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Polymeric Layered Films for TiO,-Au/CuS Tandem
Photothermal Catalytic H, Production in Harsh Seawater

and Waste Plastic Media

Minmin Gao, Tianxi Zhang, Serene Wen Ling Ng, Wanheng Lu, Guo Tian, Wei Li Ong,

Sergey M. Kozlov, and Ghim Wei Ho*

Conventional suspension photocatalysts face stability and efficiency
challenges in harsh, unconditioned environments characterized by high
alkalinity, salinity, and organic species in seawater and wastewater. Moreover,
suspension-based photothermal-assisted catalysis presents further
challenges, particularly concerning formation of heterojunctions between
photocatalysts and photothermal materials that disrupt charge-transfer
pathways and are exacerbated by photothermal heating-induced carrier
recombination. Here, a photocatalytic system is proposed in which three key
photoprocesses: photothermal, photogeneration-charge separation, and
photoredox are spatially decoupled yet coordinated, aimed at addressing
prevalent challenges of photothermal-assisted catalysis and
adsorption-mediated catalyst deactivation in harsh environments. Essentially,
the proposed polymeric tandem photothermal catalytic (PTPC) film consists
of TiO, /Au photocatalytic and CuS photothermal layers, spatially separated
and encapsulated by polymeric layers, which serve as spacer inhibitors to
conflicting photochemical-photothermal pathways and corrosion-resistant
redox medium. The PTPC film exhibits enhanced light absorption, mass
transfer, and photothermal effect, surpassing traditional suspension catalysts
and enabling interfacial redox reactions on the passive film surface. The PTPC
system represents a new paradigm of polymeric film photocatalysis, enabling
unimpeded photoredox-photothermal pathways and catalyst stability for
application in hostile seawater and plastic waste environments. Such a
paradigm can be used to develop localized, onsite solutions for photothermal
H, production that minimize logistical and environmental challenges.

1. Introduction

Over the past decades, most photocat-
alytic H, production systems are typically
focused on suspension systems, where
catalyst powders are dispersed in the re-
active medium.l'}] However, the config-
uration of suspension system faces chal-
lenges of light scattering by the photo-
catalyst and water, limited light penetra-
tion depth, sedimentation and agglomer-
ation as well as insufficient mass transfer
issues (Figure 1a).[**] Moreover, particu-
late suspension photocatalysts encounter
stability and efficiency challenges in un-
conditioned, harsh environments such
as those with high alkalinity, salin-
ity, organic compounds, and sediments
typical of seawater and wastewater.[®]

Besides, the traditional photocatalyst
design is prevailingly dominated by
UV-light responsive materials, by virtue
of the wide bandgap, highly active charge
carriers, and a high redox potential.[1%11]
Different strategies are proposed to
broaden the utilization range of solar en-
ergy and maximize the solar-to-chemical
energy  conversion  efficiency.!214
More recently, the photothermal ef
fect has been effectively utilized to fully
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Figure 1. Schematic drawing of a) comparison between the traditional suspension system and film system. b) Suspension system for traditional pho-
tothermal reactions. c) The conceived flexible polymeric tandem photothermal catalytic (PTPC) film with cohesive photothermal and photochemical

effects for H, production from seawater and plastic waste.

harvest visible-NIR light and promote the catalysis activity
through significant photoheating.['>1¢] This photothermal
effect will collectively improve the photocatalytic reactivity,
through enhanced charge carriers’ mobility, Gibbs free energy,
mass transfer of reactants, and release of produced H, gas.['%"]
Nonetheless, when photothermal materials are incorporated into
photocatalysts, they form heterojunctions potentially interfering
with the charge transfer pathway which could either enhance
or detract from the overall catalytic efficiency, depending on the
flow of charge carriers’ passageway (Figure 1b). Additionally,
photothermal heating might conversely promote the recombina-
tion of charge carriers, negatively impacting the photochemical
reactivity and overall catalytic performance.l?!?2] Moreover, pho-
tothermal catalysis in suspension systems frequently encounters
catalyst deactivation challenges, stemming from a combination
of chemical, thermal, and mechanical mechanisms inherent
in harsh, unconditioned environments. Chemically, catalyst
poisoning occurs through chemisorption of deleterious species,
intermediates, etc. on catalytic sites. Thermally, the photother-
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mal effects can lead to deactivation through active phase-support
reactions or crystallite growth, and mechanically, harsh condi-
tions may cause a loss of surface area and the collapse/blockage
of the catalyst’s nanostructure or pores. Each of these catalyst
deactivation mechanisms drastically reduces the viability of
accessible active sites, posing significant hurdles that must be
addressed to harness the full potential of photothermal-mediated
catalysis. Notably, it is also challenging to reap the benefits of the
photothermal effect in a suspension system as the localized heat
is unable to achieve a confined hot zone and instead inevitably
dissipates into the bulk liquid.”)} Moreover, the configura-
tion of the suspension system necessitates that light passes
through the bulk water medium before reaching the surface
of photothermal materials, which significantly diminishes the
amount of adsorbed light, the temperature increase, and the cat-
alytic activity of these materials.[*] The presented complexities in
photothermal-mediated photocatalysis can be addressed through
the design of innovative photocatalytic systems that function
effectively in dynamic, unstructured water environments,!?42]
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yet such developments remain undemonstrated to
date.

Here, we introduce a spatially decoupled, polymeric passivated
catalytic system designed to facilitate pivotal photoprocesses
such as photothermal, photogeneration-charge separation, and
redox at distinct locations. This polymeric layered scheme effec-
tively mitigates charge transfer interference between the pho-
tothermal materials and co-catalysts, while also shielding against
adsorption-induced catalyst deactivation. The proposed system
features a polymeric tandem photothermal catalytic (PTPC) film,
which integrates a photocatalytic TiO,/Au with a photothermal
CusS, separated by polydimethylsiloxane (PDMS) layers immo-
bilized on top and bottom of the film, and between the photo-
catalytic and photothermal layers (Figure 1c). The introduction
of an intermediary PDMS layer achieves spatial separation be-
tween the photocatalytic and the photothermal layers, inhibiting
cross-interference in charge transfer and simultaneously mediat-
ing confined photoheating. PDMS was selected for the tandem-
layered photothermal catalytic films due to its transparency in
the visible and NIR spectra, which maximizes light absorption
by the photothermal material. Additionally, it is chemically and
thermally stable for photocatalytic purposes, possesses excellent
extensibility for flexibility and conformal usage, and is hydropho-
bic, enabling a self-cleaning function. Meanwhile, the encapsu-
lating PDMS layer serves as a reaction medium for the photocat-
alyst, boosting its tolerance to harsh environments. This, in turn,
prevents the deactivation of active sites, which typically results
from diverse adsorption phenomena, thereby prolonging cata-
lyst life. The observed interfacial redox reactions on the PDMS
surface are verified by Kelvin Probe Force Microscopy (KPFM),
photovoltage measurements, in-situ electron paramagnetic reso-
nance (EPR), and simulations. The PTPC film demonstrates en-
hanced light absorption, and photothermal effects, and features
self-cleaning surfaces, outperforming traditional suspension cat-
alysts in the stable H, production from challenging water sources
such as seawater and plastic waste. This work introduces a pio-
neering approach in employing polymeric layered films to opti-
mize light and photoheat harvesting for tandem photothermal
catalysis in bulk, challenging water environments. It potentially
allows for precise and independent management of the typically
conflicting photoredox and photothermal functions. The PTPC
system significantly improves the practicality of photocatalysis
in harsh water, thereby extending its sustainability and durabil-
ity, and promises onsite solutions for H, production that reduce
environmental and logistical burdens.

2. Results and Discussion

The flexible PTPC film is designed for spatially decoupled
photothermal and photochemical H, production as shown in
Figure 1c. The photothermal effect is well-acknowledged for its
ability to boost photocatalytic activity due to the temperature rise
of the photocatalyst locally. Nevertheless, direct contact between
the photocatalyst semiconductor (TiO,) and the photothermal
semiconductor (CuS) may form Type-I heterojunction, poten-
tially lowering the reduction capability of TiO, (Figure S1, Sup-
porting Information). When both the semiconductor (TiO,) and
photothermal material (CuS) are simultaneously excited, compe-
tition arises between the recombination of electron holes and the
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photothermal effect of CuS. On one hand, the photothermal ef-
fect of CuS could favor the photocatalytic reaction. On the other
hand, the electrons from Au may recombine with the holes on
CusS, further reducing the concentration of efficient electrons and
undermining the overall photocatalytic performance. This is fur-
ther complicated by the photothermal effect of CuS, which can el-
evate the local temperature, expediting the recombination of UV-
generated electron-hole pairs in TiO,. The conundrum between
charge transfer separation and photothermal in catalysis revolves
around the intricate balance and interactions between photother-
mal effects, charge transfer pathways, and their mutual influence
on catalytic efficiency. Within the PTPC system, light and pho-
toheat absorption can be maximized while sanctioning isolated
photoredox and photothermal processes, which might otherwise
conflict. The PTPC system significantly enhances the viability of
photocatalysis in challenging water conditions, thus advancing
its sustainability and reliability.

In Figure 1c, the flexible PTPC film is vertically structured
with each layer playing a distinctive role. TiO,/Au serve as the
photocatalytic layer, with TiO, as the photoactive material and
Au nanoparticles as the cocatalyst for enhanced charge transfer
in photochemical H, production. CuS plays the essential role of
a photothermal layer to extend the light absorption to Vis-NIR
range and convert the absorbed energy to heat for photothermal-
assisted H, production. These functional layers are further as-
sembled with a top and bottom PDMS encapsulation to form
a flexible film architecture beneficial for light absorption, water
mass transfer, H, gas release, and spatially decoupled photother-
mal and photochemical effects for H, production. Additionally,
the hydrophobic characteristics of PDMS layer will further en-
dow self-cleaning properties, allowing contaminants adhering to
the film surface to be readily cleansed.

The topography mapping image of PTPC film shows the con-
tinuous film structure of TiO,/Au after coating with PDMS
(Figure S2, Supporting Information). Due to the excellent exten-
sibility of PDMS polymer, the PTPC film possesses the advan-
tages of being stretchable, flexible, and conformable. Even when
stretched, twisted, bent, or folded, the film retains its original
shape once the applied external force is removed (Figure 2a—d).
Noticeably, the PTPC film is highly conformable, seamlessly fit-
ting onto the leave (Figure 2e). The film can also be customized
into arbitrary shapes and sizes depending on specific usage re-
quirements (Figure S3, Supporting Information). For instance,
the film can be shaped as an “artificial leaf” and simulate the
natural photosynthesis for H, generation under light irradiation
(the inset in Figure 2f). These features enable easy adaptation
while maintaining resilience against external forces, potentially
expanding its scope of applications.

The cross-sectional scanning electron microscope (SEM) im-
age of the PTPC film reveals a multilayered sandwich struc-
ture (Figure 2g). Elemental distribution along the PTPC film
cross-section, depicted in the line scan delineates the layered
structure of PDMS, TiO, /Au photocatalytic, and CuS photother-
mal layer (Figure S4, Supporting Information). The photocat-
alytic layer reveals an average diameter of 4 nm Au nanopar-
ticle (NP) distributed among TiO, NP, confirmed by transmis-
sion electron microscope (TEM) (Figure 2h; Figure S5, Support-
ing Information). The lattice spacing of 0.32 and 0.35 nm corre-
sponds to (110) and (101) planes of TiO,, respectively, while the
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Figure 2. a—d) The excellent flexibility (stretching, twisting, bending, and folding) of PTPC film (the film size is 1.0 cm*1.5 cm). e) The conformability of
PTPC film. f) The produced H, bubbles on the surface of tailored artificial leaves under light irradiation. g) SEM image of a cross-section view of PTPC.
h) Low and i) high resolution TEM image of the photocatalytic layer TiO, /Au. j) Low and k) high resolution TEM image of the photothermal layer CuS.

[) XRD pattern of the photocatalyst (TiO,/Au) and photothermal layer (CuS).

interplanar distance of 0.24 nm corresponds to (111) crystal facet
of Au (Figure 2i).2%%) CusS is chosen for its cost-effectiveness,
low toxicity, and tunable photothermal properties, making it a
highly promising photothermal material.[?®*] The presence of
CusS in the photothermal layer is affirmed by the TEM image in
Figure 2j. The high-resolution TEM image (Figure 2k) reveals lat-
tice fringes of 0.19 and 0.32 nm, well indexed to (110) and (101)
planes of CuS. To confirm the composition of the PTPC film,
X-ray powder diffraction (XRD) characterization was performed.
As shown in Figure 21, the XRD pattern of the photocatalytic layer
shows the presence of TiO, in the anatase and rutile phases with
negligible Au peaks due to the relatively low Au loading. For the
photothermal layer, the peaks correspond well to CuS (PDF Card
No. 06-0464).

The flexible PTPC film offers additional advantages in optical
absorption and thermal management for photothermal-assisted
catalysis. Unlike typical suspension systems, where light must
traverse bulk water to reach the catalyst surface, encountering
scattering and sedimentation issues that further deteriorate light
penetration (Figure 1a), the PTPC film only requires light to pen-
etrate through its thickness in the order of tens of microns. This
design ensures optimal light irradiation area. Furthermore, com-
pared to suspension systems, the film requires reduced water
volume, thus enhancing the efficiency of bulk water photother-
mal heating. Consequently, when an optimal amount of 8% Au
was loaded (Figure S6, Supporting Information), the TiO,/Au
with a PDMS film exhibits an H, production activity superior
to that of suspension system with stirring, maintaining a con-
sistent H, generation rate of 120 mmol m~2 h! for 5 cycling
tests (Figure 3a). Conversely, the suspension system without stir-
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ring experiences a dramatic drop in H, generation from 110 to
merely 24 mmol m~2 h~! after 5 cycles. UV-vis absorption spectra
of the unstirred photocatalyst suspension show a notable decline
in light absorption over time, indicating a serious sedimentation
issue of the photocatalyst (Figure S7, Supporting Information).
This underscores the necessity of mechanical agitation in sus-
pension systems to overcome the challenges of insufficient light
absorption and photocatalyst settling. However, employing me-
chanical agitation is impractical for scaled-up applications. The
PTPC system is designed to address the critical challenges inher-
ent in suspension systems, achieving higher efficiency without
the need for stirring and facilitating catalyst recycling, making it
ideal for practical applications.

Apart from the desired light absorption, the PTPC system
also enhances the photothermal effect, effectively utilizing photo-
heat for photothermal-assisted catalytic reaction. As shown in
Figure 3b, pure PDMS shows negligible light absorption across
the spectrum. Due to the transparency of PDMS, TiO,/Au cat-
alyst and TiO,/Au catalyst coated with a PDMS film exhibit
similar light absorption with the LSPR peak of Au observed
~530 nm.3%3! Upon introducing photothermal material CuS,
the PTPC shows a broad light absorption from UV to visible
light, ascribed to the excellent light-harvesting capacity of CuS.
Nonetheless, the direct introduction of CuS photothermal mate-
rial into TiO, /Au photocatalyst in a suspension system disrupts
the photochemical charge transfer pathway and photothermal
heating, as evidenced by the apparent decline in H, production
performance in Figure 3c. In a suspension system, TiO,/Au cat-
alyst shows an average H, production rate of 110 mmol m~2 h™!
under UV light irradiation and slightly increased by 37% to
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Figure 3. a) The comparison of H, evolution activity for a suspension system with/without stirring and TiO,/Au-PDMS film system. b) Absorption
spectra of PDMS, TiO,/Au film, TiO,/Au-PDMS film, CuS-PDMS film, PTPC film, and spectral solar irradiance (AM 1.5). c) H, evolution activity of
suspension system of TiO,/Au photocatalyst and TiO,/Au/CuS mixed catalyst (labeled as PTC), and film system of TiO,/Au-PDMS film and the PTPC
film under UV and full spectrum irradiation. d) Temperature profiles of TiO, /Au film and PTPC film in air and water, respectively.

154 mmol m~2 h™! under full spectrum. In contrast, an H, pro-
duction rate of TiO, /Au/CuS catalyst decreases dramatically (by
86% under UV and 82% under full spectrum) when CuS is di-
rectly mixed with TiO, /Au catalyst in a suspension system. When
the intermediary PDMS layer is intercalated between the photo-
catalytic and the photothermal layers, the PTPC achieves a signif-
icantly enhanced H, generation rate of 356 mmol m~2 h™! under
full spectrum, a 113% improvement compared to the TiO,/Au-
PDMS film. Moreover, TiO, /Au catalyst coated with a PDMS film
showed a similar H, production activity to that of TiO, /Au cata-
lyst in suspension system. This stark contrast is associated with
effective photothermal confinement and minimized interference
of photothermal material with photochemical charge transfer
separation. The infrared image reflects an elevated temperature
within the PTPC film (Figure S8, Supporting Information) with
a temperature difference of 27.8 °C in air and 10.1 °C in water
compared to the TiO,/Au film (Figure 3d) which validates the
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photothermal effect of CuS. Moreover, the contact angle of the
coated PDMS layer remains consistent after continuous UV ir-
radiation (Figure S9, Supporting Information), confirming the
stability of the PTPC film. It is worth considering that the Si-H
bond on the PDMS surface may possibly decompose and con-
tribute to H, generation. Hence, this phenomenon was investi-
gated and excluded to ensure a true H, production capacity of
PTPC (Figures S10 and S11, Supporting Information).

The incorporation of PDMS layer is crucial to the distinc-
tive design of the PTPC film-type system. The intrinsic char-
acteristic of PDMS for charge induction and trapping extends
the decay of charge carriers,?? thereby enhancing charge den-
sity. To validate the presence of induced charges on the PDMS
surface, photocurrent response and Kelvin probe force mi-
croscopy (KPFM) were performed to investigate surface poten-
tial and surface photovoltage.**** Shielding half of the prepared
TiO, /Au catalyst coated with top and bottom PDMS layers while
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Figure 4. a) The photovoltages of TiO,/Au-PDMS layer under 365 nm, visible light, and full spectrum irradiation. b) Surface potentials mapping of
TiO,/Au film and TiO,/Au-PDMS film. c) Contact potential difference (CPD) profiles of TiO,/Au-PDMS films with different PDMS layer thickness.
d) COMSOL Multiphysics simulation results about the potential on the top of PDMS induced by the TiO,. e) Average H, production rate of TiO,/Au-
PDMS films with different PDMS layer thickness. f) EPR signals of ¢OH and O3 radicals of TiO, /Au-PDMS films under light illumination for 10 mins.
g) UV-vis spectra of photocatalytic degradation of methylene blue dye over TiO, /Au-PDMS film.

irradiating the other half, allows for the formation of a complete
circuit if induced charges are produced on the irradiated half
of the PDMS layer with a detectable voltage signal (the inset in
Figure S12, Supporting Information). As shown in Figure 4a,
when the other half is exposed to visible light, no obvious sig-
nals are generated. Together with the result that pure PDMS it-
self does not produce any photo-response under full spectrum
(Figure S13, Supporting Information), it indicates the absence
of charges on the PDMS layer when the photocatalyst TiO, is
not activated. This result also confirms that PDMS itself cannot
produce charges and can only accept induced charges originat-
ing from TiO,. Therefore, when half of the PTPC is irradiated by
UV light, it shows an obvious photocurrent response, which in-
stantaneously drops to zero when the light is off, thus affirming
the dependence of the photocurrent on light. When subjected to
full spectrum, the signal enhances significantly compared to UV
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irradiation due to the presence of Au, which accelerates charge
transport.

When a PDMS layer is incorporated atop the TiO,/Au pho-
tocatalytic layer, induced charges emerge on the PDMS surface
when TiO, is activated.?2l PDMS possesses excellent charge
preservation and poor conductivity, thereby mitigating the re-
combination of electron-hole pairs and prolonging the lifetime
of charge carriers.3>3¢ Consequently, pure PDMS shows no re-
sponse when illuminated, while TiO,/Au catalyst coated with
PDMS layer exhibits a significantly higher photovoltage intensity
than TiO,/Au catalyst cast film, as measured by KPFM (Figure
S14, Supporting Information; Figure 4b,c). To further verify the
essential role of the PDMS layer in charge induction, the thick-
ness of the top PDMS layer coating was optimized. Notably,
an optimal thickness of 5 pm PDMS layer coating produced
the highest photovoltage intensity and achieved the optimal H,
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generation rate of 102.1 mmol m~2 h~! (Figure 4c,d; Figure S15,
Supporting Information). However, a thin PDMS (2 pm) may
potentially lead to charge leakage, thereby partially negating the
charge induction density, while a PDMS layer of >5 um increases
the charge induction thickness, resulting in suboptimal thick-
ness and diminished H, performance.[?”38! To theoretically un-
derstand the induced charges on PDMS by underlying TiO,, Ma-
terial Studio, and COMSOL Multiphysics simulation were con-
ducted to study the charge density on PDMS surface at both mi-
croscale and macroscale levels, respectively. There is no potential
difference on PDMS when there are no charges on TiO, (Figures
S16a,S17a,d, Supporting Information), indicating PDMS itself
cannot produce charge carriers, consistent with the photovolt-
age response and KPFM measurement. By contrast, either neg-
ative or positive charges introduced on TiO, result in an obvi-
ous potential difference on both the top and bottom PDMS layers
(Figure 4e; Figure S17b,c,e,f, Supporting Information). In addi-
tion, the thickness of PDMS layer will significantly affect the po-
tential intensity, with a 5 um PDMS exhibiting higher potential
induced by TiO, (Figures S17,S18, Supporting Information).

Apart from induced charges, the reactive radicals also accu-
mulate on the PDMS surface, evidenced by the in-situ electron
paramagnetic resonance (EPR) and dye degradation reactions oc-
curring on the PDMS surface. In Figure S19, Supporting Infor-
mation and Figure 4f, compared to pure PDMS, TiO,/Au and
TiO,/Au-PDMS samples show a strong eOH signal after full
spectrum irradiation for 10 min,!*! affirming oxidation reaction
on the PDMS surface. Similarly, TiO,/Au-PDMS samples also
show an obvious O); radicals signal, confirming the presence of
the interfacial reduction and oxidation reactions on the PDMS
surface.l*] Moreover, methylene blue dye degradation and Pt
photo-deposition provide additional evidence of the presence of
reactive radicals on the PDMS surface. This dye degradation re-
action was evaluated in a customized cell showed as inset in
Figure 4g and in Figure S20 (Supporting Information). After
soaking the TiO,/Au-PDMS film in the methylene blue solution
in the dark for 32 h, the UV absorption shows no change, indi-
cating that PDMS itself does not absorb methylene blue and that
the PDMS structure has no physical defects that permit leakage
or seepage (Figure S21, Supporting Information). In Figure 4g, a
shoulder peak located at ~530 nm maintains constant intensity
and is ascribed to the plasmonic peak of Au, whereas the absorp-
tion peak of methylene blue dye notably decreases over 12 min,
indicating successful dye degradation oxidation reaction on the
PDMS surface. The degradation process typically involves both
oxidation and reduction reactions to form hydroxyl radicals and
superoxide anions, which can further react to degrade the dye
molecules (Figure S22, Supporting Information).*!] Additionally,
the presence of Pt on the TiO,-Au PDMS film further confirms
the reduction reactions on PDMS surface (Figure S23, Support-
ing Information). Alternative pathways for the observed redox re-
actions of the PTPC cannot be entirely ruled out. However, the
current results indicate the presence of induced charges and re-
active radicals on the PDMS surface. Drawing from the collective
findings as discussed above, we postulate that the encapsulating
PDMS layer serves as a reaction medium to enable interfacial re-
dox reactions on the film surface.

To further examine the confined effect of photochemical
charge transfer and photoheating, photocurrent responses of dif-
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ferent films were measured. Bare photothermal material CuS
showed negligible response to light. Despite CuS having excel-
lent light absorption and narrow bandgap, these properties also
adversely facilitate the recombination of photoinduced electrons
and holes, limiting its use in photocatalytic redox applications.
TiO,/Au film showed a significant photocurrent signal when
light was turned on and the signal dropped to zero immediately
when light was switched off, indicating the strong dependence
of photovoltage generation on light (Figure 5a). However, when
Cus is integrated with the photoactive catalyst TiO,/Au, the re-
sultant PTC mixed film showed a significantly decreased pho-
tocurrent signal than that of TiO,/Au film, indicating the inter-
ference of CuS with charge transfer of TiO,/Au. When CuS is
directly combined with TiO, /Au, there are two scenarios that can
potentially interfere with the photochemical charge transfer be-
tween cocatalyst Au and photocatalyst TiO, (Figure 5b). Upon
light excitation, both TiO, and CuS will be activated and gen-
erate photoinduced electrons at the conduction band (CB) and
holes at the valence band (VB). On one hand, the incorporation
of CuS to TiO,/Au may result in electron-hole recombination at
the VB of CusS, reducing electron availability. On the other hand,
based on their band structure (Figures S24,S25, Supporting In-
formation), direct contact of TiO, and CuS will form a Type-I
heterojunction and lead to the migration of electrons and holes
from TiO, to CuS, also diminishing effective electrons for H,
production. In any case, introducing the photothermal material
CusS will compromise the cocatalyst effect of Au for photochem-
ical charge transfer-separation, making it crucial to include the
PDMS spacer to avoid direct contact between the photocatalytic
and photothermal layers.

The dominant role of PDMS layer was further examined by the
KPFM technique. Figure 5c,d presents the topography mapping
and histogram of the contact potential difference (CPD) signal of
TiO,/Au/CuS mixed film and PTPC film. With the light off, both
films showed relatively low potential (Figure 5¢; Figure S26, Sup-
porting Information). However, under illumination, PTPC film
produced a significantly higher signal than its counterpart with-
out PDMS, affirming that the PDMS layer mitigates the potential
interference in photochemical charge separation and photother-
mal effects. This finding is consistent with the corresponding H,
production activity shown in Figure 5e and Table S1 (Supporting
Information). When UV light was applied, the H, production rate
of the PTPC (167 mmol m~? h™') was 11 times higher than that of
TiO,/Au/CuS mixed-PDMS (15 mmol m~2 h!). In this case, UV
light serves mainly as the excitation light to activate TiO, for pho-
tocatalytic H, evolution, therefore the sharp decline of H, evolu-
tion activity for TiO, /Au/CuS PTC mixed film compared to PTPC
is ascribed to the shielding of active sites of TiO, by CuS and
the mutual interference of charge transfer of TiO, /Au from pho-
tothermal material CuS. The disparity in H, evolution becomes
more significant, increasing to 12 times, under the full spec-
trum, suggesting that the PDMS spacer also promotes thermal
management of the photothermal effect, further boosting the cat-
alytic reaction. Moreover, substituting the photothermal material
with carbon black, Ag nanoparticles, and Ag@SiO, nanosheets,
still resulted in a marked improvement in H, production per-
formance (Figure 5f). This illustrates the versatility of spatially
decoupled film system, where photothermal material can be
varied from carbon-based compounds to semiconductors and
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Figure 5. a) The photocurrent responses of CuS film, TiO,/Au/CuS PTC mixed film and TiO,/Au film. b) Schematic drawing of two possible charge
transfer pathways of TiO,/Au/CuS mixed catalyst. c) Kelvin probe force microscopy (KPFM) topography mapping of PTPC film and TiO, /Au/CuS PTC
mixed PDMS film in darkness and under UV light irradiation. d) Histogram of contact potential difference (CPD) signals of PTPC film and TiO, /Au/CuS
PTC mixed PDMS film UV light irradiation. e) The comparison of the average H, production rate of PTPC film and TiO, /Au/CuS PTC mixed PDMS film
under UV light and full spectrum irradiation. f) The hydrogen evolution rates of the PTPC film applying different photothermal materials under UV and

full spectrum irradiation.

noble metals, without the concern that these materials, especially
those with broadband absorption, will excessively shield the pho-
tocatalysts from the light necessary for the photogeneration pro-
cess. Remarkably, the incorporation of an intermediary PDMS
layer not just mitigates interference of photothermal material in
photogenerated charge transfer-separation process, but also con-
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fines the photothermal effect as well as allows for diverse selec-
tion of photothermal materials irrespective of band alignment
compatibility.

The design of a flexible PTPC addresses some critical chal-
lenges inherent in conventional suspension systems, such as lim-
ited light penetration depth, sedimentation of the photocatalyst,
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waste. d) The microscope images of hydrogen bubble evolution over time. e) Average H, production of TiO, film and PTPC film. f) The interfacial redox
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and scalability, thus broadening the application of photocatalytic
technology. Moreover, the application of PDMS layers on the top
and bottom surfaces will further endow the designed PTPC with
self-cleaning benefits originating from the hydrophobic charac-
teristics of PDMS (Figure 6a). Inorganic particles on the film sur-
face can be readily eliminated by simply rinsing with water, with
particles being carried away by the water droplets. When applied
to substrates containing organic dye, the PTPC film can degrade
dye contaminants into inorganic substances under UV irradia-
tion (Figure 6a).

The PDMS surface layer also serves as a protective layer for the
photocatalyst and enhances stability and durability against harsh
aquatic environments. When immersed in simulated seawater
and alkaline medium for 35 h, the film maintains its consistent
contact angle of 100° (Figure 6b). This resilience to corrosive con-
ditions allows the PTPC to be applied in scenarios, such as H,
evolution from seawater and plastic waste decomposition. Owing
to the high salinity, seawater splitting is challenging as the dis-
solved ions in seawater may deactivate the photocatalyst or trigger
undesirable side reactions.”#**3] As is shown in Figure 6¢, the H,
production rate of bare TiO, /Au film gradually declined from 175
to 42 mmol m~2 h~! after 10 h testing in the seawater medium,
and further dropped dramatically to 19 mmol m=2 h™! after an-
other 10 h irradiation. In contrast, flexible PTPC film maintains
the average H, evolution rate at 230 mmol m=2 h~! even after 24 h
irradiation. Plastic waste presents a serious environmental issue
due to massive usage in the past decades. Generally, plastic waste
is pretreated with a highly alkaline medium to decompose plastic
polymers into monomers, facilitating further decomposition and
functionalization by photocatalysis. However, this highly alkaline
environment will deactivate the catalyst very quickly, as evidenced
Dby the severe decline in H, production activity of bare TiO,/Au
film in Figure 6¢c. However, the PTPC withstands the highly alka-
line medium and maintains the H, production rate at 20 mmol
m~2 h~! over extended test periods. Using a microscope to moni-
tor H, bubble evolution, one can clearly observe this process over
time (Figure 6d; Figure S27, Supporting Information).

Figure 6e compares the H, production of TiO, (P25) film and
PTPC film, highlighting the impacts of photochemical charge
transport and photothermal effects on photocatalytic H, evolu-
tion. The TiO, film, due to limited light absorption and charge
separation shows low H, production activity under both UV
and full spectrum and reaching up to only 25.9 pmol m™
after 4 h. In contrast, the PTPC shows H, production activ-
ity increasing steadily over time under UV, benefitting from
the cocatalyst Au and photothermal component CuS. As a re-
sult, under full spectrum light, the PTPC exhibits the high-
est H, production activity, increasing drastically from 289.5 to
1539.8 umol m~2 in just 2 h. Additionally, the average H, evo-
lution rate of PTPC was also much higher than those typical
particulate photocatalysts reported to date (Figure S28 and Table
S2, Supporting Information), demonstrating that the decoupled
photoredox-photothermal pathways substantially promote the
photocatalytic hydrogen evolution. The strategy of optimizing
charge transfer-separation and photothermal effects can be eas-
ily realized through a layered polymer in a stacked configuration,
decoupling the conflicting charge carrier pathways while provid-
ing thermal insulation and confined photoheating (Figure 6f).
Additionally, the encapsulating PDMS layer acts as a passiva-
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tion layer for the photocatalyst, facilitating stable catalytic perfor-
mance in harsh and contaminated water environments by redi-
recting redox reactions on its polymeric interfacial surface. The
conceptual illustration on PTPC Film: reusable and zero-particle
release attributes (Figure 6f left bottom diagram) highlights the
role of the polymeric layered film in advancing sustainable so-
lutions for renewable and waste resource management. The dia-
gram showcases its applications in transforming seawater, solar
energy, and plastic waste into resource recovery, clean fuel pro-
duction, and environmental clean-up outcomes. By emphasizing
a zero-particle release mechanism, the PTPC Film ensures eco-
friendly operations without contributing to pollution. Its reusable
nature further enhances its potential to contribute significantly to
sustainable ecosystems, aligning with global efforts to preserve
natural resources and mitigate environmental challenges.

3. Conclusion

In conclusion, the development of polymeric tandem photother-
mal catalytic (PTPC) systems represents a pivotal innovation in
film-based photothermal catalysis, particularly suited for applica-
tions in harsh environments like seawater and waste plastic me-
dia. The strategic incorporation of polymeric films both as spacer
and encapsulation layers render tandem photothermal and pho-
toredox reactions, effectively addressing the challenges of chemi-
cal stability and catalytic efficiency under adverse conditions. The
PTPC system has been shown to enhance light absorption, lo-
calized heating, photothermal management, and charge trans-
fer, while avoiding catalyst deactivation, thereby surpassing tradi-
tional suspension catalysts. Additionally, the flexibility in photo-
catalyst and photothermal material choice enabled by this sand-
wiched configuration allows for adaptation and optimization of
the photothermal catalytic processes without being constrained
Dby the requirements on band structure alignment of the involved
materials. This innovation not only broadens the applicability of
photothermal catalysis but also paves the way for sustainable and
efficient environmental remediation and resource recovery, mak-
ing it a pivotal development in the pursuit of green chemical
processes.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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