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Selective Wavelength Enhanced Photochemical and 
Photothermal H2 Generation of Classical Oxide Supported 
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Conventional views of constructing simply broadband catalysts for photo-
thermal-enhanced catalysis do not realize that without designating photo-
chemical and photothermal conversion to their optimal working spectra 
can lead to a performance trade-off. Here, spectrally selective designed 
photoredox and photothermal heating functions of a classical oxide sup-
ported metal catalyst are demonstrated, which exhibits markedly improved 
hydrogen reactivity. While photothermal hydrogen producing catalysis is 
previously demonstrated, distinctive wavelength dominant redox and thermal 
phenomena are not studied due to the complex interdependent behavior 
they exhibit. The exceptionally high H2 evolution rate of 30.2 mmol g−1 h−1 
(≈74 times that of the control sample) is attributed to the nonoverlapped light 
absorption and undisrupted charge transfer rationales. This study presents a 
proof-by-existence that spectrally tailored solar utilization strategy is broadly 
impactful for the hybrid photothermal–photochemical catalysis. Moreover, 
the spatially decoupled structural configuration may open up discrete para-
metric control over photoredox and photoheating functionalities.
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the conventional UV to the visible region 
and improve charge transfer pathway for 
efficient charge separation. However, the 
limitations of the above techniques lie in 
the restricted utilization of the solar spec-
trum especially in the NIR region (≈44% 
of the solar spectrum), which has insuffi-
cient energy (minimal energy requirement 
≈ 1.5–2.0  eV) to execute photogeneration 
of H2.[9]

In view of this constraint, recent pro-
gress in photothermal-enhanced catalysis 
is an alternative approach to fully harvest 
and exploit the solar spectrum even in 
the NIR region.[10] Suitable photothermal 
materials include noble metal nanoparti-
cles which demonstrate localized surface 
plasmon resonance (LSPR) effect,[11] or 
semiconductor which exhibits broad light 
absorption range have largely been used 
in photothermal-enhanced catalysis.[3a] To 
further enhance the photoredox reaction, 

cocatalyst such as noble metals[12] or semiconductors[13] with 
suitable energy levels are often added as active sites. Although 
photothermal-enhanced catalysis generally seems to be effec-
tive, there are overlooked or undisclosed challenges to fully 
exploit solar power for the photothermal catalytic technology to 
operate at its highest catalytic efficacy and energy conversion 
efficiency. More often than not, similar materials (mostly metal 
or semiconductors) for both photothermal and cocatalyst mate-
rials are simply blended in an attempt to observe enhanced 
photothermal catalysis, not knowing that they have given rise 
to unintended adverse interactions between the added com-
ponents. The various pitfalls of having similar materials com-
positions with hybridized photochemical and photothermal 
functions in a photothermal-enhanced catalyst system are: (i) 
overlapping of the light absorption spectrum resulting in poor 
light activation in the photothermal and/or the cocatalyst mate-
rials for respective localized heating and charge generation, 
hence leading to trade off performance; (ii) disruption of the 
charge transfer pathway of the photocatalyst to cocatalyst due 
to the incorporation of the photothermal material; and (iii) 
indifferentiable dominant role of each material constituents, 
hence inability to optimize the associated photoredox and pho-
tothermal effects. Thus, the incorporation of multimaterials 
into a unitary photocatalyst configuration for efficient full solar 
spectrum catalysis with maximized dual photochemical and 
photothermal effects is particularly challenging.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202104750.

1. Introduction

Highly efficient catalysts for H2 generation are receiving great 
research interest due to its potential applications in green and 
sustainable energy generation.[1] However, critical bottlenecks 
of photocatalytic materials encountered in photocatalytic H2 
generation include sluggish charge transfer dynamics[2] and 
narrowband light response.[3] To date, diverse strategies have 
been implemented to overcome the aforementioned limita-
tions such as cocatalyst incorporation,[2b,c,4] dye sensitization,[5] 
single atom catalysis,[6] Z-scheme,[7] and type II photocatalyst, 
etc.[8] These strategies aim to broaden the light absorption from 
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While photothermal hydrogen producing catalysis was ear-
lier demonstrated, in this work we focus on examining the 
intermodal wavelength dominant mechanisms that are not 
easily studied due to the interdependent reactivities and effects 
they exhibit. Here, we experimentally demonstrate selectively 
enhanced solar wavelength conversion into photochemical 
and photothermal modes of hydrogen evolution photocatalysis 
enhancement using classical oxide supported metal catalyst that 
is most extensively investigated for catalysis. In order to opti-
mize solar energy utilization, a spatially separated catalysts is 
designed such that (i) TiO2/Au nanosheets shell is predomi-
nately designated for high energy photon (UV) for enhanced 
photoredox reaction while (ii) Ag/SiO2 core is set apart for low 
energy photon (vis–NIR) utilization to mediate the photothermal 
effect. The selective enhancement is made possible via the har-
monious design of decoupled photothermal and photochemical 
catalyst such that the partaking mechanisms can be congruently 
operated in parallel and the catalysis performance is appreci-
ably consequential. The photocatalyst demonstrates superior H2 
production rate of 30.2  mmol g−1 h−1 and an overall enhance-
ment of ≈74 times compared to the control sample SiO2@TiO2, 
exceedingly better than the reported work.[14] Notably, the wave-
length-selective photothermal-enhanced catalysis, i.e., solar pro-
moted photocatalysis and solar induced thermal catalysis mani-
fests structural and functional decoupled configuration which 
possibly open up explicit parametric control of photoredox reac-
tion, and additional control over photothermal functionalities.

2. Results and Discussion

The structural design of the hybridized photocatalyst for 
enhanced photocatalytic H2 generation after careful considera-
tions is as illustrated in Figure 1. Ag@SiO2 (AS) photothermal 
core is designed for high photo-to-heat conversion efficiency as 
Ag exhibits LSPR effect, while the SiO2 layer enhances the light 
absorption capabilities due to the change in refractive index 

of the surrounding medium around the Ag NPs[15] for broad-
band utilization of the solar spectrum. Next, TiO2 nanosheet 
(TiO2 NS) photocatalyst is grown on the as-synthesized photo-
thermal core due to its high surface area and increased active 
facets which is desirable for enhanced photocatalytic activity. 
As the localized heating decreases with distance, the core–shell 
structure is specially designed to keep the photothermal core 
in close proximity to the TiO2 photocatalyst, thus maximizing 
the effect of local heating on the active reaction sites on TiO2. 
Lastly, cocatalyst (Au) is introduced by surface loading such that 
it can be in direct contact with TiO2 for enhanced photoredox 
reaction. The photothermal (Ag@SiO2), photocatalyst (TiO2), 
and cocatalyst (Au) are carefully chosen such that Ag@SiO2 is 
intended for broadband light absorption (vis–NIR) while TiO2/
Au is responsible for the generation of charge carrier under 
UV irradiation. It is ensured that the light absorption of the Au 
does not hinders the light absorption of Ag@SiO2 (AS) such 
that the localized heating effect can be maximized. Further-
more, to ensure that the charge transfer pathway of the TiO2/
Au is not compromised with the addition of Ag, the SiO2 layer 
also serves the purpose of minimizing the direct contact of Ag 
and TiO2/Au. This allows the dominant role of each material 
constituents to be differentiable, thus optimizing the associated 
photoredox and photothermal effects. Therefore, the current 
structural design is desirable for simultaneous realization of 
photothermal-enhanced catalysis with reduced charge recombi-
nations for enhanced photocatalytic H2 generation.

Figure S1a in the Supporting Information shows the scan-
ning electron microscope (SEM) image of the photothermal 
core (AS), where the core–shell structure is revealed with Ag 
NP in the centre of the SiO2 spheres, which indicates the suc-
cessful coating of SiO2 around the Ag NPs. The presence of 
the Ag core was also confirmed with transmission electron 
microscope (TEM) (Figure 2a), where dark spots were seen in 
the centre of the SiO2 spheres. Enhanced light absorption with 
peak at 400 nm can be observed (Figure 2b) which is accredited 
to the LSPR effect of Ag, induced by the surface oscillations of 

Figure 1.  Schematic diagram which illustrates the mechanism for enhanced photocatalytic H2 generation due to photothermal and photochemical effects.
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conduction band electrons.[16] Due to incorporation of the SiO2 
shell, broadened and enhanced light absorption were observed 
(Figure  2b). This is attributed to the difference in refractive 
index of the core and shell, which possesses light trapping 
configuration that boosts light absorption capabilities.[17] This 
enhancement indicates more photons can be turned to heat, 
which can further accelerate the holes scavenging process, 
increasing the number of electrons available for photocatalytic 
H2 generation.[18] X-ray powder diffraction (XRD) was also per-
formed which further confirms the presence of the Ag NPs 
(Figure S1b, Supporting Information). The diffraction peaks of 
Ag were observed at 38.2°, 44.4°, 64.6°, 77.6°, and 81.7° (JCPDS 
No. 4–0783).[19]

TiO2 NS was grown on the AS for close interfacial contact 
of the photothermal and photocatalytic materials which maxi-
mizes the effect of localized heating on the TiO2 active sites. 
Additionally, the role of the SiO2 layer acts as a barrier to pre-
vent charge transfer from TiO2 to Ag. Figure S2a in the Sup-
porting Information reveals the SEM image of Ag@SiO2@
TiO2 NS (AST NS), where nanosheets are seen conforming 
around AS. AST NS was then compared to (Ag@SiO2@TiO2) 
AST (Figure S2b, Supporting Information) to ascertain the 
effect of increased surface area, porosity and active facets on 
the photocatalytic performance. The percentage of exposed 
{001} active facets which is important for efficient photocata-
lytic activity can be inferred from the XRD results (Figure S3a, 
Supporting Information). The broader {004} diffraction peak 
of AST NS suggests the reduction in size along the (001) axis, 
while the enhanced intensity of the (101) peak is attributed to 
an enlarged crystallite size along the (101) axis.[20] Both results 

indicate the enhancement in percentage of {001} facets in 
AST NS.[20] The surface area of AST and AST NS were meas-
ured using BET (Figure  2c), and were found to be 23.7 and  
105.2 m2 g−1, respectively. The analysis also indicated that AST 
NS exhibited higher porosity compared to AST (Figure 2c inset). 
The increase in active facets, surface area, and porosity are 
favorable for boosting the photocatalytic performance due to an 
increased number of active reaction sites present. Additionally, 
the high porosity and surface area also facilitate the penetration 
of reactants to the TiO2, thus increasing the interaction of reac-
tant and photocatalyst for redox reactions to occur. Therefore, 
under UV irradiation, AST NS demonstrated higher photocata-
lytic performance with H2 production rate of 1.18 mmol g−1 h−1, 
compared to AST of 0.38 mmol g−1 h−1 (Figure S3b, Supporting 
Information).

Au NPs were subsequently loaded on AST NS for the inves-
tigation of cocatalyst effect of Au on H2 production rate. Impor-
tantly, the cocatalyst is selected such that its light absorption 
peak does not coincide with the photothermal core, thus fully 
maximizing the light absorption capabilities of the photo
thermal core (AS). SEM (Figure S4, Supporting Information) 
and TEM (Figure  2d) images of AST NS-Au reveal the core–
shell structure of AST NS. Such core-shell structure is known 
to be beneficial for photocatalytic reaction due to increased 
interfacial contact of the photothermal core and the photo-
catalytic material, thereby enhancing localized heating near 
the active sites of TiO2/Au. Au NPs distributed on the AST NS 
surface can be seen under high-resolution imaging (Figure 2e). 
Figure 2f,g indicates the lattice fringe of TiO2 with d-spacing of 
0.35 nm and the presence of Au NPs with d-spacing of 0.24 nm. 

Figure 2.  TEM image of a) Ag@SiO2 (AS), b) UV–vis spectrum of SiO2, Ag, and AS, c) N2 adsorption–desorption isotherm and pore size distribution 
curves (inset) of AST and AST NS, d) TEM images of AST NS-Au e–g) high resolution TEM images of AST NS-Au, h) UV–vis spectrum of ST NS, AST 
NS, and AST NS-Au.
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The XRD spectra also shows the presence of TiO2 in anatase 
phase (JCPDS no. 21–1272) and Ag with peaks corresponding to 
(111), (200), and (220) planes (JCPDS no. 04–0783) (Figure S1b, 
Supporting Information). Importantly, the UV–vis absorption 
spectrum of AST NS shows a broad peak at ≈400 nm which is 
attributed to the LSPR effect of the AS core (Figure 2h) while 
the LSPR peak of Au was observed at ≈550  nm. The distinct 
absorption peaks of Ag and Au are intended such that the 
photothermal effect of AS is not compromised due to light 
shielding.

Next, the photothermal effect of Ag on the photocatalytic 
activity were validated. SiO2@TiO2 NS (ST NS) (Figure S5, Sup-
porting Information) was used as the control sample to ascer-
tain the dominant role of Ag in the photocatalytic H2 generation 
process. The H2 production rates of both samples were meas-
ured under UV illumination, ST NS and AST NS produce H2 
at a rate of 1.26 and 1.18 mmol g−1 h−1, respectively (Figure 3a). 
The increase in H2 generation after the incorporation of Ag in 
this case is small (≈11%) as Ag is expected to have negligible 
contribution as an electron sink due to the insulated SiO2 layer, 
which prevents any charge transport from TiO2 to Ag. The 
photothermal effect on H2 generation rates were studied with an 
addition of a vis–NIR light source. The increments of H2 gen-
eration rate from UV to full spectrum (UV–vis–NIR) are ≈58% 
and ≈170% for ST NS and AST NS, respectively (Figure 3a). To 
affirm that the increment in H2 generation is due to the local-
ized photothermal heating effect and to differentiate it from 
bulk heating, the reaction solution was kept at a fixed temper-
ature of 50  °C, which is the highest attainable temperature by 

AST NS under full spectrum irradiation (Figure S6a, Supporting 
Information). The setup utilized is illustrated in Figure S6b 
in the Supporting Information. Having kept the temperature 
constant, ST NS exhibited nominal difference (≈1.3%) in the 
H2 production rate compared to AST NS, upon the addition of 
vis–NIR irradiation. This suggests that SiO2 alone has minimal 
contribution to the localized heating effect under vis–NIR irra-
diation and thus, the increment observed in ST NS (Figure 3a) 
is accredited to bulk heating. In contrary, an enhancement of 
≈37.5% in the H2 production rate from 0.81 to 1.10 mmol g−1 h−1 
was observed in AST NS (Figure S6c, Supporting Information), 
which affirms that the H2 enhancement observed in Figure 3a 
is ascribed to the localized heating effect of AS, not due to the 
effect of increased temperature of bulk solution alone. The local-
ized heating around the AS nanoparticles are known to facilitate 
the hole scavenging process on the active sites of the photocata-
lytic material, thus improving the H2 generation rate.[21] This is 
further supported by photocurrent measurements (Figure S7, 
Supporting Information), where a noticeable decrease in photo-
current (≈11%) is observed in AST NS under UV and full spec-
trum irradiation, compared to ST NS of ≈2.4%. This suggests 
that due to the localized heating of Ag in AST NS, the hole-
scavenging effect on the active sites of TiO2 NS is accelerated, as 
such, more electrons are available to be utilized to generate H2 
gas. This reduces the number of electrons flowing to the FTO 
electrode, resulting in a photocurrent drop.

To further affirm that the huge increment in H2 generation 
rate is attributed to the photothermal effect of AS, indicating 
that the major contribution in the improved H2 production rate 

Figure 3.  a) H2 generation rates of ST NS, AST NS, and ST NS-Au under UV and full spectrum irradiation, b) temperature profile of SiO2 and AS under 
UV and full spectrum irradiation, c) schematic diagram of the effect of UV and Vis–NIR irradiation on the surface potential in AS, d) topography and 
the inverse contact potential difference (-CPD) of AS, and e) line profiles of -CPD along lines marked in d) under various light source illumination.
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is resulting from the conversion of vis–NIR photon to heat. 
Temperature profile measurements of SiO2 and AS under UV 
and full spectrum irradiation were demonstrated (Figure  3b). 
After 20 min of UV irradiation, the bulk temperature of pow-
dered AS reached ≈32.1 °C, while that of SiO2 reached ≈30.9 °C, 
indicating that Ag has minimal contributions to heat under UV 
irradiation (difference of ≈1.2 °C), which is in agreement with 
the H2 production results. SiO2 and AS exhibited similar trend 
in liquid under UV irradiation, with temperature difference of 
≈0.9 °C (Figure S8, Supporting Information). Subsequently, full 
spectrum light was used and the temperature increased drasti-
cally especially in AS sample. AS reached a high temperature 
of ≈71.3 °C while SiO2 only achieved temperature of ≈44.5 °C. 
Notably, a difference of ≈26.8 °C was realized under full spec-
trum irradiation, which can be attributed to localized heating 
around the nanoparticles due to the LSPR effect of Ag. The 
temperature difference of SiO2 and AS in liquid also exhibited 
a difference of ≈3.5  °C (Figure S8, Supporting Information). 
When irradiating Ag NPs with vis–NIR light, free electrons 
on the nanoparticle surface are excited and conduction-band 
electrons collectively oscillate to strongly absorb the incident 
light. The absorbed photons either decay nonradiatively which 
results in localized heating or decay radiatively by reemission of 
light.[22] As schematically shown in Figure 3c, the generation of 
hot electrons under vis–NIR irradiation increases the number 
of free electrons, resulting in the upward shift of Fermi level 
and a decrease in work function; while these changes do not 
appear under UV (365 nm) irradiation as the wavelength does 
not match with the LSPR peak of Ag NPs. Thus, determining 
the light-induced variations in work function promises an effec-
tive approach to visualize the LSPR-induced hot electron gen-
eration, which is the origin of the localized heating effect. To 
demonstrate the localized heating effect of AS, KPFM equipped 
with different light sources were employed to determine 
the light-induced variations in work function by measuring 
changes in contact potential difference (CPD)[23]

CPD /tip sample e( )= ∅ − ∅ − 	 (1)

where ∅tip and ∅sample are the work functions of tip and sample, 
respectively; and e is the electronic charge.

Figure 3d,e is the maps and line profiles of the inverse CPD 
(-CPD) of AS in dark, illuminated under vis–NIR (400–1100 nm) 
or UV light (365  nm). The broad vis–NIR light illumination 
causes a significant increase in -CPD (≈20  mV) compared to 
that in the dark condition, while UV light illumination only 
change the -CPD marginally (≈4 mV). According to Equation (1), 
given that the work function of the Pt-coated tip (∅tip) is kept 
constant, an increase in CPD implies a decrease in ∅sample, sug-
gesting an increase of electron density due to the LSPR effect in 
Ag NPs under vis–NIR light irradiation (Figure 3c). Thus, vali-
dating that more hot electrons are generated in Ag under vis–
NIR light which is favorable for the photothermal effect. Noting 
that -CPD can be also altered due to the surface charge varia-
tions from photoexcitation, the -CPD of SiO2 was also meas-
ured under the different light conditions. In this case, the -CPD 
remain relatively similar (≈15 mV) under all conditions. Thus, 
this implies that the photoexcitation-induced surface charge 
generation due to SiO2 can be excluded in AS (Figure S9,  

Supporting Information). Therefore, the KPFM results in 
combination with the temperature profiles and H2 generation 
results, reveal that the dominant role of Ag@SiO2 in improving 
the H2 generation rate is the high photon-to-heat (photothermal) 
conversion with the addition of vis–NIR light irradiation.

Moving on, the cocatalyst effect of Au on ST NS was also 
investigated. From the H2 generation results (Figure  3a), the 
H2 production rate of ST NS-Au increases drastically under UV 
irradiation, ≈8.1 times more than that of ST NS. This increment 
is attributed to Au acting as an electron sink, drawing electrons 
away from TiO2 NS to facilitate the photoredox H2 genera-
tion. Moreover, since Au also exhibits LSPR effect with absorp-
tion peak at 550 nm, the increment in H2 generation with the 
addition of vis–NIR light was also investigated. Notably, an 
enhancement in the H2 generation rate of ≈62% under UV and 
full spectrum were demonstrated (Figure  3a). The increment 
was similar to ST NS (≈58%), which implies that the enhance-
ment in ST NS-Au with the addition of vis–NIR light is also due 
to the bulk heating effect instead of the photothermal effect as 
discussed previously.

The bulk temperature of ST NS and ST NS-Au powder were 
measured under UV and full spectrum irradiation (Figure 4a). 
After 20  min of UV irradiation, the bulk temperature of ST 
NS and ST NS-Au powder were found to reach ≈32  °C with 
slight variations from each other (±1  °C). Subsequently, full 
spectrum was utilized and the maximum temperature attain-
able increased for both samples, with ST NS-Au displaying a 
temperature of ≈11 °C more than that of pure ST NS. Although 
the temperature difference may suggest localized heating due 
to the Au NPs, there is negligible change (≈1.4%) in the photo-
current obtained for ST NS-Au (Figure 4b), under UV and full 
spectrum irradiation, suggesting that the temperature increase 
observed is due to bulk heating instead of localized heating. 
The dominant role of Au in H2 generation is further analyzed 
with KPFM (Figure 4c). Figure 4d presents the topography and 
maps of the inverse CPD (-CPD) of ST NS-Au deposited on a 
Pt-coated silicon substrate under dark, UV, and vis–NIR irra-
diation. Compared to -CPD in the dark, UV irradiation results 
in an obvious -CPD increase of ≈10 mV while vis–NIR irradia-
tion shows a comparable value (variation < ≈1 mV) (Figure 4e). 
The minimal change in -CPD of ST NS-Au between dark and 
vis–NIR indicate that the generation of hot electrons is neg-
ligible to result in a change in electron density and the con-
sequent shift in Fermi level of Au NPs. On the other hand, 
the change in -CPD under UV irradiation is attributed to the 
charge accumulation on the sample. According to the CPD 
definition (CPD  = Vtip  − Vsample), the -CPD increase signifies 
the increase in sample’s potential (Vsample), given that the tip’s 
potential (Vtip) does not change. The Vsample increase implies 
an accumulation of positive charges over the sample’s surface, 
that is, the hole accumulation over ST NS-Au. As illustrated 
in Figure 4c, electron–hole pairs are generated under UV irra-
diation due to photoexcitation of TiO2; as a result of a larger 
work function of Au compared to TiO2, these electrons tend 
to transfer to Au and then be grounded by the Pt coating on 
the substrate, resulting in the accumulation of holes and the 
consequent -CPD increase. Without Au, the increase in the 
-CPD of ST NS under UV irradiation is half (≈5  mV) of ST 
NS-Au (Figure S10, Supporting Information). Therefore, the 
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above results confirm that the dominant role of Au is to create 
a charge transport pathway that promotes the photocatalytic 
reaction instead of the photothermal effect that accelerates the 
hole scavenging effect.

Lastly, these two systems were hybridized to form AST 
NS-Au and H2 measurements were taken under UV and full 
spectrum illumination to investigate the integrated cocatalyst 
and photothermal effect. Expectedly, the incorporation of Au 
NPs resulted in an increase in H2 generated under UV illu-
mination (Figure  5a). The optimal Au loading amounts was 
found and the H2 production rate is 14.0  mmol g−1 h−1, ≈11 
times that of ST NS (Figure S11, Supporting Information). 
These improvements are attributed to the presence of Au, 
which facilitated the charge transport from TiO2 to the metal 
nanoparticles as proven earlier. On the other hand, the incre-
ment in the H2 generation of AST NS-Au samples from UV to 
full spectrum are ≈126%, 114%, and 106% for 3, 5, and 7 wt%, 
respectively (Figure S11, Supporting Information). Although 
there is a decrease in the photothermal increment in H2 gen-
eration compared to AST NS (≈170%) which may be attributed 
to the slight overlapping of light absorption of Au and Ag NPs 
at 400 nm (Figure 2h), the increments of the H2 generation are 
all above 100%, much higher than the increment observed in 
ST NS-Au (≈62%) (Figure 3a), suggesting that the photothermal 
effect of Ag is still prominent in this case. This is attributed 
to the distinct absorption peak of both Ag (400  nm) and Au 
NPs (550 nm) materials which assists the concept of minimal  

overlapping light absorption, such that the localized photo-
thermal heating capabilities of Ag can be preserved.

In addition, the cocatalyst effect of Au in this case was not 
compromised due to the encapsulation of Ag NPs, preventing 
contact with the photocatalytic and cocatalyst material. In 
order to further examine the dual photothermal and cocatalyst 
effect of Ag and Au, respectively, various single wavelength 
visible/NIR light sources are utilized and H2 generation rates 
are measured. Figure  5b reveals the H2 production rate of 
AST NS-Au under UV (365  nm) alone, with visible/NIR light 
sources at different wavelengths. The largest increment in H2 
generation at 400 nm matches the resonance peak of Ag NPs 
(400 nm) where an enhancement of ≈75.0% was demonstrated. 
Conversely, at higher wavelengths of 450, 500, and 550 nm, the 
enhancement in H2 generation decreases to ≈44.7%, ≈49.4%, 
and ≈36.9%, respectively. Nevertheless, these enhancements 
are attributed to the localized heating effect of Ag due to the 
broad light absorption capabilities. At wavelength of 600 to 
700 nm, there were no increment observed as the light absorp-
tion (Figure 5b) is ascribed to the Au NPs instead of Ag. Thus, 
this further affirms that the dominant role of Au NPs is for 
enhanced charge transfer pathway instead of the photothermal 
effect that accelerates hole scavenging.

As the stability of the photocatalyst is important in estab-
lishing the efficiency of the photocatalyst, the photocatalytic 
performance of AST NS with 5 wt% Au NPs under UV and full 
spectrum were investigated for four cycles. The H2 production 

Figure 4.  a) Temperature profile, b) photocurrent of ST NS and ST NS-Au under UV and full spectrum irradiation, c) schematic diagram of the effect 
of UV and vis–NIR irradiation on the surface potential in ST NS-Au, d) topography and the inverse contact potential difference (-CPD) of ST NS-Au 
and e) line profiles of -CPD along lines marked in d) under various light source illumination
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for both UV and full spectrum remained relatively stable with 
H2 generation rates of 14.0 ± 1.9 and 30.2 ± 2.5 mmol g−1 h−1, 
respectively as shown in Figure  5c. The H2 production rate, 
compared to the control sample (ST) is ≈74 times higher 
(Figure S12, Supporting Information), which is relatively high 
with reference to recent works (Table S1, Supporting Informa-
tion). The mechanism for the boosted photocatalytic H2 genera-
tion is illustrated as shown in Figure 5d. First, Ag is designed 
to absorb visible light for efficient light-to-heat conversion, 
while the SiO2 layer increases the overall light absorption capa-
bilities and simultaneously minimizes the contact of Ag with 
TiO2/Au. Second, TiO2 NS is the photocatalyst responsible for 
the generation of electron–hole pairs for H2 generation under 
UV illumination. Lastly, the addition of Au NPs on TiO2 sur-
face acts as cocatalyst for efficient charge transfer. Therefore, 
photogenerated electrons in TiO2 NS under UV irradiation 
(Figure  5di) are transported to the Au NPs due to the large 
work function of Au. This transfer of electrons greatly reduces 
the fast charge recombination in TiO2, which increases the 
number of electrons available for H2 generation. Next, with 
the addition of the vis–NIR light illumination, the Ag@SiO2 
exhibited LSPR effect (Figure  5dii). The hot electrons gener-
ated due to the LSPR effect can either decay through photons 
re-emission, or through nonradiative decay via electron–elec-
tron interactions. In nonradiative decay, the hot carriers collide 
with other electrons in metal, thus transferring their energy to 
the neighboring electrons.[10b,24] The high energy electrons then 
collide with the ionic lattice of the metal nanoparticles (elec-
tron–phonon coupling),[24a] which results in a rise in the local 
temperature of the metal nanoparticles. Eventually, the heat is 

transferred from the metal to TiO2 due to the coupled vibra-
tion of both the metal and TiO2 (phonon–phonon coupling).[25] 
This confined heat produced results in an increase in the local-
ized temperature of the photocatalyst.[10a,b] Thus, aiding in the 
acceleration of redox reaction of the hole-scavenging glycerol 
(Figure 5di).[3a,21] As such, the number of available electrons on 
the photocatalyst increases further, resulting in more H2 gas 
being generated.

3. Conclusion

Photocatalyst with dual effect of enhanced charge transfer and 
photothermal heating for boosted H2 generation has been dem-
onstrated. The photocatalyst exhibited exceptionally high H2 
generation rate of 30.2 mmol g−1 h−1 which is ≈74 times that of 
ST. The high H2 performance is ascribed to the designed AST 
NS-Au NPs core–shell structure for effectual utilization of the 
solar energy, where UV light is utilized for the electron–hole 
pairs generation in TiO2 for H2 generation and AS absorbs vis-
ible light for efficient photo-to-heat conversion. The number 
of active sites for photocatalytic reactions is boosted due to 
the increase in the active facets, surface area and porosity in 
TiO2 NS. The addition of Au NP reduces the charge recom-
bination in TiO2, which further improves the photocatalytic 
performance. Moreover, the Au NPs (cocatalyst) showed suit-
ability to be used in conjunction with Ag NPs (photothermal), 
as they each exhibit light absorption at different wavelengths. 
Therefore, this facile hybrid design of photochemical and 
photothermal effect are proven to be feasible. In general, the 

Figure 5.  a) H2 production rates of ST NS and AST NS-Au under UV and full spectrum irradiation, b) H2 production rates of AST NS-Au under UV 
(λ = 365 nm) and with addition of different wavelength irradiation (vis–NIR, λ ≥ 400 nm)). c) H2 production stability of AST NS-Au. d) Mechanism of 
the synergetic photothermal and photochemical effect on H2 generation.
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approaches demonstrated in this study could potentially pave 
the pathway and open new doors for the development of other 
photocatalytic material designs which can be expected to be 
useful in the field of energy generation and sustainability.
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