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It is a challenge to develop single polymer-based photocatalyst for overall water splitting without adding sacrificial agents due to
the insufficient driving force for charge separation and the lack of active sites of organic polymer. Metal oxyhyroxides are widely
acted as co-catalyst for photoelectrocatalysis oxygen evolution reaction. Here, we firstly report the peryleno[1,12-bed] thiophene
sulfone-based linear co-polymer PS-5 for photocatalytic overall water splitting by photo-depositing simple and low-cost co-
catalyst FeEOOH under the visible-light illumination. The density functional theory (DFT) calculations and experimental results
indicated clearly that the oxygen vacancies-rich B-FeOOH can effectively promote the separation of photo-generated excitons
and provide active sites for photocatalytic oxygen evolution reaction. As a result, the average H, and O, production rates of
optimized PS-5/p-FeOOH-0.2M reach at ~170 and ~76.6 pmol h' gfl, respectively, with a stoichiometric ratio at about 2:1.
This work provides a simple and low-cost method for the preparation of overall water splitting system based on polymer

photocatalyst.
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1 Introduction

Utilizing semiconductor photocatalysts and solar energy to
split water into hydrogen and oxygen is a potential strategy
for sustainable development [1-4]. In the development of
photocatalytic materials for decades, most semiconductors
employed for water splitting are inorganic materials [5-8].
Recently, since graphite phase carbon nitride (GCN) is in-
novatively regarded as photocatalyst [9—11], the low-cost
organic polymers with mild preparation method and ad-
justable structure have emerged as potential semiconductors
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for photocatalytic water splitting and great progress has been
made in these fields [12—-18]. Unfortunately, organic poly-
mers often suffer from large exciton binding energy [19-21],
and inability to transfer four oxidative equivalents for effi-
cient water oxidation [22,23]. Hence, the applications of
various organic polymers are mostly limited in semi-reac-
tions of photocatalytic hydrogen evolution, and depend on
the use of sacrificial agents (i.e., triethanolamine or triethy-
lamine) [24,25]. The development of single polymer for
overall water splitting has become a challenge, because the
few polymers win both narrow band gap to absorb visible
light and enough over-potential to drive photocatalytic half
reaction. Thus, much effort has been attempt to enhance the
charge separation ability of organic polymer semiconductors
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[26,27], such as the construction of multicomponent Z-
scheme inspired by the photosynthesis system in nature
[5,28,29]. Although some pioneering work on all organic Z-
scheme has achieved efficient and stable activity of photo-
catalytic overall water-splitting [30,31], the relevant report is
still very few due to its complex and difficult preparation.

Therefore, polymer-cocatalyst multicomponent hybrids
are urgently needed for large scale, highly efficient water
splitting system. However, most co-catalysts employed to
reducing over-potential for photocatalytic reaction are noble
metals [32,33], which is detrimental to scale-up production.
Lately, the VIII metal oxyhyroxides, such as FeOOH,
NiOOH, are widely acted as co-catalyst for photoelec-
trocatalysis oxygen evolution reactions (OER) owing to its
low cost and high efficiency [34,35]. Among them, the
oxygen vacancies-rich FeEOOH can capture and store photo-
generated holes, and drive the efficient separation of elec-
trons and holes [36]. Moreover, the FeOOH can provide
catalytic active sites and effectively reduce the over-potential
of oxygen evolution. For instance, Bi et al. [37] have grown
ultra-thin FeOOH nano-crystalline (2 nm) on BiVO, photo-
anodes via a simple solution immersion strategy, and the
modified photoanodes achieved efficient water oxidation
with an extraordinary photocurrent density. And Kang et al.
[35] accidentally discovered that the in-situ generated
FeOOH on cobalt perylene diimide nanocrystal remarkably
benefit for quick electron-hole separation, and the optimized
semiconductors obtained the record value of photocatalytic
water oxidation rates (27,000 umol g ' h™").

In our previous work, a novel peryleno[1,12-bed] thio-
phene sulfone-based conjugated co-polymer PS-5 with wide
absorption spectrum and excellent charge separation ability
has been reported for highly efficient photocatalytic hydro-
gen production [38]. Hence, in this work, we further explore
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its application in overall water splitting, in which B-FeOOH
is employed as the co-catalyst for OER. As shown in
Figure 1, the B-FeOOH is loaded on the surface of polymer
evenly by a simple photo-deposition method in the precursor
of FeCl, aqueous solution. Subsequently, the photocatalytic
performance of the as-prepared samples is tested and the
influence of photo-deposited p-FeOOH on photocatalytic
activity is further explored by photoelectrochemical experi-
ments. Upon visible-light illumination, the optimized PS-5/
B-FeOOH composite exhibits excellent photocatalytic per-
formance for overall water splitting without any sacrificial
agent adding, owing to its following characteristics: (1) the
polymer PS-5 possesses both the strong visible light ab-
sorption capacity and suitable energy level for overall water
splitting; (2) the oxygen vacancies-rich B-FeOOH can ef-
fectively capture photo-generated holes and promote the
separation of excitons; (3) the f-FeOOH can provide active
sites for photocatalytic OER. As results, the average H, and
O, production rates of optimized PS-5/p-FeOOH-0.2M
reach at ~170 and ~76.6 pumol h™' g ', respectively, with a
stoichiometric ratio at about 2:1. Significantly, this is the first
report using linear polymer to construct photocatalytic
overall water splitting system by B-FeOOH photo-deposition
route.

2 Experimental

2.1 Materials and measurements

The original compounds of dibenzo[b,d] thiophene 5,5-di-
oxide, perylene were commercially purchased and used di-
rectly,. ~The intermediate compounds of  3,10-
dibromoperyleno [1,12-bcd]thiophene 1,1-dioxide, 3,7-bis
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dibenzo[b,d]

Photocatalytic water splitting
into H, and O,
H+
FeOOH -~

/Sx j\Pd

/
Excnons ;

2

7’

-— -

Polymer PS-5

-1.0 7 eee
- b
N ) o
A L Y C——.
S H'/H, Pd PS-5
T FeOOH
£ 104 ° o H,0
2 on-10, i
x 154 197 02
2.0 4 h*h*h*

Figure 1 The mechanism diagram of photo-deposition of B-FeOOH on PS-5 and overall water splitting of photocatalyst (color online).
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thiophene 5,5-dioxide, and 3,7-dibromodibenzo[b,d] thio-
phene 5,5-dioxide were synthesized according to previous
papers [38]. All other chemical reagents involved in the re-
action were also purchased through commercial channels.
All reactions were carried out in nitrogen atmosphere and all
glasswares were dried in oven with high temperature.

The Fourier transform infrared (FTIR) spectra were mea-
sured on NIswew COLET 380 spectrometer (Thermo, USA)
with a standard KBr pellet technique. Powder X-ray dif-
fraction patterns (PXRD) was manipulated on a RigakuD/
MAX 2550 diffract meter (Japan), and the test conditions are
under 100 mA and 40 kV (Cu K radiation, 1=1.5406 A). The
time of flight-secondary ion mass spectrometry (TOF-SIMS)
was measured on ToF-SIMS V (ION-TOF GmbH, Munster,
Germany), and the test conditions are under current 1.2 pA
and 30 keV Bi  primary ions at positive mode, and the
analysis areas are 100x100 pmz, 128x128 pixels, cycle time
100 ps, 100 scans. X-ray photoelectron spectroscopy (XPS)
data were acquired on a Perkin-Elmer PHI 5000C ESCA
system (USA), the test condition is at 250 W (Al Ka radia-
tion). All binding energies were based on the C 1s peak
(284.6 eV). High resolution transmission electron micro-
scopy (HRTEM) spectra were recorded on the JEM-2100EX
to obtain the sample morphologies. Diffuse reflectance
spectroscopy (DRS) ultraviolet-visible (UV-vis) character-
izations were obtained on a Varian Cary 500 spectro-
photometer (USA). Photoluminescence (PL) spectrum was
measured at room temperature on a Hitachi F-4500 fluor-
escence spectrophotometer (Japan). Specifically, the excita-
tion wavelength of the PL emission spectra was 385 nm, and
the time-resolved PL decay spectra were carried out at
410 nm for PS-5, and 415 nm for PS-5/p-FeOOH-X. The
value of the goodness-of-fit parameter ()(2) is between 1 and
1.5, indicating good credibility of the calculated data in de-
cay kinetics calculation.

2.2 Synthesis of polymers

The PS-3-PS-5 polymers were synthesized by classical
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Suzuki polymerization of diboronic ester arenes and dibromo
arenes, according to our previous work [38], and the syn-
thetic route and the chemical structure of polymers are
shown in Scheme 1.

2.3 Samples preparation

Preparation of PS-5/p-FeOOH-X composite: The ferric salts
(FeCl,-4H,0, FeCl;-6H,0, Fe(NO;);-4H,0, and Fe,(SOs);)
were commercially purchased and used directly. 20 mg PS-5
was uniformly dispersed in a 50 mL deionized water, and
10 mmol (5 or 20 mmol) FeCl,-4H,0 was dropped into the
dispersion solution. The dispersion solution was evenly
stirred for 6 h under light irradiation (300 W Xe-lamp). The
samples of PS-5/p-FeOOH-0.2M (PS-5/p-FeOOH-0.1M or
PS-5/p-FeOOH-0.4M) were given after centrifugation,
washing repeatedly and drying at 60 °C for 12 h. In addition,
other ferric salts (FeCl;-6H,0, Fe(NO3);-4H,0 or Fe,(SO;)5)
were also employed as precursors to prepare corresponding
samples for exploring the effect of iron valence or anion type
on the photocatalytic activity of PS-5/f-FeOOH samples.
The actual content of Fe loading by inductively coupled
plasma optical emission spectrometer (ICP-OES) on PS-5 is
~1.8 wt%, ~4.1 wt%, ~7.7 wt% for PS-5/-FeOOH-X
(X=0.1, 0.2, 0.4 M), respectively. And actual content of re-
sidual Pd loading is ~0.8 wt%, ~1.2 wt%, ~0.5 wt% for PS-5/
pB-FeOOH-X (X=0.1, 0.2, 0.4 M), respectively.

2.4 Electrochemical analysis

The Mott-Schottky plots, transient electrochemical im-
pedance spectra (EIS) and photocurrent responses (/-f) of
samples were also obtained on a CHI650E electrochemical
workstation with a classic three-electrode system (Pt wire as
counter electrode, and Ag/AgCl as the reference electrode).
The working electrode preparation process is as follows: Mix
20 mg of samples and 10 uL of a Nafion (5%) aqueous so-
lution with ethanol as solvent and grind into slurry. The
slurry was uniformly coated on indium tin oxide (ITO)
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Scheme 1 General synthetic routes of the PS-3—PS-5 (color online).



Ye et al.  Sci China Chem

glasses and the ITO glassed was fired at 120 °C for 1 h to
obtain the desired working electrode. Mott-Schottky plots
were collected at 1,000 MHz with a scan rate of 1 mV s
The calculation formula of conduction band (CB) is: Ecp
(normal hydrogen electrode (NHE), pH 7)=Ej; (Ag/AgCl,
pH 7) + 0.197 — X. For n-type semiconductors, the fixed
value of Xis 0.2. The /-t measurements were performed with
the light on and off (300 W Xe-lamp, A >420 nm) ina 0.5 M
Na,SO, aqueous solution, and the bias was 0V versus
Ag/AgCl. For EIS, the frequency range was 10°-10° Hz and
the amplitude was 10 mV at the open circuit voltage.

2.5 Photocatalytic activity measurement

The photocatalytic hydrogen evolution experiments were
tested in a glass gas-closed-circulation system (CEL-
SPFLU-DFBZN) connected to a gas chromatography (GC
2060, TCD detector, and Ar carrier) under 300 W xenon
lamp (CEL-HXF 300) irradiation. And the temperature of the
reaction solution was controlled at about 303 K by a flow of
circling water connected to thermo-control devices.

Photocatalytic H, evolution test. 20 mg sample of PS-5 or
PS-5/FeOOH-X dispersing in deionized water solution with
20 vol% triethanolamine as sacrificial agent was employed
to photocatalytic test. Before the test, the whole device was
first vacuumed by a vacuum pump, and photocatalytic re-
actor was then placed under visible-light illumination
(300 W xenon lamp, 420 nm < 1 < 780 nm) for testing.

Photocatalytic O, evolution test. 20 mg sample of PS-5 or
PS-5/FeOOH-X dispersing in deionized water solution with
100 mg AgNO; as the sacrificial agent and 100 mg La,O; as
a pH buffer agent was employed to photocatalytic test. Be-
fore the test, the whole device was first vacuumed by a va-
cuum pump, and photocatalytic reactor was then placed
under visible-light illumination (300 W xenon lamp, 420 nm
< 2 <780 nm) for testing.

Photocatalytic overall water splitting. Photocatalytic
overall water splitting reaction was carried out by dispersing
20 mg of photocatalysts power into 50 mL deionized water
under the irradiation of a 300 W Xe lamp (300 W xenon
lamp, 420 nm < 4 < 780 nm).

AQY measurement. AQY measurement for overall water
splitting was performed under at monochromatic light
irradiation (300 W xenon lamp, 1=420, 435, 475, 500,
520, 550, 630 nm). 20 mg sample was dispersed in deionized
water. The calculation formula of AQY was estimated
as

2xNumber of evolved H, molecules
Number of incident photons

= (2C-NAYh-¢)/(S-P-t-2)x100%

AQY (%) = x 100%

where C is the hydrogen evolution amount (umol) per hour;
NA is the Avogadro constant (6.022X1023 molfl); S is the
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illumination area (12.56 sz); P is the light intensity; ¢ is
the illumination time (3,600 s); 1 is the wavelength of
the monochromatic light (m); # is the Plank constant
(6.626x10* I 5); ¢ is the speed of light 3x10°m s ).

2.6 Density functional theory computational
methodology

Density functional theory (DFT) calculations were per-
formed with the Vienna Ab-initio Simulation Package
(VASP) [39]. In our calculations, the spin-polarized projector
augmented wave (PAW) methods were applied together with
the Perdew-Burke-Ernzerhof (PBE) electron exchange cor-
relation functional of the generalized gradient approximation
(GGA) [40-42]. The energy cut-off of the wave function in
the plane-wave basis was set to 400 eV, the calculations were
carried out until the maximum force upon each relaxed atom
was less than 0.05eV A", To optimize the polymer PS-5
and FeOOH systems, the unit cell is set to 40 Ax40 Ax20 A
to avoid the interactions between the neighbouring systems,
and a Monkhorst-Pack grid of (1x1x1) k points was used, all
atoms in these systems were allowed to relax.

3 Results and discussion

3.1 Synthesis

According to our previous work, the novel peryleno[1,12-
bed] thiophene sulfone-based conjugated co-polymer PS-5
showed remarkable performance photocatalytic hydrogen
generation, due to its wide absorption spectrum and excellent
charge separation ability [38]. In order to further enhance its
electron-holes separation and subsequently explore its
application in overall water splitting, the co-catalyst [-
FeOOH for OER was photo-deposited on the surface of co-
polymer PS-5. In more detail, the HO-Fe(II)-OH was formed
via the coordination of Fe*™ and H,0, and then OER coca-
talyst O=Fe(Il1)-OH was the produced immediately and
nucleates uniformly on surface of PS-5 after the HO-Fe(II)-
OH was oxidized by the photo-generated holes. And the
residual palladium from Pd (0)-catalyzed suzuki poly-
merization was employed as co-catalyst for hydrogen evo-
lution in this work.

The chemical composition, crystal structure and surface
morphology of obtained PS-5/B-FeOOH photocatalysts
were characterized by FTIR (Figure 2a), XPS (Figure 2b—d),
TOF-SIMS (Figure 2e, f), PXRD (Figure 3a), EDS-
mapping (Figure 3b), and HRTEM (Figure 3c—f), respec-
tively. The preparation method of this polymer-cocatalyst
multicomponent hybrid and the corresponding character-
ization technology was specifically described in the experi-
mental section, and the mechanism diagram was shown in
Figure 4c.
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3.2 Structural and morphological characterization

The chemical structures of prepared PS-5/B-FeOOH sam-
ples were characterized by FTIR, TOF-SIMS and XPS. As
shown in Figure 2a, the sharp vibration peak at around 1,600,
1,140 and 1,315 cm ! for all samples were attributed to the
aromatic ring C=C stretching vibrations and O=S=0O group,
respectively [43], indicating that the framework structure of

the PS-5 was kept intact during photo-deposition of [-
FeOOH. Compared with PS-5, the stronger peak at around
3,400 cm ' and the emerging peak at around 430 cm ' were
found for PS-5/B-FeOOH, which were assigned to O-H and
Fe—O bonds, respectively [44], confirming the deposition of
FeOOH on the surface of polymer.

XPS spectra employed to get insight the surface electron
composition and element structure, provided more in-
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formation about possible chemical bonds formed in PS-5/
p-FeOOH materials. Seen from Figure 2b and Table Sl
(Supporting Information online), the main elements of pure
PS-5 and as-prepared PS-5/p-FeOOH were carbon (C),
oxygen (O), sulfur (S) and palladium (Pd). In addition, lower
C/O ratio and emerging iron (Fe) were observed in PS-5/
B-FeOOH sample owing to the existence of FeOOH (Table
S1). The Figure 2c, d and Figure S1 (Supporting Information
online) exhibited the high-resolution C 1s, S 2p, O 1s and
F 2p XPS spectra of pure PS-5 and as-prepared PS-5/
p-FeOOH compound materials. Firstly, as shown in Figure
S1, the C 1s and S 2p spectra of the samples showed no
obvious change before and after FeOOH loading, where their
binding energies at around 284.6 and 168 eV belong to C=C
and C-SO,-C, respectively, indicating that the skeleton
structures of polymers have not been destroyed. In addition,
compared with pure PS-5 sample, except for binding energy
at around 532.4 eV corresponding to S=0, two new peaks in
binding energy at 529.7 and 531.3 eV in high-resolution O 1s
of PS-5/B-FeOOH were assigned to the F-OH bonds and
oxygen vacancies, respectively (Figure 2¢) [37]. It was also
found that both Fe'" and Fe’" were present within the range
of 730 to 710 eV in Fe 2p of PS-5/p-FeOOH (Figure 2d).
Furthermore, TOF-SIMS was utilized to prove the formation
of FeOOH on polymer via photo-deposition method. As
shown in Figure 2e, f, the Fe+—signal, Fe—OH+—signal,
FeOOH -signal and Fe(OH), -signal could be clearly found
in as-prepared PS-5/p-FeOOH films, confirming the
FeOOH has already generated on PS-5. All these results
indicated that the loading of FeEOOH on polymer PS-5 and
the cycle reaction of Fe’" and Fe’" occurred during the photo-
deposition process.

The crystal structures of PS-5 and PS-5/f-FeOOH were
further characterized by PXRD. Seen from Figure 3a, all
samples showed the same humps at around 25.0° and 40.0°
in PXRD pattern, which belonged to the typical n-x stacking
between the polymer backbones, implying the amorphous
structure of polymers and the frameworks of polymers were
not destroyed during the photo-deposition process. In addi-
tion, it is worth noting that there were some new sharp peaks
showing up at 26.7°, 35.1° and 55.9° for PS-5/p-FeOOH
samples. Those new peaks could be well indexed to the
(310), (211) and (521) facet of B-FeOOH (PDF card #34-
1266), confirming the existence of f-FeOOH in as-prepared
photocatalyst. The more direct morphology information of
the samples was obtained in HRTEM images. As shown in
Figure 3c, the PS-5 without B-FeOOH loading exhibited
wide range of amorphous structure. For PS-5/p-FeOOH
samples, we observed that the irregular amorphous structure
of polymer had no obvious change (Figure 3d), suggesting
the morphology of polymer was retained. Besides, there was
obvious needle-like crystal loading on the surface of the
polymer in PS-5/B-FeOOH samples. And the well-resolved
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lattice fringes of 0.260 and 0.331 nm were observed in the
high-resolution TEM image in Figure 3f. Those lattice frin-
ges were corresponding to the (211) and (310) planes of f3-
FeOOH [34], which was consistent with result of PXRD.
Furthermore, as shown in element mapping image in Figure
3b and Figure S2, it illustrated the existence of C, O, S, Fe
and Pd elements in the whole regions, further suggesting the
uniform distribution of B-FeOOH on polymer surface. All
these results indicated that B-FeOOH could uniformly nu-
cleate on the surface of polymers by photo deposition
without destroying the structure of polymer.

3.3 Optical properties characterization and energy
level

The influence of B-FeOOH loading on the optical properties
of the photocatalytic materials was investigated by UV-vis
DRS. As shown in Figure 4a, due to the presence of extended
m-conjugation for peryleno[1,12-bcd]thiophene sulfone in
polymer skeleton, the organic polymer photocatalyst PS-5
exhibited remarkable visible-light absorption range even up
to 600 nm, which benefits for absorbing a large number of
photons and produces abundant photo-generated excitons to
further participate in the photocatalytic reaction. After the
photo-deposition of B-FeOOH, the UV-vis absorption spec-
tra of PS-5/B-FeOOH samples did not change significantly
compared with PS-5, suggesting the loading of f-FeOOH did
not affect apparently the visible-light absorption activity of
the PS-5. Moreover, the optical band gaps (£,) of PS-5 and
PS-5/B-FeOOH determined from Tauc plots were both
2.12 eV vs. NHE.

The conduction band (CB) of photocatalysts was detected
by Mott-Schottky plots on a CHI650E electrochemical
workstation with a classic three-electrode system (photo-
catalyst film on ITO glasses as working electrode, Pt wire as
counter electrode, and Ag/AgCl as reference electrode) in
0.5 M Na,S0O, aqueous solution. The calculation formula of
CB is: Ecg (NHE, pH 7)=Ej, (Ag/AgCl, pH 7)+0.197-X. As
shown in Figure 4b, the positive slope of Mott-Schottky plots
for all samples indicated that the photocatalysts were classic
n-type semiconductors and the fixed value of X was 0.2 in
this work [45]. The CB of PS-5 and PS-5/p-FeOOH were
both calculated at —0.49V vs. NHE. The valence band (VB)
edge was estimated by adding the E, value to the CB edge to
be 1.63 eV for PS-5, and the corresponding energy levels of
polymers were shown in Figure 4c. Notably, PS-5 and PS-5/
B-FeOOH showed similar energy level structure, indicating
the FeOOH was only employed as OER cocatalyst in our
work. The CB of PS-5 lies higher in energy level than the
H,O/H, redox potential (0 V vs. NHE), and the VB of PS-5 is
lower than H,0O/O, redox potential (1.23 V vs. NHE), sug-
gesting that the photocatalyst PS-5 has potential application
in photocatalysitc overall water splitting.
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online).

3.4 Computational and photo-electrochemical studies

For most organic photocatalysts, the large exciton binding
energy limits the improvement of its photocatalytic activity,
and hence lots of work has been done to enhance the charge
separation and transfer ability of polymer semiconductor. In
this work, the polymer-cocatalyst multicomponent hybrid
was successfully constructed, and the DFT calculations with
VASP were employed to provide insights into the interface
charge distribution between polymer and FeOOH.

Firstly, the Bader charge analyses for the charge distribu-
tion of PS-5 and PS-5/FeOOH were carried out to quantify
the charge separation intuitively. Figure 5 exhibited the side
and top views of simulation models of PS-5 and PS-5/
FeOOH cluster, respectively. As shown in Figure 5a, due to
the introduction of peryleno|[1,12-bcd]thiophene sulfone unit
with excellent flatness, the effective charge separation ex-
isted in the polymer backbone, and the peryleno[1,12-bed]
thiophene sulfone unit processed the maximum value of
Bader charge (0.067 |e|). After loading FeOOH onto the

polymer surface, the Bader charge of monomer units in
polymer rearranged (Figure 5b). Particularly, the Bader
charge of peryleno[1,12-bcd]thiophene sulfone unit close to
the FeOOH cluster converted to negative value (—0.345 |e|),
indicating the electron transfer to peryleno[1,12-bcd]thio-
phene sulfone unit happened. In addition, charge redis-
tribution occurs at the interface between polymer PS-5 and
FeOOH. In the system of PS-5/FeOOH composite, the Ba-
der charge of PS-5 and FeOOH were —0.314 |e| and 0.314 |e|,
which represented the electron and holes accumulated in PS-
5 and FeOOH, respectively. Therefore, because the oxygen
vacancies-rich B-FeOOH can effectively capture holes [37],
we speculate that a polarized in-built electric field (IEF) in
the direction of FeOOH to PS-5 is established, which can
effectively inhibit the charges recombination, accelerate the
separation of photo-generated charges and consequently is
beneficial for photocatalytic water-splitting.

Subsequently, to further prove this speculation, the tran-
sient photocurrent responses (/-f) and EIS were employed to
investigate the influence of the introduction of FeOOH on
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the electron-hole separation and transfer of as-prepared
photocatalyst samples. These measurements were carried out
in a traditional three electrode system, in which the pre-
paration method of the working electrode was described in
the experimental section. As illustrated in Figure 6a, the
good correlation between /-¢ curves and on-off cycles of
samples (PS-5 and PS-5/p-FeOOH) upon intermittent visi-
ble-light illuminate was found, indicating all samples pos-
sess superior photoactivity. The relatively lower
photocurrent density was detected for PS-5 loading at
~1.0 pA cm . After photo-deposition of FeOOH on polymer,
the photocurrent density of PS-5/p-FeOOH achieved
quadruple enhancement at ~4.0 pA cm °. Furthermore, the
EIS measurement was utilized to test the charge transfer rate
of as-prepared samples. As shown in Figure 6b, after the
FeOOH was loaded on PS-5, the semicircle of PS-5/p-FeOOH
significantly reduced radius in Nyquist plots. In general,
higher photocurrent density in /- curves and decreased ra-
dius in EIS measurement always means faster charge transfer
capability for photocatalyst. In this work, the introduction of
FeOOH can effectively enhance the charge mobility of
photocatalyst.

The PL spectroscopy of as-prepared samples was used to
measure the charge transfer kinetics of photocatalysts. Seen
from Figure 6¢c, the PS-5 in tetrahydrofuran (THF) solution
exhibited strong fluorescence peak at 410 nm because of the
strong charge recombination. After FeOOH loading, the
fluorescence quenching of photocatalyst was observed. The
fluorescence peak with reduced intensity and red shift was
detected for PS-5/p-FeOOH at 415 nm, indicating the
charge recombination was effectively suppressed and quick
charge transfer occurred. Moreover, the time-resolved
fluorescence spectroscopy (TRFS) was employed to char-
acterize the fluorescence lifetime of the photocatalyst. Ac-

cording to the literature [46], there was a negative correlation
between the fluorescence lifetime and charge transfer ac-
tivity. As shown in Figure 6d, compared with PS-5 (1.03 ns),
the fluorescence lifetimes () of PS-5/B-FeOOH were
0.95 ns, confirming the efficient charge mobility in photo-
catalyst with B-FeOOH loading. In addition, the decay
spectra of the samples can be fitted into two lifetime steps of
7l and 72, in which 71 corresponds to the radiative lifetime
(recombination process), and 72 reflects the non-radiative
lifetime of charge carriers (utilization process) [47—49]. The
relative proportion of charge carriers (Rel.%) involved in the
two steps were also listed in Table S2. The Rel.% of PS-5
decreased from 92.26% to 72.50% (PS-5/p-FeOOH) in the
first step (z1), while a nearly four-fold growth was detected
from 7.73% (PS-5) to 28.50% (PS-5/p-FeOOH) in the
second step (z2). The significant growth in Rel.% involved in
the second step indicates that obviously enhanced photo-
generated carrier migration and utilization has been realized.
To sum up, all these photo-electrochemical studies make
clear the pivotal role of B-FeOOH in accelerating the elec-
tron-hole pairs separation and transfer, which would further
be favourable for photocatalytic reaction process.

3.5 Possible photocatalytic mechanism

Therefore, according to the above experiments, we suc-
cessfully prepared low-cost PS-5/p-FeOOH photocatalyst
using simple photo-deposition method. The corresponding
energy level diagram of photocatalyst is shown in Figures 4c
and 5d, the CB and VB of PS-5 are well suited for overall
water splitting, and a possible photocatalysis mechanism
involving charge transfer is proposed. Upon illumination,
PS-5 with broad spectrum absorption ability, absorbs a large
number of photons and generates electrons and holes. The



178 Ye et al.  Sci China Chem
(a) 8
o on ::-:lﬁ FeOOH
——PS-5/B-Fe
§ 6l | of
E: }
=
2
2 44
[0}
i)
=
£ 2
= )
o
52)
2
o 04
1 1 1
0 50 100 150 200
Time (s)
(c) 0.3
——PS-5
':_,-\ ———PS-5/3-FeOOH
®©
2 0.2
X
E
=3
Q
©
2 0.1
2
2
=
0.0 T u T u T u T
400 500 600 700

Wavelength (nm)

January (2022) Vol.65 No.1

(b) 18k
4 ]
15k~ [ ]
b n
12k -
T ]
G 9k- -
1 n
I 6k -_'
1 AAAA,
3k~ A hay
1 m PS-5
0 A PS-5/3-FeOOH
1 4 1 S T M 1 » T » 1 ]
0 3k 6k 9k 12k 15k 18k
2"Q)
(d) 104
——PS-5 7=1.03ns

——PS-5/-FeOOH 7= 0.95 ns

Intensity (a.u.)

1 1 T
5) 10 15 20 25
Decay time (ns)

Figure 6 (a) Transient current responses to full time and on-off cycles photocurrent of illumination on PS-5 and PS-5/p-FeOOH membrane electrodes.
(b) EIS Nyquist plots of PS-5 and PS-5/-FeOOH membrane electrodes at open circuit voltage. (c) PL spectra of PS-5 and PS-5/p-FeOOH in THF solution.
(d) Time-resolved fluorescence spectroscopy of PS-5 and PS-5/p-FeOOH in THF solution (color online).

photo-generated electrons jump into the CB of PS-5, transfer
to the residual Pd during polymerization, and then reduce
protons to produce hydrogen. In the meantime, the photo-
generated holes transfer from the VB of PS-5 to
B-FeOOH, because the rich oxygen vacancies in 3-FeOOH
can effectively capture holes [37]. Thus, the HO-Fe (II)-OH
is formed via the coordination of Fe*™ and H,0, and then is
oxidized by the holes immediately to produce O=Fe(I11)-OH
on the surface of PS-5 [35,50,51]. Subsequently, O=Fe(III)-
OH oxidizes the water to produce oxygen and HO-Fe(II)-
OH, and then enters the next cycle of Fe’" and Fe’*, which
is confirmed by results of the XPS and TOF-SIMS of
PS-5/p-FeOOH (Figures 2 and 3). Therefore, in this me-
chanism, the B-FeOOH as co-catalyst for OER not only acts
as catalytic active sites, but also accelerates the separation of
excitons. Compared with PS-5, PS-5/8-FeOOH shows
better charge separation efficiency, which is confirmed by
generated in-built electric field (IEF), higher photocurrent
response, lower charge transfer resistance, reduced PL
intensity, and shorter PL decay lifetimes in photo-electro-
chemical studies above.

In addition, we further study the adsorption of water mo-
lecules on the surface of photocatalyst. Owing to the abun-
dance of surface OH groups in FeOOH [52], the larger
interface adhesion energy of the H,O (£, (H,0)) and
smaller contact angle with water of PS-5/FeOOH indicate
the better adsorption capacity for H,O (Figure S3).

3.6 Photocatalytic activity and stability

Due to the good photo-response activity and suitable band
structure of the as-prepared samples, we further explored the
photocatalytic activity under visible-light irradiation. We
firstly studied the water-half splitting reaction of as-prepared
samples with sacrificial agent and further explored the in-
fluence of concentration of FeCl, precursor solution on the
photocatalytic performance. The as-prepared samples were
named as PS-5/p-FeOOH-X, where X (X=0.1, 0.2, 0.4 M) is
the concentration of FeCl, precursor solution. As shown in
Figure 7a and Figure S4, for semi reaction of hydrogen
production, upon visible-light illumination (420 nm < 4 <
780 nm), the average amounts of hydrogen generation for
PS-5 (20 mg) was 178 umolh™' (8.9 mmolh™' g ') in the
presence of residual palladium as co-catalyst for HER and
triethanolamine (TEOA) as the sacrificial agent. After the
photo-deposition of B-FeOOH, with the increase of the
concentration of the FeCl, precursor solution, the photo-
catalytic activity first increased and then decreased, and PS-
5/8-FeOOH-0.2M  obtained the highest HER at
204 pmol h™' because the B-FeOOH accelerates the separa-
tion of photo-generated excitons. However, excessive cata-
lyst deposition would act as the center of charge
recombination, and the PS-5/p-FeOOH-0.4M with the
lowest photocurrent response and the highest charge transfer
resistance (Figures S6 and S7) exhibited the poorest activity



Ye et al.  Sci China Chem January (2022) Vol.65 No.1 179

(a) (b) (c)
a2 : P o 2 1L PS-5/B-FeOOH (DRS) e
< i E £ -, gelminizesald
E 2004 | 4 g ‘Tcn 2004 -02 ? ° ~ e PS-5/3-FeOOH-0.2M (AQY) 12
2 i 22 S 0.8 o =
2 1504 i -3 o S 150 Py L0.9 &
= i 1,8 8 g 5
S 100 3 i Z 25 £ 100+ 2 L0.6 &
5 3| 8 = 2 S 0.6 0
3 HE 2 22 2

S 50- R B 2 F1 8 o 504 < 0.3

o 3 i S8 None o
T o el Lo© O o 0.4 ————————2100

PSS oM oM o 400 450 500 550 600 650
s 5ip-FeC PS 5|\5 Feoo 513 \—,900 Wavelength (nm)
(d) (e) ()
2000 ~ 250 ~250
——H, = - H, EH, c - H,

~ =410, T, 200-{™= O: E30, 1,200 = O,

1500 - = ke

CD

e E 150 § 150-

£ 1000 = =

@ £ 100 £ 1004

© = %

o 500 deg deg e 3 50-

J ® 8 None
0+ O 9 O od
0 5 10 15 20 25 30 FeCl, as FeCl, Yecuvs
Time (h) precursor as precursor FeC\’L No3)1 So 3 &
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of HER among four samples. The semi reaction of oxygen
evolution was carried out in the presence of AgNO; as the
sacrificial agent and La,0; as a pH buffer agent (Figure 7a
and Figure S5). Without B-FeOOH loading, the pure PS-5
still obtained the detectable OER because its VB lied lower
than the H,0/0, redox potential. Similarly, the OER activ-
ities of the as-prepared samples with different concentrations
of B-FeOOH loading showed the volcanic trend similar to
HER. The PS-5/p-FeOOH-0.2M (20 mg) exhibited the
highest OER at 4.0 pmol h' (200 pmol h' gfl), which is 1.7
times of that of pure PS-5.

We further explored the performance of photocatalytic
overall water splitting in pure deionized water under visible-
light illumination (420 nm < 4 < 780 nm) without any sa-
crificial agent adding, and the residual Pd of polymer reac-
tion and B-FeOOH loading were employed as co-catalyst for
HER and OER, respectively. As shown in Figure 7b and
Figure S8, the HER and OER for pure PS-5 were negligible,
due to the strong exciton binding energy inside. After the
photo-deposition of B-FeOOH, the ability of charge separa-
tion was enhanced, and the PS-5/p-FeOOH-X (X=0.1, 0.2,
and 0.4 M) exhibited the detectable HER and OER. How-
ever, the stoichiometric ratio of hydrogen and oxygen pro-
duction for PS-5/p-FeOOH-0.1M was much larger than 2:1
(H,: 160 pmolh™' g™'; Oy 10 umolh™' g '), owing to the
insufficient loading of B-FeOOH [53]. As we expected, with
the increasing amounts of B-FeOOH loading, the stoichio-

metric gas generation rates of H, and O, reached at 2:1.
The PS-5/-FeOOH-0.2M with accelerated charge separa-
tion and more catalytic sites obtained the highest photo-
catalytic activity up to 170 umolh'g ' for HER and
76.6 pmol h™' g ' for OER, respectively. Unfortunately, with
further increased B-FeOOH loading, excessive catalyst de-
position might lead to the lower charge separation ability
(Figures S6 and S7), and reduced photocatalytic activity for
PS-5/-FeOOH-0.4M.

The AQY measurement for overall water splitting of PS-5/
B-FeOOH-0.2M under various monochromatic light irra-
diations matched well with the absorption profile of as-pre-
pared sample in DRS spectrogram (Figure 7c), suggestting
that the HER and OER of PS-5/p-FeOOH-0.2M were driven
by the visible light excitation. Furthermore, in the long-term
stability test lasting for 30 h with each cycle of 10 h, there
was no significant decrease of photocatalytic performance
for PS-5/p-FeOOH-0.2M (Figure 7d). The samples were
recovered after photocatalysis, and the FTIR, PXRD,
HRTEM, XPS and DRS measurements of recovered sample
after long-time test showed no apparent change compared
with the as-prepared samples, indicating the high stability of
structure and activity in the process of photocatalysis (Fig-
ures S9-S13). In addition, we prepared four batches of
samples (PS-5/f-FeOOH-0.2M) and further explored the
effect of Pd content on the photocatalytic activity. As shown
in Figure S14, residual palladium was characterized by ICP-
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OES, and their residual contents ranged from 0.51 wt% to
1.25 wt% for the photocatalysts. Notably, the amount of
residual palladium was not directly related to the gas evo-
lution rates of samples, indicating that the residual palladium
had no obvious effect on the photocatalytic activity. To the
best of our knowledge, this is the first report using linear
polymers to construct photocatalytic overall water splitting
systems by B-FeOOH photodeposition route.

We also investigated the effects of the valence of iron ions
(Fe’* or Fe') and the type of anions (CI~, NO; or SO,”) in
the precursor solution on the photocatalytic activity. As
shown in Figure 7e and Figure S15, there was no obvious
difference in properties between the samples prepared with
FeCl, or FeCl; as precursor, because the Fe’" ions could be
immediately reduced to Fe** ions by photo-generated elec-
trons, and further participate in the formation of $-FeOOH
on the surface of PS-5. To our surprise, the samples prepared
with FeCly as precursor exhibited obvious and higher pho-
tocatalytic activity than those in Fe(NO;); or Fe,(SO,),
aqueous solution (Figure 7f). According to previous reports,
in the process of photo-deposition using ferric salt as pre-
cursor liquid, smaller radius of anions and larger electro-
negativity were benefit for the formation of structurally
stable B-FeOOH with high crystallinity [54]. Thus, the
samples prepared with FeCl; as precursor obtained better
crystallinity and higher photocatalytic activity (Figure S16).
Moreover, our system can be applied to other polymers (PS-3
and PS-4) with appropriate energy level for overall water
splitting and different pH test environments with stable
photocatalytic performance, indicating the universality of
this method (Figures S17-S19).

4 Conclusions

In summary, we have successfully developed the linear co-
polymers PS-5/B-FeOOH composite photocatalysts for
overall water splitting without any sacrificial agent, in which
the low-cost and efficient B-FeOOH co-catalyst for OER is
loaded on PS-5 by simple photo-deposition method. Among
them, the average H, and O, production rates of optimized
PS-5/p-FeOOH-0.2M reach at ~170 and ~76.6 pmol h' gfl,
respectively, with a stoichiometric ratio at about 2:1. The
experimental results demonstrate that the non-noble metal
co-catalyst B-FeOOH can be formed and uniformly nu-
cleated on the polymer surface. The DFT calculations and
experimental results indicate that the oxygen vacancies-rich
B-FeOOH can act as catalytic active sites for OER and ac-
celerate the separation and transportation of photo-generated
excitons. This work provides a new and simple method for
the design of polymers for overall water splitting system and
broad prospect for the construction of multiple heterojunc-
tion system in the future.
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