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« CQDs/TiO,/WOs is designed on the
basis of dual alignment and charge
distribution.

« TiO, epitaxially grow on WO3 with
~3% lattice mismatch to form
heterojunction.

o The built-in field of TiO,/WO5 can
inhibit bulk recombination with band
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« CQDs can extend visible light
absorption and shift onset potential
cathodically.

« PEC water splitting performance of
CQDs/TiO,/WO0s3 has been
significantly improved.
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ABSTRACT

Photoanode is the key issue for photoelectrocatalytic (PEC) water splitting and organics degradation.
However, it always faces several restrictions including severe photocorrosion, low charge separation
and transfer efficiencies, poor visible light harvesting, and sluggish interfacial reaction kinetics, which
often required a variety of modifications with only low improvements achieved. Herein, a high perfor-
mance CQDs/TiO,/WO5 photoanode was designed on the basis of density function theory (DFT) alignment
of lattice parameters and energy band, and charge distribution. The TiO,/WO5 heterojunction can abate
photocorrosion through the hetero-epitaxial growth of TiO, (001) on WO5 (002) for the lattice mismatch
<3% eliminating dangling bonds, with high corrosion resistance and photostability of TiO,. As the built-in
field constructed by a staggered band alignment structure with the valence band offset (VBO) of 0.51 eV,
the photogenerated carriers transfer and separation are promoted dramatically. Through the DFT calcu-
lations, the sunlight absorption wavelength can be extended, and the interfacial reaction kinetics can be
expedited with the modification of carbon quantum dots (CQDs) on TiO,/WOs, due to the narrower
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bandgap (Eg) and the accumulation of electrons at TiO, side. The DFT designed CQDs/TiO,/WO5 photoan-
ode significantly increase photocurrent density from 0.90 to 2.03 mA cm™2 at 1.23 V, charge separation
efficiency from 56.3 to 79.2% and charge injection efficiency from 51.2 to 70.4%, and extend light absorp-
tion edge from 455 to 463 nm over pristine WOs, with better photostability and lower holes-to-water

resistance.

© 2021 Published by Elsevier Inc.

1. Introduction

Metal-oxide semiconductors are efficiently investigated to
degrade organic pollutants and split water to generate hydrogen
by PEC method, which is a prospective and sustainable strategy
to converse solar energy and overcome the growing environmental
problems [1-3]. The highly active semiconductors, such as WOs3,
TiO,, Fe;03 and BiVO,, have been studied in a deep-going way by
many researchers [4-8]. However, severe photocorrosion, low
charge separation and transfer efficiency, sluggish reaction kinet-
ics, and insufficient sunlight absorption are always the focus of
PEC process. For example, W03 is low cost and chemical stable in
acidic condition, has an appropriate hole diffusion length
(~150 nm) [9-12], but suffers from the severe photocorrosion to
generate peroxo species, sluggish holes transfer kinetics and rapid
recombination of photoexcited carriers [13-15]. And TiO, owns the
advantages of nontoxicity, abundant storage and good stability
under a variety of conditions, but its larger bandgap results in only
ultraviolet response with insufficient utilization of sunlight [16-
18].

To improve the photocatalytic or PEC conversion performance,
constructing a heterojunction with two semiconductors may
address the concentrated issues, overcoming the intrinsic short-
comings of materials. Various heterojunctions have been reported
to improve photostability, or to enhance spatial separation of hole-
electron pairs by the generated built-in electric field, such as Bi,Ss/
WO3 [19], M0S,/Zn0 [20], ZnWO4/WOs3 [21], C3N4/Zn0 [22], and
Cu,0/TiO,/Biy03 [23]. In addition, several studies have reported
that epitaxial growth is beneficial from the lattice-matched mate-
rials, for example, CuO/MgO [24], TiO,/SrTiOs [25], and g-
C3Ny/graphene [26]. Possible epitaxial growth of TiO,/WO3 hetero-
junction based on matched lattice, has been proposed in our previ-
ous work [4], revealing the advantages of good photostability and
rapid charge carriers separation.

Since the TiO,-based heterojunction cannot enhance the visible
absorption, CQDs as a promising photoelectric material could
extend the visible light harvesting range, with many advantages
of eco-friendliness, low cost, simple synthesis, chemical inertness
and up-conversion photoluminescence (PL) properties [16,27-
31]. Furthermore, CQDs can form heterojunctions with some metal
oxide semiconductors accelerating the holes transfer to the elec-
trode surface, such as CQDs/Fe,05 [32], CQDs/BiVO, [27], CQDs/
WO3 [33], CQDs/ZnO [34] and CQDs/TiO, [35-37], etc. Due to small
particle sizes of CQDs, they possess highly photo-luminescent
emissions, photo-induced electrons transfer and excellent proper-
ties as semiconductor nanoparticles for photo-catalysis, superca-
pacitor and visible light sensitizer [38]. And CQDs could function
as an ultrafast charge channel to promote the charge injection effi-
ciency, and shift the onset potential cathodically [39,40].

In this paper, a high performance photoanode of CQDs/TiO,/
WO3 was designed and prepared on the basis of DFT alignment
of lattice parameters and energy band, and charge distribution. A
lattice mismatch <3% between TiO, (001) on WO3 (002) without
dangling bonds, prefers to hetero-epitaxial growth of TiO, on
WOs, improving the photocorrosion of WO; for the high corrosion
resistance and stability of TiO,. The calculated valence band offset
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(VBO) is 0.51 eV, forming a built-in field of TiO,/WO3
heterojunction from the staggered band alignment structure to
inhibit the bulk charge recombination. With the introduction of
CQDs, the bandgap is decreased from the density of states (DOS)
indicating enhancing light harvesting, and charge transfer kinetics
is promoted through the charge density difference. The designed
CQDs/TiO,/WO05 photoanode significantly increases the photocur-
rent density from 0.90 to 2.03 mA cm~2 at 1.23 V, promotes charge
separation efficiency from 56.3 to 79.2% and charge injection effi-
ciency from 51.2 to 70.4%, and enhances the visible light absorp-
tion with better photostability and lower holes-to-water
resistance.

2. Computational and experimental section
2.1. Computational details

The Vienna ab initio simulation package (VASP) is implemented
with the projector augment wave (PAW) method for geometry
structure optimization, band structure, charge density difference,
Bader charge analysis and DOS [41,42]. The exchange-correlation
function was treated through the generalized gradient approxima-
tion (GGA) of the PBE functional. The on-site correlation correc-
tions were carried by the Hubbard model (DFT + U approach),
and the value of the correlation energy (U) was set to 6.2 eV for
the W, with a van der Waals interaction by the DFT-D2 method
of Grimme [43]. The Kohn-Sham equations were solved with a
plane wave basis set to self-consistency, with a convergence crite-
ria of 10~ eV and 0.015 eV A~! for energy and force. 4 x 4 x 4 and
4 x 4 x 1 gamma-centered k-space grid are used for the conven-
tional cell and the slab model (15 A vacuum layer), with the cutoff
energy of 450 eV.

The VBO and conduction band offset (CBO) are computed on the
basis of potential-line-up method [25], and the macroscopic aver-
age of the electrostatic potential of TiO,/WOj5 are obtained to align
the energy band of W03 and TiO,. The planar averaged potential

\7(2) was calculated by Eq. (1):

V(2) :% / V(r)dxdy (1)

where A is the area of the interface. The macroscopic average poten-
tial V(z) is obtained by Eq. (2):

= 1 L2 _
Vi) =1 / V@

where L is the period length. The VBO is calculated as Eq. (3):

2)

AEvso = AV ()10, wo, + (Evin = V(2))gio, — (Evem — V())wo,  (3)

where A\:/(Z)Ti02 wo, 1s the difference of \:/(z) between WO3; and

TiO,. The Eypy and V(z) are obtained from the conventional cells
of WOs3 and T102 [44].

The oxygen evolution reaction (OER) contains four proton
transfer steps at the anode:
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() +H,0 - *OH +H" + e~ (A)

*OH - *O+ H" + e (B)

*O + H,O — *OOH + H" + e (C)

*OOH —» O, + ()*+H" +e (D)

where ()* indicates the active site, and *OH, *O and *OOH are the
intermediate of OER steps [45,46].

2.2. Synthesis of CQDs/TiO,/WO3 photoanode

The fluorine-doped tin oxide (FTO) substrate (7 Q cm™!) was
ultrasonically cleaned with acetone, ethanol and deionized water
(DI) for 0.5 h in turn. WO3 nanoplates were hydrothermally syn-
thesized in the precursor of 1 g ammonium paratungstate, 2 mL
HC1 (37%), 4 mL H,0, (30%) and 93 mL DI at 160 °C for 4 h, and then
were annealed in the air at 500 °C for 2 h to crystalline phase [12].
Subsequently, the anatase TiO, nanocones grow on WOs; nano-
plates by chemical bath deposition (CBD) that WO film was
dipped in the solution of 50 mM ammonium hexafluorotitanate
and 150 mM boric acid at 25 °C for the different reaction time
[47]. Finally CQDs were spin-coated twice on the TiO,/WOs3 hetero-
junction by 1000 rpm for 10 s, and then was dried in air at 100 °C
for 30 min. The CQDs solution is mixed with 50 mL glucose aque-
ous solution (62.5, 125, 250 and 500 mM) and 50 mL of NaOH (1 M)
under ultrasonic treatment, and then is adjusted to pH = 7 with HCI
and added equal volume of ethanol for agitating 1 h [16,48].

2.3. Material characterizations

The field emission scanning electron microscopy (FE-SEM)
images were obtained by field emission scanning electron micro-
scopy (Ultra Plus, Zeiss, Germany). The high-resolution transmis-
sion electronic microscopy (HRTEM) images and Selected Area
Electron Diffraction (SAED) patterns were examined by Tecnai G2
F30 S-TWIN, FEI, USA. The crystalline phase was characterized by
X-ray diffraction (XRD; AXS-8 Advance, Bruker, Germany). X-ray
photoelectron spectrometry (XPS; AXIS Ultra DLD, Kratos, Japan)
was used to analyze the elemental compositions and states. The
light absorption spectra were measured by a UV-Vis spectropho-
tometer (TU1900, Beijing Purkinje General Instrument Co, China).
Fourier transform infrared (FT-IR) spectroscopy were performed
using IR/Nicolet 6700 (Thermo Fisher, America).

2.4. Photoelectrochemical measurements

Photoelectrochemical (PEC) measurements were carried out on
an electrochemical workstation (CHI 660d, CH Instruments Inc.,
Shanghai) at room temperature in a 0.2 M Na,SO4 solution with
a three-electrode optical cell. Illumination source was a 300 W
Xe lamp with a power density of 100 mW cm™2 by an AM 1.5G
solar power system. The photocurrent densities (Jpgc) were
recorded by linear sweep voltammetry (LSV) under 50 mV s~! scan
rate. The potential versus Ag/AgCl (Eagagci) Were converted to the
reversible hydrogen electrode (RHE) in Eq. (4):

(4)

The incident photon-to-current efficiency (IPCE) was recorded
under a 500 W Xe lamp (Zolix, China) with a monochromatic
wavelength from 300 to 550 nm. Electrochemical impedance spec-
troscopy (EIS) was performed from 100 kHz to 0.1 Hz under illumi-
nation with amplitude perturbations of 5 mV. Intensity-modulated
photocurrent spectroscopy (IMPS) were implemented on the elec-
trochemical workstation (Zennium; effect-Eletrik, Germany) with
the intensity-modulate photospectroscopy module (CIMPS,
PP211) and a white-light lamp (WLC02; Zahner-Elektrik) from
0.1 Hz to 10 kHz. The transient photocurrent (TPC) was using a

Erue = EAg/AgCl + 0.0591 V x pH + 0.1976.
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laser pulse (10 Hz, NT342A-10, EKSPLA) and a white-light lamp
(WLCO02; Zahner-Elektrik) on the electrochemical workstation
(Zennium,; effect-Eletrik, Germany).

3. Results and discussion
3.1. DFT theoretical calculations

The alignment of lattice parameter and energy band, and charge
distribution in CQDs/TiO,/WO3; photoanode were obtained by DFT
calculations. According to the computational results, TiO,/WO3
heterojunction was designed with the geometry optimization for
WOs3 and TiO, conventional cells. In Fig. 1a and b, the optimized
lattice parameters were a, b, ¢ = 7.719, 7.680, 7.751 A for WOs,
and a, b, ¢ = 3.776, 3.776, 9.584 A for anatase TiO,, in accordance
with the experimental values [49,50]. WO5 (002) surface was cho-
sen as the substrate according to our previous work [5], and three
anatase TiO, (001), (101) and (100) facets are taken to construct
the possible heterojucnction in Fig. S1 [35,51]. Studies have
reported that the surface energies are 0.90, 0.53 and 0.44 ] m~2
for (001), (100) and (101); therefore, the (101) facets are most
stable than the others, and (001) facets show the best photocat-
alytic performance [18,52]. The mismatches between W03 (002)
substrate and three abovementioned facets are listed in Table S1,
where the minimum is that of TiO, (001). Therefore, the anatase
TiO, could epitaxially grow along (001) orientation on the WO;
(002) facet to construct the reasonable heterojucntion without
dangling bonds in Fig. 1c [4].

The band structure of WOs and TiO, were calculated by the
HSEO06 hybrid function to explore the relation of band structures.
In Fig. 1d, WOs is a direct bandgap semiconductor for the valence
band maximum (VBM) and the conduction band minimum (CBM)
both located at I" point, with the calculated E4 of 2.88 eV close to
the experimental value (2.72 eV) [5,53]. The anatase TiO, has an
indirect bandgap of 3.47 eV close to the experimental value of
3.20 eV in Fig. 1e [54]. The electrostatic potentials of the TiO,/
WOs; heterojunction, W03 and TiO, components are calculated to
quantitate the band offset. The calculated difference of macro-
scopic average potential is 1.50 eV in Fig. S2. The VBO of the
heterojunction is 0.51 eV according to Eq. (3), and the CBO is
1.11 eV in Fig. 1f. It is clear that TiO,/WOs is a staggered band
alignment structure, where the photoexcited holes in WOs transfer
through the higher VBM of TiO, to oxide water, and the electrons
in TiO, move to the lower CBM of WO under the built-in field [55].

Additionally, the OER steps of the TiO,/WOs heterojunction
have been further investigated by DFT calculations. The interfacial
OER is a four-proton transfer process with the Gibbs free energy
change (AG) calculated by Eq. (5) [45]:

AG (U, pH) = AE + AZPE —TAS -eU -kgT In 10 x pH (5)
where AE is the energy difference of products and reactants, AZPE
represents the change in the zero-point energies (ZPEs), AS is the
change in the entropy, and U is the external applied bias. The free
energies of H,0, H, and O, are displayed in Table S2 with the gas-
eous thermal correction, and free energies of intermediates are cor-
rected by ZPEs in Tables S3 and S4. The pristine WOs3 surface
terminated with oxygen atoms as the *O intermediate [46], initiates
from reaction C to dissociate water molecules with *OOH. Subse-
quent reactions occur as the order of C-D-A-B with the cumulative
reaction energy of each step in Fig. 2a. The maximum free energy
difference of 3.67 eV is to release O, from *OOH, corresponding to
the overpotential (1) of 2.44 V [56]. TiO,/WOs3 heterojunction has
the largest Gibbs free energy change of 2.89 eV (1 = 1.66 V), limited
by the H,0 adsroption to form *OH (Fig. 2b). Furthermore, CQDs
modified on the surface of the heterojunction TiO,/WOs, has the
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and TiOy; and (f) the energy band offset of TiO,/WOs5.

6
a’r b € ‘
WO, 6.16 Ti0, /WO, .. I CQDSTIO WO, .. I
6F —p-ov | 5F —u-ov e == 5F =——U=0v o B ==
—01.23% ! \ 492 —- 1238 —0 1238 .
SF ni244v / — ab niteev ; 4| n-L60v /|
= / \ g ~ 345 / < /
> 4} 3700 [374 . > P >
% | W 25l ‘zm ) 5] 283
O 3r 249} Q { &) ;| e
< —' < 2t 1.66 ke < 2t 1.60 = 1.53
1.26 :’ . 99 ik
1+ 1 ) B
2 .05 5 ) - g
0 i 0 K 0.0 0 0 I 0 ( 0 |
C D A B A B G D A B c D
Reaction Coordination Reaction Coordination f
d . €3 60
Al wo, Yacuum ;‘/:\ C C C
= ——W ‘=
o | = st 5 —o0
= % o > 40 Ti
—,.c 0 /V‘ ~ 20 i)
= 2 @
37 g g
—
4 > 5
210 o 20
N s L N L N v 2
S5 w015 20 25 30 = 2
. . w n
Z direction (A) © e}
= a
.:" 0 0 L 1 A
p -10 -6 3 0 3
® @ Energy (eV) Energy (eV)

Fig. 2. (a-c) Gibbs free energy changes (AG) of OER process for W03, TiO,/WO3 and CQDs/TiO,/WOs; (d) planar-averaged electorn density difference for CQDs/TiO; along Z
direction (The cyan indicates electron depletion and the yellow indicates electron accumulation); and (e-f) The DOS of CQDs/WO3; and CQDs/TiO,. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

lowest overpotential of 1.60 V (Fig. 2c) in contrast to that of TiO,/
WOs5 and WOs. Therefore the CQDs could further lower the overpo-
tential of the TiO,/WOs3 heterojunction to oxidize water molecules.
The planar-averaged charge density difference is calculated at the
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CQDs/TiO,/WOs interface to reflect the charge distribution and
transfer in Fig. 2d. The cyan area implies the charge depletion and
the yellow area implies the charge accumulation, indicating that
the photogenerated electrons transfer from CQDs to TiO,, and the
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holes inversely move to the semiconductor/electrolyte interface to
oxidize water molecules. To quantify the charge change and trans-
fer, the Bader charge of 0.161 e exchanges at the interface between
CQDs and TiO,. Through the charge density difference and the Bader
charge analysis, it indicates that the loaded CQDs on TiO,/WOs3
could accelerate photogenerated charge carriers transferring at
the interfaces of semiconductor/electrolyte and CQDs/TiO,. In Fig. 2-
e-f, the calculated DOS of CQDs/WO3 and CQDs/TiO, has shown the
states of C element occupying the E; of WO5 and TiO,; therefore
CQDs may extended the wavelength of absorption edge to suffi-
ciently utilize solar light [37].

Journal of Colloid and Interface Science 600 (2021) 828-837
3.2. Photoanode synthesis and characterization

To verify the calculations, the CQDs/TiO,/WO3 photoanode has
been synthesized in Section 2.2, and the process is briefly illus-
trated as Fig. 3a. The morphology of WOj3 is nanoplates with the
size ~2000 x 500 nm in the FE-SEM images (Fig. 3b). In Fig. 3c,
the SEM image of TiO,/WO3 confirms that anatase TiO, has suc-
cessfully grown on WO3 nanoplates in the shape of nanocones by
a chemical bath deposition (CBD) method [47]. And the photocur-
rent density of different CBD time of TiO, has been optimized to
30 min from Fig. S3, because the thicker TiO, may decay the photo

Fig. 3. (a) The process of preparing CQDs/TiO,/WO3; photoanode; (b) FE-SEM image of WO3 nanoplates; (c) FE-SEM image of TiO,/WOs; (d-e) HRTEM images of TiO,/WO5 in
different scales; (f) HRTEM image of CQDs; and (g) element mapping of CQDs/TiO,/WO3 in HRTEM.
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harvesting of WO3 substrate. From the HRTEM in Fig. 3d, the length
of uniform TiO, nanocones is ~50 nm overlaying on W03 nano-
plates. In Fig. 3e, the lattice spacing of 0.353 nm corresponds to
anatase (101) facet [54,57], and 0.241 and 0.238 nm is for (004)
plane indicating TiO, most in (001) orientation [4]. The XRD pat-
terns (Fig. S4) have shown the characteristic peaks of different
planes in the WOs5 crystalline structure (PDF#43-1035), consistent
with the SAED pattern (Fig. S5) in the intensity of crystalline
planes. There are no characteristic peaks of CQDs and TiO, in
XRD for the low contents. CQDs are spin-coated on TiO,/WOs with
different layers and different concentrations to realize the maxi-
mum photocurrent density (Figs. S6-S7), and FE-SEM image shows
a rough layer covered on the photoanode (Fig. S8). The HRTEM
image of CQDs in Fig. 3f indicates that the planar distance of
0.237 and 0.234 nm corresponds to the (100) orientation of gra-
phite [48,58]. In Fig. 3g, the Ti element is situated on the external
layer of WO3 consistent to the HRTEM image, and the distributed C
element suggests CQDs coating on the photoanode (the element
content of W, O, Ti and C shown in Table S5).

The XPS high-resolution spectra of Ti 2p for TiO,/WOs (Fig. S9)
indicates TiO, with the peaks at 458.3 eV and 463.9 eV [17,59]. And
the total XPS of CQDs/TiO,/WOs3 (Fig. S10) confirms the existence
and the valence of elements in Fig. 3g. There are two kinds of oxy-
gen chemical state observed for the O 1s XPS of the four samples in
Fig. 4a, where the binding energy of 530.2-531.3 eV corresponds to
lattice oxygen (Op) and 531.9-532.5 eV corresponds chemical
absorbed oxygen (Oc) [16,54]. With the loaded CQDs on WO3 and
TiO,/WOs, the peaks of O shifting to higher binding energy, is

Journal of Colloid and Interface Science 600 (2021) 828-837

attributed to the new binding between O-W or O-Ti and C
[60,61]. Additionally, the peaks of O. are intensified obviously
and shifted to higher binding energy, indicating the increased con-
tent of O. and decreased electron density of WO3; and TiO,/WOs3,
with the introduction of CQDs for the additional C—O or C—OH
groups [16]. The W 4f XPS spectra is shown in Fig. S11 with the
peaks shifted to the lower binding energy with the introduction
of CQDs, indicating the existence of W>* and the formation of
C—0 [62]. In the C 1s XPS of CQDs/TiO,/WOs (Fig. 4b), three peaks
at 286.0 and 288.1 eV correspond to the C—C, C—0, and 0=C—0
groups, confirming the combination of CQDs and TiO,/WO;
[63,64]. In addition, the FT-IR spectra have shown the peak of
C—0 at 1057 cm™! in Fig. S12, consistent with W 4f XPS spectra
(Fig. S11) [17]. The VBM XPS spectra of TiO, and WOs is shown
in Fig. S13, where the measured VBO is 0.59 eV, close to the
calculated value (0.51 eV) in Fig. 1f.

The UV-Vis absorption spectra were measured over the wave-
length range of 300-600 nm in Fig. 4c. Anatase TiO, could improve
the ultraviolet light harvesting for TiO,/WO3; photoanode at the
wavelength from 300 to 400 nm. In addition, CQDs have extended
the absorption edge from 455 to 463 nm, with more utilization of
visible light serving as semiconductor nanoparticles. And the
CQDs/TiO,/WO03 has the best photo-response property associating
the advantages of TiO, and CQDs. The Tauc plots could illustrate
the energy bandgap (Eg) of photoanodes in Fig. 4d, where CQDs/
TiO,/WO5 and CQDs/WOs3 have the closer E, of 2.68 eV than
2.72 eV of TiO,/WOs; and WOs extending the visible absorption,
consistent with the calculated DOS in Fig. 2d [37].
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Fig. 4. (a) deconvoluted high-resolution O 1s XPS spectra of W03, TiO,/W03, CQDs/WO03; and CQDs/TiO,/WOs; (b) deconvoluted high-resolution C 1s spectrum of CQDs/TiO,/
WOs; (c) UV-Vis absorption spectra and (d) Tauc plots for W03, CQDs/WOs, TiO,/WO3 and CQDs/TiO,/WOs;
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WO3, CQDs/WO; and CQDs/TiO/WOs.

3.3. Experimental evaluation of PEC properties

In Fig. 5a, the photocurrent densities of TiO,/WQO3, CQDs/WO3
and CQDs/TiO,/WO5 photoanodes are 1.39, 1.62 and 2.03 mA cm 2
at 1.23 V vs. RHE, 1.54, 1.80 and 2.26 times than that of WO3
(0.90 mA cm2), with negligible dark current. In addition, CQDs
have cathodically shifted 215 mV of onset potential over that of
WOs3, but TiO; has no effect on onset potential with a rapid increas-
ing current density. And the chopped photocurrent density curves
of TiO, and CQDs/TiO, are shown in Fig. S14, where the CQDs could
also improve the PEC performance of TiO,. Therefore, the PEC
improvement of CQDs/TiO,/WOs is assigned to the synergistic
impact of TiO,/WOs3 heterojunction and CQDs oxygen evolution
catalyst (OEC). The applied bias photon-to-current conversion effi-
ciency (ABPE) are calculated from Eq. (6):

ABPE (%) = (J x (1.23 — Vy,)/Pwt) x 100% (6)

where J is the photocurrent density at V,, of LSV curves, and Py,
is the total power density of irradiation. As shown in Fig. 5b, the
maximum ABPE of W03 and TiO,/WOs reach 0.09% and 0.13% at
~1.05 V, while those of CQDs/WOs and CQDs/TiO,/WO3 get 0.27%
and 0.33% at a lower potential ~0.9 V.

The chopped linear voltammery (CLV) were measured at 1.23 V
with interval illumination in Fig. 5c. There are sharp transient
spikes of the pristine WO3 with the light switching on, indicating
that the photogenerated holes accumulating and recombining on
the surface rather than oxidizing water molecules. And the tran-
sient spikes abate for TiO,/WO3, CQDs/WO3 and CQDs/TiO,/WOs3,
because the heterojunction and CQDs can efficiently suppress the
recombination and accelerate the transfer of holes. The IPCE was
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measured as a function of the incident light wavelength
(300 ~ 550 nm) and calculated as Eq. (7):

IPCE (%) = (1240 X Jmono)/(Pmono X j-) (7)

where Jmono is the recorded photocurrent density and Pyono iS the
measured light power density at the wavelength (1) of incident
light. In Fig. 5d, the maximum values of IPCE for W03, TiO2/WOs3,
CQDs/WO03 and CQDs/TiO,/WO; are 31.6, 40.6, 51.2 and 62.3%
at ~ 340 nm. Moreover, TiO,/WOs3 has better PEC stability with
retaining 48.2% of initial photocurrent after 20000 s measurement,
in contrast to that of 28.0% for pristine WOs3 in (Fig. S15). Tafel
curves of CQDs/TiO,/WO03, TiOp/WO3 and WOs are shown in
Fig. S16, pointing out the lowest overpotential of 303 mA dec™!
for CQDs/TiO,/WOs3, in agreement with the DFT calculations
(Fig. 2a-c).

3.4. Charge carrier transfer kinetics

The charge separation and transfer behaviours are studied to
figure out the improved PEC performance of CQDs/TiO,/WOs. The
photocurrent density in 0.2 M Na,SO4 (Jpec) can be calculated from
Eq. (8) [16,65]

(8)

where J.ps is estimated with 100% conversion of absorbed photons
to current, 7,y iS the bulk efficiency of holes separating and trans-
ferring to the photoanode surface, and #gyrface iS the surface effi-
ciency of holes injecting and oxidizing water molecules at the
semiconductor/electrolyte interface. The J,,s can be calculated to
3.11, 3.14, 3.66 and 3.71 mA cm 2 for W03, TiO,/WO3, CQDs/WO5

]PEC = ]abs X Nbulk X Hsurface
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Fig. 6. (a) The calculated photocurrent flux and the integrated current densities, (b) surface injection efficiency, (c) bulk separation efficiencies, (d) EIS Nyquist plots under
100 mW cm 2, (e) IMPS Nyquist plots, and (f) TPC curves for W03, CQDs/WOs, TiO,/WO5 and CQDs/TiO,/WOs.

and CQDs/TiO,/WOs3 in Fig. 6a, according to the AM 1.5G solar
spectrum and light harvesting efficiency (LHE) [66,67]. It assumes
that photogenerated holes will oxidize water molecules as
soon as reaching the photoanode surface with hole scavenger
(NaS03), namely suppressing surface recombination completely
(Msurface = 100%). Therefore #surface and #pu are calculated as
Eqgs. (9) and (10):

9)

Nsurface =~ .]PEC /.]Naz SO3

Noulk ~ ]Na2503 /jabs (10)
where Jnazsoz and Jpgc are measured with or without Na,SOs. In
Fig. 6b, the #surface Of CQDs/TiO,/WO3 and CQDs/WO5 are 70.4 and
68.0% at 1.23 V, much higher than 57.4% of TiO,/WO;3 and 51.2%
of WOs. In Fig. 6¢, npuik of TiO2/WO5 (78.0%) is approaching to that
of CQDs/Ti0,/WOs5 (79.2), higher than 63.6 and 56.3% of CQDs/WO3
and WOs. It is obvious that #gyrace and #puk are significantly
increasing after the modifications of CQDs and TiO, over pristine
WOs.

EIS, IMPS and TPC were carried out to further explore the roles
of CQDs and TiO, on charge transfer kinetics. In Fig. 6d, the semi-
circle radii of the EIS Nyquist plot follow the order: WO3 > TiO,/
WOs > CQDs/WO03 > CQDs/TiO/WOs, charactering the holes-to-
water resistance at the semiconductor/electrolyte interface
[67,68]. The inset of Fig. 6d is a Randle equivalent circuit fitted
by ZSimpWin, with the systemic series resistance Rs, the interfacial
charge transfer resistance R, and the capacitance of the double
layer Cq listed in the Table S6. The minimum R is 153.5 Q of
CQDs/TiO,/WO0s3, indicating lowest interfacial charge transfer resis-
tance for holes-to-water [69,70]. The fitted R,y of CQDs/WOs3 is
233.8 Q smaller than that of TiO,/WO03 (297.1 Q), pointing out that
CQDs are better at carriers surface injection than TiO,, in accor-
dance with the surface efficiencies (Fig. 6b).
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The electron collection time 1. represents the average time of
electrons transferring from the semiconductor to the substrate,
and is derived as Eq. (11) [71]:
Tc = 1 [27f min (11)
where fui, is the frequency of minimum imaginary value of IMPS
Nyquist plots in Fig. Ge. The obtained frequency of minimum imag-
inary values correspond to the 1. of 59.9, 18.7, 16.2 and 10.9 ms for
W03, CQDs/WO0s3, TiO,/WO3 and CQDs/TiO,/WOs3, which owns the
quickest electrons transfer kinetics. The TPC could reflect the time
T, of charge carriers transferring from the photoanodes to the sub-
strate in Fig. 6f, by bi-exponential fitting (Table S7) [72]. The calcu-
lated 1, of CQDs/TiO/WOs5 is 3.41 ms much less than 13.28 (WO3),
11.34 (CQDs/WO03) and 7.37 ms (TiO,/WO3), demonstrating that
photogenerated electrons separate from the photoanode and trans-
fer to the FTO rapidly, consistent with the bulk efficiencies (Fig. 6¢)
and the IMPS plots (Fig. 6e). Therefore, the charge transfer kinetics
of CQDs/TiO,/WOs3 could be accelerated with the loading of TiO,
and CQDs [37].

4. Conclusion

In summary, the theoretical calculations reveal the dual align-
ment of lattice parameters and band structures for the epitaxial
heterojuction TiO,/WOs;, and the improved electronic and optical
properties with the introduction of CQDs. According to DFT results,
the CQDs/TiO,/WO3 photonaode is designed and synthesized, to
improve the photocurrent density to 2.03 mA cm 2 over
0.90 mA cm? for pristine WO5; dramatically. Furthermore, the
novel photonaode owns better photostability, higher charge sepa-
ration and transfer, enhanced light absorption, and rapid reaction
kinetics, for the synergetic effects of CQDs (visible light sensitizer)
and TiO, (built-in field).
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