molecules.42 Herein, the oxidation of OH- was considered as the major 

contribution to the observed PEC activities (Figure S18).

Both aforementioned two-hole and four-hole reaction kinetics implied that TiO2 alone 

provided active sites for water oxidation, which should follow the sequential pathway as shown in 

Scheme 1b. The sequential pathway required more than one hole to be trapped at HTM, but the 

sluggish proton-coupled hole transfer greatly hindered this process. On the other hand, it is noted 
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that photo-generated hot holes and electrons on Au were both transferred and trapped on TiO2.14, 

32 Thus, it is inevitable that TiO2 would function as an electron-hole recombination center (Figure 

1d). Indeed, simultaneous photocurrent measurements on Au and TiO2 confirmed that less than 10% 

of hot carriers survived from the electron-hole recombination at Au/TiO2 interfaces under open-

circuit conditions (Supplementary Note 5 and Figure S19 to S22), which severely hindered 

photocatalytic activities. Hence, it is necessary to develop strategies to efficiently improve physical 

separation of photo-generated hot electrons and holes in Au/TiO2 heterostructures. Considering 

the slower mobility of holes than electrons,36-37 it would be ideal to retain hot holes on Au while 

transfer hot electrons to TiO2.
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Figure 2. Catechol-mediated hot-hole trapping on Au/TiO2 heterostructures. (a) LSV curves 

measured from pristine Au/TiO2 heterostructures (black curves) and catechol-modified Au/TiO2 

heterostructures (red curves) under visible-light illumination (470 nm LED, solid curves) and in 

the dark (dashed curves). (b) OCP obtained from TiO2 on pristine Au/TiO2 heterostructures (black) 

and catechol-modified Au/TiO2 heterostructures (red). The light was turned on at 10 s and off at 

70 s. (c) Scheme of charge separation and water oxidation on catechol-modified Au/TiO2 

heterostructures. (d) The reaction order of TiO2-trapped holes in driving PEC water oxidation on 
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catechol-modified Au/TiO2 heterostructures. All experiments were performed in the unbuffered 

solution with pH 7.0. 

Molecular redox adsorbates have been demonstrated to trap and stabilize photo-generated 

hot holes.43-44 For driving multi-hole reactions, adsorbates need to be redox-active and also stable 

under water-oxidation conditions.3 Catechol, a reductive form of quinone derivatives that are 

commonly used as redox mediators in natural photosynthesis (PSII system)45-46 and metal-organic 

complexes,44, 47-48 is expected to effectively store hot holes and assist multi-hole reactions when it 

adsorbs on Au surfaces in Au/TiO2 heterostructures. 

Catechol was photoelectrodeposited on Au/TiO2 heterostructures (Supplementary Note 6 

and Figure S23 to S25). Upon visible-light illumination, photo-generated hot holes oxidized 

catechol monomers and induced the oligomerization to form oligo-catechol on Au surfaces, which 

further trapped hot holes via a one-hole process of oxidizing the hydroxyl group (C–OH) to the 

ketone group (C=O) (Table S5 and Figure S26). In LSV measurements, the deposited catechol 

increased the photocurrent at 1.2 VRHE from 47 μA to 84 μA (Figure 2a and Figure S27), showing 

an ~ 80% enhancement in PEC water oxidation. Meanwhile, the onset potential of LSV curve 

anodically shifted by ~ 60 mV (Figure 2a), suggesting that new active sites were generated upon 

the adsorption of catechol. The reproducibility of the photocurrent enhancement was discussed in 

Figure S28. In contrast to the enhanced photocurrent, Vph on TiO2 of the catechol-modified 

Au/TiO2 was significantly suppressed (Figure 2b) while Vph on Au was enhanced (Figure S29). 

This observation indicated that a portion of hot holes was directly trapped by catechol on Au but 

not transferred to TiO2 (Figure 2c), consistent with the positive Au (binding energy of Au 4f7/2 = 

84.8  0.1 eV) in the XPS spectrum (Figure S30). It is also noted that EIS measurements showed 

a decreased capacitance of trapped holes on TiO2 after the deposition of catechol (Figure S31), 
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affirming that fewer hot holes were transferred to TiO2 (Supplementary Note 7, and Figure S32 

and S33). 

The adsorption of catechol on Au/TiO2 heterostructures was further found to lower the 

reaction order of TiO2-trapped holes in PEC water oxidation. When RDS only involved TiO2-

trapped holes, the reaction order of TiO2-trapped holes was 2 (Figure 1c). However, once catechol-

trapped holes were involved in RDS, the reaction order of TiO2-trapped holes dropped to ~ 0.5 

(Figure 2d and Figure S34). This significant change indicated that statistically fewer TiO2-trapped 

holes participated in RDS of water oxidation when compared to those on the pristine Au/TiO2. The 

rate law analysis (Supplementary Note 8) predicted a reaction order of 1 for TiO2-trapped holes 

when RDS involved one TiO2-trapped hole and one catechol-trapped hole. To further obtain a 

reaction order below 1, RDS should involve multiple elementary steps and at least one of them 

does not involve TiO2-trapped holes. Therefore, catechol molecules adsorbed on Au should 

introduce a new reaction pathway for water oxidation (Figure 2c).
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Figure 3. The Hot-hole releasing dynamics on catechol-modified Au. (a) OCP measurements 

of bare and catechol-modified Au NP electrodes. (b) OCP measurements immediately after the 
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bare and catechol-modified Au NP electrodes were fully charged under 470 nm illumination at 1.2 

VRHE. The light was turned off at 600 s. The OCP curves were fitted using the exponential decay 

equation (see Supplementary note 1).

Figure 1c showed that RDS of visible-light-driven water oxidation required two holes 

under neutral conditions. Although one catechol has two hydroxyl groups and the redox of each 

hydroxyl group can trap one hole, the weak oxidative capability of semiquinone made it difficult 

to have two C=O units work together to provide two holes for driving water oxidation (Figure 

S35a).48-50 Thus, the two-hole RDS should happen either via sequential oxidations of one hydroxyl 

group of catechol (Figure S35 b and c) or through the cooperation between holes initially trapped 

on catechol and holes newly generated on Au (Figure S35d). 

Those two reaction pathways can be distinguished by looking into the hot-hole trapping 

and releasing on Au as only the cooperation pathway involved newly generated holes on Au in 

RDS. Figure 3a showed that the Au/catechol electrode (catechol was photoelectrodeposited on a 

Au NP electrode, Supplementary Note 9 and Figure S36) that was fully charged by hot holes (i.e., 

all hydroxyl groups were oxidized to ketone groups, Figure S37) exhibited a much larger Vph (~ 

100 mV) than that on the bare Au NP electrode (20 mV), indicating the greatly enhanced electron-

hole separation induced by adsorbed catechol. The subsequent decay of Vph on the Au/catechol 

electrode (~ 70 mV at steady state, Figure 3a) implied an automatic release of trapped holes via 

reacting with water. To monitor the hole-releasing dynamics, OCP measurements were performed 

immediately after electrodes were fully charged with hot holes (Figure 3b). A fast decay of OCP 

towards the cathodic direction was observed (the grey curve in Figure 3b) and the fitting of OCP 

curve using the exponential decay equation (the orange curve in Figure 3b) showed timescales of 

23 s and 119 s. In contrast, the bare Au NP electrode showed a much slower decay of OCP (the 
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green curve in Figure 3b) with timescales of  44 s and 379 s (the blue curve in Figure 3b), indicating 

a slow recovery of Au surfaces from oxidized Au.51 The oxidized Au can be considered as a form 

of “inactive” surface-trapped holes that were unable to be released to oxidize water before energy 

dissipation, leading to the low water-oxidation activity on the bare Au surface (Figure S3). Thus, 

the catechol-accelerated hole releasing dynamics on Au suggested that initially “inactive” surface-

trapped holes (oxidized Au) were “activated” by catechol-trapped holes and then those adjacent 

trapped holes worked cooperatively for driving water oxidation. 
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Figure 4. Water oxidation on catechol-modified Au NP electrodes. (a) LSV curves of bare, 

catechol-modified, and cyanide-catechol-modified Au NP electrodes under 470 nm illumination 

(solid curves) and in the dark (dashed curves) in the unbuffered solution with pH 7.0. (b) The 

corresponding chronoamperometry measurements at 1.2 VRHE under chopped light illumination 

with 60 s interval. (c) Scheme of trapping hot holes on catechol-modified Au NP. Catechol 

confined hot holes at Au/catechol interfaces and facilitated water oxidation. (d) Scheme of 

trapping holes on cyanide-catechol-modified Au NP. In contrast to (c), cyanide-catechol 

transferred hot holes away from Au surfaces and blocked water oxidation.

As shown in Figure S35d, this cooperation pathway required the hole-trapping site to be 

on Au surfaces that also worked as the active site. In order to identify the role of Au surfaces in 

water oxidation, catechol molecules were modified with the cyanide group (i.e., 3,4-

dihydroxybenzonitrile) to spatially separate the hole-trapping site (hydroxyl groups) away from 

Au surfaces (Figure 4d, Supplementary Note 10, and Figure S38 and S39) as the cyanide group 

adsorbs on Au stronger than the hydroxyl group.52 LSV measurements showed that the onset 

potential of Au/cyanide-catechol electrode was cathodically shifted by 150 mV when compared 

with the bare Au NP electrode (Figure 4a), indicating that hot holes were able to be trapped on 

hydroxyl groups on the Au/cyanide-catechol electrode (Figure 4d). However, the photo-response 

on this electrode was found to be negligible (Figure 4a). Chronoamperometry (I-t) measurements 

further demonstrated that the Au/cyanide-catechol electrode only produced a photocurrent of 0.21 

μA, which was comparable to that of the bare Au NP electrode (0.17 μA) (Figure 4b). Taken 

together, the low photocurrent response from Au/cyanide-catechol electrode strongly suggested 

that hot holes trapped at hydroxyl groups alone were not able to drive water oxidation. Instead, Au 
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surfaces were necessarily needed in water oxidation by providing active sites. Therefore, those 

trapped holes should be located at Au/catechol interfaces. 

LSV measurements on the Au/catechol electrode showed a largely enhanced photo-

response (red curves in Figure 4a) when compared to the bare Au NP electrode (black curves in 

Figure 4a). I-t measurement at 1.2 VRHE further confirmed that the photocurrent on Au/catechol 

electrode was boosted by one order of magnitude (3.28 μA, Figure 4b) compared with that on the 

bare Au NP electrode (0.17 μA, Figure 4b). The reproducibility of the photocurrent enhancement 

was discussed in Figure S40. The faradaic efficiency of the evolved oxygen was measured to be 

86% (Figure S41). All these results confirmed that hot holes trapped at Au/catechol interfaces were 

capable of driving water oxidation (Figure 4c, Supplementary Note 11, and Figure S40 to S44). 

As illustrated in Figure 5, both Au surfaces and catechol initially resided at their reduced states 

(i.e., Au (0) and C–OH bond, step I in Figure 5). The first transferred hot hole oxidized C–OH to 

C=O (step II in Figure 5), which was treated as a long-lived trapped hole. Another hole oxidized 

Au (adjacent to the formed C=O) and led to the formation of Au–OH (step III in Figure 5). The 

cooperation of C=O and Au–OH then led to the rate-limiting O–O formation that produced Au–

OOH (step IV in Figure 5). Photo-excited holes in step IV and V maintained catechol at the 

oxidized state (in the form of C=O). Catechol-trapped hot holes further oxidized Au–OOH and 

released O2 to complete water oxidation (steps V and VI in Figure 5). The reversible process 

between quinone and hydroquinone was supported by photocurrent recovery as shown in Figure 

S45. As a proof-of-concept, the multi-hole cooperation mechanism has been confirmed to be an 

effective strategy for driving water oxidation. Further improvement of water oxidation activity can 

be realized by material designs, such as controlling the morphology and facets of Au nanoparticles 

for exposing more adsorption and active sites.
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Figure 5. Proposed scheme of multi-hole cooperation pathway for water oxidation on 

catechol-modified Au surfaces. Red arrows indicated directions of hot-hole transfer. For 

simplicity, only one catechol molecule was shown to represent oligo-catechol. 

Conclusion

We have successfully developed a molecular approach to stabilize photo-generated hot holes 

on Au/TiO2 heterostructures for driving water oxidation under visible-light illumination. Since 

water oxidation represents a typical type of slow chemical reactions driven by multiple charge 
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carriers, it is expected that the newly created reaction pathway, the multi-hole cooperation, would 

be extendable to various multi-hole (or -electron) photochemical reactions at metal/semiconductor 

or metal/molecule interfaces. Taken together, our studies provide a molecular-level understanding 

of hot-hole-induced photocatalysis, highlighting the visible-light-mediated multi-hole 

collaboration as a new avenue for facilitating photochemical processes.
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