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Abstract

Heterojunction photocatalysts with the appropriate band structure and abundant interfacial sites
present promising photocatalytic performance. Research in this field has generally been
focusing on incorporating dissimilar materials to prepare heterojunctions. Few studies show
how to construct intergrown heterojunctions that structurally, the interfacial region is narrowed
down to atomic scale, facilitating charge carrier transferring and avoiding potentially
unfavoured band bending. This work for the first time reports the intergrowth of
InOOH/In(OH);3 and InOOH/In>O3 heterojunction photocatalysts and their greatly enhanced
photocatalytic property towards perfluorooctanoic acid decomposition. The experimental and
theoretical investigation indicate that band structure matching is essential for heterojunction
photocatalysts. Fast interfacial charge carrier transferring offers additional charge carriers but
does not always occur in the heterojunctions where other effects may play the dominated role
in interfacial region. We believe that this comprehensive understanding of intergrown

heterojunctions would benefit the design and application of high performance photocatalysts.

1. Introduction

Photoredox catalysis is a highly promising approach for many applications from solar-to-
chemical energy conversion to waste water treatment [ 1-3]. Single-component semiconductive

photocatalysts cover a broad solar spectral range but suffer from inefficient intrinsic charge
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generation and recombination, resulting in a poor photocatalytic performance [4]. To overcome
those weaknesses, heterostructured materials that integrate dissimilar materials with pristine
interfaces are proposed for better control of charge transport and recombination [5, 6]. This
strategy has been broadly employed. The rationally designed heterostructured materials have
become essential, acting as a foundation of all modern electronics, optoelectronics, spintronics
and photocatalysis [7]. Well-designed heterojunction photocatalysts have shown enhanced
photocatalytic activity due to spatial separation of photogenerated electron—hole pairs [8]. The
formation of Mott—Schottky junctions or semiconductor heterostructures (p-n junction or n—
n/p-p junction with different materials) offer exciting possibilities to modulate the electron
density distribution and thus promote charge separation and transfer [9]. It is evident that within
hetero-structured photocatalysts, the interfaces play an essential role in band-binding,
transforming, and transporting the surface species such as adsorbents, electrons, and
subsequent reaction activity [10]. And therefore, the precise interface construction of hetero-
structured photocatalysts with atomic scales is critical and may represent a promising strategy
to maximize the photocatalysts performance, but the research with this regard has been rarely

reported and less focussed.

Note that among the wide spectrum of semiconductors evaluated in recent decades, Indium-
based family including indium oxide (InyO3), indium hydroxide (In(OH)3), and indium
oxyhydroxide (InOOH) have been extensively studied for a wide range of applications as
sensors, electronics and photocatalysts [11, 12]. Particularly, compared to In(OH)3 and InOOH,
In2O3 has a narrower bandgap (~2.8-3.0eV), high optical transparency, excellent stability,
nontoxicity, proper band structure with suitable energy levels of the valence band (VB) and
conduction band (CB), and a wider range absorption of solar radiation. This makes it suitable
as a photocatalyst using both UV and Visible light for redox reactions. However, In203, like

most other semiconductors, suffers from fast electron-hole recombination and slow



photoinduced electrons migration. Solving this issue requires more effort to be undertaken. For
this purpose, various techniques have been recently studied, such as synthesizing different
structures and morphologies using various precursors and experimental conditions [13, 14],
doping with other elements [15, 16], creating more defect sites and oxygen vacancies [17, 18],
and others. Furthermore, InOOH, as a typical indium-based wide band gap (~3.7 eV) and p-
block metal oxyhydroxide, has become an attractive candidate for the removal of organic
pollutants [19, 20]. Typically, it can serve as a precursor or intermediate to get [n.O3. InOOH
shows high redox capacity due to a notably low valance band energy level (~+3.38 eV, lower
than In,03). All these imply that the incorporation of p-block metal oxyhydroxide into a simple,
narrow bandgap oxide might potentially be a strategy to design new photoelectrodes or
photocatalysts [21]. Note that the incorporation of a small amount of rutile phase into an anatase
phase, as two TiO2 polymorphs, has been reported to improve the photocatalytic properties of
anatase by the creation of a biphasic heterojunctions [22, 23]. Inspired by the above
discussions, we demonstrate that incorporating intergrown assembly of heterojunctions
between In(OH)3 and InpO3; with InOOH (as an intermediate phase) can make resultant
photocatalysts with greatly enhanced photocatalytic activity. Although there are a large number
of studies on heterojunctions as photocatalysts by incorporating dissimilar materials [24, 25],
there has been less attention on how the interfacial region is formed and how the charge carriers
behaviour in this region accordingly. To the best of our knowledge, the formation of intergrown
heterojunctions have not been reported and well-studied yet. To evaluate the photocatalytic
performance of the studied materials in this work, perfluorooctanic acid (PFOA), as a
recalcitrant and nonbiodegradable environmental polluting compound, was selected as a target.
PFOA has been detected in indoor dust, soil, wildlife, water, foods, and human blood serum
[26, 27], generating serious environmental and health issues. Thus, the need for effective and

green technologies for PFOA removal are urgently being sought. As can be seen in Figure S1,



based on ISI Web of science data base, from 1990 to 2020, the number of papers published
with title keywords of “PFOA”, “PFOS” (for perfluorooctanoic acid and
perfluorooctanesulfonic acid, respectively), and “Environmental” has remarkably increased
illustrating the urgent need and interest for reliable methods for removal of fluorinated

compounds.
2. Experimental section
2.1. Materials fabrication

In(NO3)3-xH20O (Aldrich), oleic acid (Aldrich) and urea (M&B) were used as raw materials to
prepare photocatalysts. In(OH)s was first synthesized by a hydrothermal method using the
following procedure: 1.5 g urea, 1 ml oleic acid and 35 mL deionized H>O were mixed,
preheated, and sonicated at 60°C for 30 min. Subsequently, 0.3 g of In(NO3)3;.xH>O was added
to the mixture and sonicated for another 30 min. The mixed solution was transferred and sealed
into a 100 mL Teflon-lined autoclave and treated at 100 °C for 12 h. Finally, the product was
collected and washed several times with deionized water and absolute ethanol and dried at 60
°C in air for 8 h. Other photocatalysts were obtained by heat-treating as-synthesized In(OH)3
(PCO0) under a controlled temperature for 3 h at 225°C, 325°C, 425°C, and 525°C and denoted
as PC1-4, respectively. PCO also be treated at 325°C for 1-4 hours. Commercialised In(OH)3
nanopowder (Nanostructured and Amorphous Materials Inc.) was used and pure InOOH was

also synthesized in this work for comparison.
2.2. Chemical and structural characterization

The crystal structure and phase of synthesized samples were determined by X-ray diffraction
(XRD) technique using a powder diffractometer (Panalytical, A =1.5406A). Scanning electron
microscopy (Zeiss UltraPlus) and transmission electron microscopy (JEOL 2100F and

aberration-corrected Themis Z scanning transmission electron microscope (S/TEM), FEI) were



used to observe their morphology, analyse chemical element and determine the nature of
intergrown materials via atomic imaging. Differential scanning calorimetry (Thermo Analysis
Q20) was used to determine the intergrown condition from synthesised In(OH)3, and run in air
from room temperature to 550°C. Nitrogen adsorption-desorption isotherm surface area

measurements were carried out with a Tristar II BET instrument (Micromeritics).
2.3. Various spectral characterization

The optical absorption of materials was characterised by the PerkinElmer Lambda-465
UV—Vis spectrometer. X-ray photoelectron spectroscopy (XPS, Thermo Scientific:
ESCALAB 250xi1) was used for chemical and oxidation state analysis in which the bind energy
was corrected using the referencing C 1s (284.8 eV). 'H Nuclear magnetic resonance (NMR)
spectrum was acquired at 700 MHz with a spinning rate of 40 kHz at room temperature and
using a Phoenix NMR triple resonance broadband probe. Photoluminescent (PL) were
collected to understand possible transferring behaviour of charge carriers, where the setup of
steady PL allows the PL intensity quantitatively comparable and the time-resolved PL (TRPL)
was performed with a time-correlated single photon counting system (PicoHarp 300,
PicoQuant GmbH) and under the excitation of a 405 nm, 200 mW/cm? laser (pulse duration 40

ps, repetition rate 5 MHz).
2.4. Photocatalytic decomposition of PFOAs

To investigate the photocatalytic degradation of PFOAs, a 300mL PFOA water solution
(20ppm) was mixed with a 100 mg photocatalyst in a quartz cylinder-shaped reactor. A chilli
water cooled and quartz jacket protected UV lamp (254 nm, 100 W) was immersed into such a
reactor for photocatalytic reaction as illustrated in Figure S2. Before light irradiation, the above
mixture solution was sufficiently stirred to reach adsorption saturation to remove the effect of

adsorption process. During the reaction period, the suspension solution (~1 mL) samples were



regularly collected, diluted and centrifuged to prepare the samples for ultra-high-performance
liquid chromatography-MS/MS (UHPLC/MS/MS) characterisation. In this work, the PFOA
concentration was detected by UHPLC/MS/MS instrument and its standard curve is presented
in Figure S3. Detailed experimental information and acquired methods and set-up condition

are given in Table S1.

3. Results and Discussion

3.1. Formation of intergrown heterojunctions

To determine heat treatment temperature of as-synthesised In(OH)s, i.e. PCO, its differential
scanning calorimetry (DSC) curve (solid curve in Figure 1a) was first collected, and
additionally the commercialised In(OH)s3 is also measured under the same condition as a
reference. Interestingly, it is found that the commercialised In(OH)3; shows only one sharp
endothermal peak at ~260°C that directly links to the decomposition of In(OH); into InOs [28,
29]. However, PCO shows a significantly different scenario and two endothermal peaks are
observed at ~270°C and ~390°C, respectively. As-synthesized PCO exhibits another
endothermic peak correlating with phase transition of InOOH to In2O3 which is reasonably
consistent with previous literature [30]. Figure S4 shows the illustration of probable phase
transformation of pristine In(OH); to In2O3 based on DSC results. PCO is hence decided to be
heat treated at 225°C, 325°C, 425°C and 525°C, respectively for three hours. The resultant
samples are named after PC1-4. Figure 1b presents the XRD patterns of PC0-4. PCO has a
pure cubic phase with space group symmetry of Im-3. The main phase of PCI1 is similar to that
of PCO0, except for two small peaks (marked with *) at 20 of ~25° and ~33°. These two
additional peaks are attributed to orthorhombic indium oxyhydroxide, i.e. InOOH, with a space
group symmetry of Pnnm. This indicates PC1 is composed of the minor InOOH and dominated
In(OH)3 at 225 °C. Further increasing heat treatment temperature up to 325°C, i.e. at the

temperature above the first endothermal peak observed in the DSC curve, it is found that in the



resultant sample PC2, two weak diffraction peaks, previously assigned to InOOH, still present,
but the predominated phase has already become In,O3, suggesting In(OH)3 are completely
decomposed, leading to the formation of dominated InoO3; and minor InOOH. When the heat
treatment temperature increases up to 425 °C (PC3) and 525 °C (PC4), i.e. both above second

endothermal peak presented in Figure 1a, only InoO3 phase is observable.
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Figure 1. (a) DSC curves of as-synthesized (PC0) and commercialised In(OH); (b) XRD patterns of PC0-4
samples , (c) a solid-state '"H NMR spectra of PC1-3 samples; (d) In3d Deconvoluted peaks for PC2 and PC4.

This demonstrates that unlike commercialised In(OH)3, as-synthesized In(OH)3 experiences a
different scenario when it is heat-treated and decomposed into In,Os where the minor
intermediate InOOH presents and form the InOOH/In(OH)3; and InOOH/In>O3 heterojunction,
respectively in PC1 and PC2. Note that the diffraction peak intensity of intermediate InOOH
phase is relatively weak, the solid-state 'H nuclear magnetic resonance (SS-'H-NMR)

spectroscopy of PC1-3 samples is hence collected to identify different chemical environments
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of hydrogen (Figure 1c¢) and further confirm the existence of InOOH. It is found that the PC3,
only consisting of InoO3, shows a peak at ~5 ppm, associated to adsorbed water molecules. This
peak is also observed in PC1 and 2. In addition, a weak shoulder at ~3.6ppm is observable in
PC2. Considering that PC2 contains both InOOH and In,0O3, it can be assigned to the hydrogen
in InOOH. In PCI1, the peak at ~7.0ppm arises from In(OH); [31]. Except for this, an
asymmetric peak profile obviously appeared on the left side of peak at ~5.0 ppm indicates an
additional intensity that is probably attributed to hydrogen in InOOH since InOOH indeed co-
exists with In(OH)3 in PC1 [32]. This further confirms the coexistence of InOOH with either
In(OH)3 in PC1 or In,O3 in PC2. Figure 2d illustrates deconvoluted peaks of In 3d XPS for
PC2 and PC4. A shift to lower binding energy from PC2 to pure PC4 can be ascribed to the
removal of the INnOOH component [33]. Such a shift usually occurs for metal hydroxides
compared to their equivalent oxidation state metal oxide [34]. Note that although as-
synthesized In(OH); experiences the chemical decomposition and associated structural
evolution, all PC0-4 show the same sea anemone-like morphology as shown in e.g. Figure SSb
(Figure S5). Such a morphology retains unchanged, without any observable structural collapse
although the size slightly changes as they have been completely or partially changed to
different materials. This implies that InOOH, In(OH); and In2O3 in PC1 and PC2 are potentially
intergrown one another, i.e. two materials are chemically assembled and interpenetrated. This
has been clearly demonstrated e.g. through a typical high-resolution TEM (HRTEM) image of
PC2 (Figures 2a&b): different atomic image regions can be found with the d-spacing of 0.292
nm and 0.344 nm, which are attributed to the (222) planes of cubic InoO3 and (110) planes of
orthorhombic InOOH. To carry out the Fast Fourier transform (FFT), corresponding diffraction
patterns can be deduced, which are consistent with the XRD patterns of InOOH and In»Os.
Most importantly, such two regions are closely interconnected with only a few atomic-scale

boundary (pointed by blue arrows in Figure 2a). Also, HRTEM in Figure 2b illustrates vividly



the atomic-scale interfaces in higher resolution between InOOH and In,O3 corresponding by
the illustration of contact area at the interface. This clearly demonstrates the nature of
intergrowth between InOOH and In>O3, implying the formation of intergrown heterojunction
in PC2. More HRTEM images of orthorhombic InOOH particles taken from different areas are
given in Figure S6. The special feature of such intergrown heterojunction is that structurally,
the interfacial region is narrowed down to a few atomic-scales and hence can naturally avoid
any potential band-bending and subsequently mismatching of their band structures, caused by
chemical and structural variation in this region, eventually facilitating or accelerating the

interfacial charge carrier transferring (Figure 2¢).
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Figure 2. (a&b) HRTEM images collected from PC2 and their FFT results clearly indicate the nature of
interfacial connection between In,O3 and InOOH (blue arrows), and (¢) a schematic drawing to show the
intergrown heterojunction may be more interfacial controllable in comparison with the common heterojunction
with a broad interfacial region. The band-bending may happen in the relatively large-scale interfacial region of
heterojunction caused by chemical inhomogeneity and/or structural variation.



3.2. Degradation of PFOAs

Figure 3a presents the principle of degradation of PFOAs using InoO3 photocatalysts as an
example. As reported previously [35, 36], the terminal carboxylate group of PFOA molecule
tightly coordinates to the In»Os surface in a bidentate or bridging configuration, which is
beneficial for PFOA to be directly decomposed by photogenerated holes of InoO3; under UV
irradiation. PCO0-4 samples, serving as photocatalysts, were used for decomposing PFOAs
under an UV (254 nm) light irradiation. Figure 3a shows their PFOA decomposition
performance under the same condition. The degradation rate shows the trend like PC2 (85.5%)
> PC1 (54.1%) > PC3 (44%) > PC4 (32.4%) > PCO (26.2%). This result cannot be explained
in terms of their trends on surface areas: PC3 (260 m?g!) > PC2 (241 m?g’") > PC4 (139 m’g"
1 in In,Os3-contained samples, and PCO (23 m?g!) >PC1 (15 m?g"!) in In(OH);-contained
samples (Figure S7). Notwithstanding that a high specific surface area can boost the
photocatalytic performance by either presenting more active sites or better adsorption of
adsorbate on the surface of photocatalyst, nonphysical factors are crucial and dominant.
Nonetheless, the influence of surface area can be explained to compare the PC3 and PC4, where
both only contain In,O3. The degradation efficiency in PC3 is higher than that in PC4 due to
the high specific surface areas in PC3. Obviously, the large surface area will make contribution
towards the high photocatalytic performance, but it is not predominated because the PC0 and
PCI1, PC3 and PC2 have similar surface areas, but PC1 and PC2 have much better catalytic
performance even though their surface areas are slightly lower than that of the PCO and PC3.
This clearly demonstrate that the intergrown heterojunction structure will significantly improve
the catalytic behaviours, since the photocatalytic property of heterojunction photocatalysts
would potentially be affected by the change in the crystallinity, morphology, active site density

and defect density [39, 40]. Meanwhile, surface area increments from PC1 to PC4 can be
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assigned to the generation of mesopores during annealing processes as shown and discussed in

Figure S7.
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Figure 3. Photocatalytic degradation of PFOAs (a) principle where the illustration of PFOA coordination to
In,O;3 surface via bridging bidentate mode. (b) using PC0-4 (treated for 3 hours) as catalysts. The inset presents
the result using the catalysts treated PCO at 325°C for different times, where the catalysts obtained by heat-
treated for 2 hours shows the best performance.

As the best catalytic performance observed when PC2 is used. The heat treatments at this
temperature, i.e. 325°C for various times (1-4 hours) were also performed to further optimise
the catalysts. As a result, over 90.1% degradation rate has already achieved for the sample
treated for 2 hours (as shown in the inset, Figure 3b). It can then be deduced that the presence
and formation of InOOH and building intergrown biphasic heterostructure with either In(OH)3
or In2O; phase is crucial to boost their photocatalytic performance. We also introduce the first-
order kinetic model [37] to assess the PFOA’s degradation performance. Table S2 shows the
results obtained by using PC0-4 as catalysts. The apparent reaction rate constant is 5.62x10°
3min! for PC2 and 3.79 x107* min"! for PC1. Both intergrown heterojunction catalysts show
much faster reaction than that PC3 (1.78 x107* min™!), not to mention others. Furthermore, the
reusability and stability of the photocatalyst are critical factors for the catalysts in practical

applications. For this purpose, the XRD is used to monitor the change after each cycle of

catalytic reaction. We run three cycles using the same PC2, and find no change in either
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catalytic behaviour and their structure, which suggests that such intergrown catalysts are

reasonably stable and reusable (Figure S8).

3.3. Spectral analysis

To obtain a deeper understanding of the enhanced photocatalytic performance observed in such
an intergrown InOOH/In,03 (PC2) and InOOH/In(OH)3 (PC1) heterojunction photocatalysts,
it is essential to investigate their optical absorption spectra. Unfortunately, In(OH)3 has a very
large bandgap, the absorption of PCO and PC1 cannot be measured using our available
instrument. Figure 4a shows optical absorbance of PC2-4 samples where the pure InOOH
sample has also been added for comparison. It is found that the PC2, i.e. intergrown
InOOH/In203 heterojunction photocatalyst, exhibits a remarkable extension of light absorption
into the visible region compared to pure InOOH or In203, even in the case of PC3 whose
morphology and surface area are close to that of PC2. This well experimentally demonstrates
such an intergrown heterojunction has significantly change the optical absorption capability.
Such absorption extension can promote light harvesting in the visible region [38]. In addition,
using the spectral data of Figure 4a and the transformed Kubelka—Munk function [39], the
optical bandgap of pure InOOH and PC2-4 is determined to be 3.70, 3.13, 3.07, and 3.02 eV,
respectively. The absorption edge of PC2 photocatalyst is slightly higher than PC4 due to the
presence of InOOH with a wider band gap of ca. 3.7 eV [19]. Their valence band (VB) edge
position can deduced from experimental X-ray photoelectron spectroscopy (XPS) as shown in
Figure 4b. For instance, the VB energy levels are 2.65 and 2.32 eV for InOOH/In203 and
In203, respectively. By comparison the VB values of PC4 obtained from experiment and
calculation, there is a good agreement with a reasonable difference (0.06 eV, ca. 2.5%),
suggesting this approach is feasible and reliable. The CB energy levels can be determined based
on the bandgap and its VB position. These provide the values for constructing the band
structure (e.g. Figure Sb below) of heterojunction catalysts for further discussion. Figure 4¢

12



is the PL spectra of PC2, PC4 and InOOH excited by a 405 nm laser. All these present broad
emission peaks with the wavelength across entire visible-near infrared range. These results, in
conjunction with the absorption spectra presented in Figure 4a, suggest the defect energy band
exists within the forbidden gap of InOOH and PC4 as well as PCO. This is consistent with the
previous reports [20]. Interestingly two peaks are observed in PC2. The strongest peak, located
at ~550nm and in between the emission peaks of InOOH and In>O3, can be assigned to the
combination of emissions from both InOOH and In2Os. An additional emission peak shoulder

at over 600 nm in PC2, however cannot be explained by such a combination.
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Figure 4. (a) Optical absorption of PC2-4 and InOOH, (b) Partial XPS spectra that show the valance band edge
positions of PC1-3, and (¢) steady PL spectra of PC2, InOOH and PC4 excited under 405nm light, (d) steady PL
spectra of PCO, InOOH and PC1 excited under 405nm light.

Such an emission with a big tail in lower energy side (i.e. near infrared region) suggests

potential interaction may occur between InOOH and In>Os, associated with the cross-band
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excitation, emission and recombination, i.e. charge carrier transferring at the interfacial region
of InOOH and In203 in such an intergrown InOOH/In>O3 heterojunction photocatalyst. By
contrast, From Figure 4d, we cannot see such a type of interaction between In(OH); and

InOOH, implying less interaction between these two.
3.4 Interfacial charge carrier transferring occurred in intergrown InOOH/In203

To further investigate possible charge carrier transferring within intra-band, we investigate its
photogenerated carrier dynamic processes using the steady photoluminescent (PL) and time-
resolved PL (TRPL) techniques that allow quantitative comparison of PL intensity. The inset
in Figure 4c compares the PL intensities of PC2, InOOH, and PC4 with excitation of 405 nm
at identical conditions. The PL intensity of InOOH is much higher than those of PC4. In PC2,
it is therefore expected that its PL intensity would increase but should not be such significant
with a small amount of InOOH as indicated from the XRD, if the enhanced PL is only from
the InOOH itself. This also suggests an additional effect may presents in PC2 that would
potentially enhance its PL intensity. The TRPL was further investigated to get corresponding
PL delay curves presented in Figure Sa. Each PL decay curve can be well fitted by three-
exponential decay function in order to obtain quantitative analysis of PL decay processes and

the fitting parameters are summarized in Table 1.

Table 1. Kinetic parameters of decays observed for understudy Samples.

Parameters InOOH/In;0;3 (ns) InOOH (ns)
A1 2914.35 2117.40

T 0.40 0.51

A2 964.83 1750.16

T, 1.68 1.95

As 84.58 265.67

T3 7.11 6.23

Teff 0.857 1.535

The intergrown InOOH/In,O3 exhibits significantly shorter effective lifetime, 0.857 ns,

compared to that of INOOH of 1.535 ns. (SI: 75 = % ) [40]. This can be explained
1 2
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based on the energy alignment of InOOH/In2O3 schematically shown in Figure 5b upon
excitation by the photons of 405 nm, the electrons are photogenerated to both the excited states
(metastable) of INOOH and the VB of In,O3. The possible relaxation pathways for the excited
electrons include: (1) the electrons recombine with the holes in InOOH and emit photons;
corresponding to the PL spectrum of InOOH. (2) the electrons recombine with the holes in
In2O3 and emit photons; corresponding to the PL spectrum of InOs. (3) the holes can transfer
from the VB of InOOH into the VB of In,O3. This pathway acts as a competitive channel for
InOOH recombination and will result in lowering PL intensity (quenching) together with the
decreased PL lifetime in Intergrown InOOH/In>O3 photocatalysts. (4) the electrons in InOOH
(metastable states) recombine with the holes in the valance band of In,O3 (2.26 eV). This
transition occurs only when they have sufficient interaction in the heterostructure and results
in the additional emission beyond the pure InOOH and In2O3 in the red side, as shown in
Figures 4c and 5b, which is consistent with their optical absorption with a long tail of

absorption in near infrared region.

The hole transfer rate InOOH/In2O3 in Intergrown InOOH/In,O3 can be estimated using the

measured PL lifetimes by [48]

1 1 1
Rirans fer = = +

TInOOH-In203 TInOOH Ttransfer

1 1
Riransfer = (m _E) x 10° = 0.516 x 10°

Where the 1 are lifetimes and R = 1/t is the transfer rate. Such short transferring time is well
explained the interfacial charge carrier transferring that interact between InOOH and In20O3
band structure. In this case the extra holes in the valance band of In,Os result in significantly
increased probability for redox, and eventually achieve the enhanced photocatalytic
performance (Figure 3b). Moreover, maintaining electrical neutrality in the catalyst is
prerequisite for sustainable photocatalysis. It should note that the redox may be insufficiently

fast to relax all excited holes back to the valence band.
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Figure 5. (a) Nanosecond full range TRPL with normalized optical density (OD) for InOOH/In,O3 (PC2) and

their comparisons; (b) Possible charge transfer illustration in InOOH/In>O3 heterojunction photocatalysts; (c)

FTRPL of In(OH)3, InOOH /In(OH)3 (PC1) and InOOH (d) Possible charge transfer illustration in intergrown
assembly of PC1 heterojunction photocatalysts. Excitation:405 nm.

The recombination the electrons in the conduction band of InOOH and holes in the valence
band of In;Os can be an additional channel. This recombination result in the observed NIR

band in the intergrown InOOH/In>O3 photocatalysts.
3.5 None interfacial charge carrier transferring in Intergrown InOOH/In(OH)3

According to the results presented in Figure 4d, the interaction between In(OH)3 and InOOH
in PC1 heterojunction is not obvious. This is because the PL spectrum of PC1 is approximately
the weighted average of the PL spectra of In(OH); and InOOH, with no discernible additional
near inferred intensity, which strongly suggests the interaction between In(OH); and InOOH
is negligible. The PL decay curves (Figure 5c¢) show that PL decay of PC1 is roughly the

average of In(OH); and InOOH, consistent with negligible charge transfer occur between
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In(OH)3 and InOOH, in turn indicating negligible interaction between the two components.
The energy alignment of PCI1 is shown schematically in Figure 5d. In a nutshell, the two
components in intergrown PC1 act merely as a simple mixture. It might be expected that the
performance of PC1 is approximately the average of individual In(OH); and InOOH. However,
considering possible interface passivation effects for suppression of the nonradiative channel
in compound of PCI, its performance can be better than In(OH); and InOOH. The increased

PL efficiency can consistently support this conclusion.

4. Conclusion

In summary, we have reported how to grow intergrown heterojunction catalysts starting from
as-synthesized In(OH); as a precursor, where intermediate InOOH appears, leading to
intergrown biphasic InOOH/In,O3 (PC2) and InOOH/In(OH); (PCl). PC2 presents
outstanding photocatalytic performances, which is much better than the PC1. This is because
the intergrown PC2 heterojunction not only provides well-matched band structure but also
enables the interfacial charge transferring to occur in PC2 but not in PC1. The enhancement of
PC1 in photocatalytic effect may only benefit from the resultant active sites, interfacial
passivation effect etc that normally occurs in common heterojunction catalysts. The optimised
intergrown InOOH/In>O3 heterojunction catalysts show the best degradation performance on
PFOAs, providing a new insight on the design and development of new heterojunction catalysts
whilst paving the way to utilise this new catalyst for highly efficient remediation of the PFOA-

contaminated water with a promising potential via green and renewable solar energy.
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