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The formation of heterojunctions between wide- and narrow-bandgap photocatalysts is commonly employed to
boost the efficiency of photocatalytic hydrogen generation. Herein, the photoactivity of urchin-like rutile par-
ticles is increased by decorating with pristine as well as Er- or Yb-doped Bi,S3 quantum dots (QDs) at varied QD
loadings (1-20 wt%) and doping degrees (1-15 mol%), and the best hydrogen evolution performance is achieved
at Er and Yb contents of 10 mol%. Specifically, a hydrogen productivity of 1576.7 umol g~ ! is achieved after

20-h irradiation for TiO, decorated by 10 mol% Yb-doped Bi,S; QDs. Theoretical calculations show that the
introduction of defects into the Bi,S3 lattice through Er/Yb doping promotes the creation of new energy levels
and facilitates the transport of photogenerated charges during photocatalysis.

1. Introduction

Heterogeneous photocatalysis is one of the most promising methods
of obtaining molecular hydrogen, a prospective future energy carrier,
additionally allowing for the decomposition of contaminants in liquid
and gas phases [1-6] To date, the upscaling of heterogeneous photo-
catalytic processes is mainly hindered by their low efficiency, especially
in the case of hydrogen generation. Hence, much effort has been made
to find ways of circumventing this problem, as exemplified by the
modification of wide-bandgap (wide-BG) semiconductor matrices with
narrow-BG quantum dots (QDs) to simultaneously enhance efficiency
and utilise visible (as opposed to ultraviolet (UV)) light. QDs are
semiconductor nanocrystals with sizes of 2-10 nm that experience the
quantum confinement effect [7,8] and hence feature unique properties
not observed for their macro- or micro-counterparts [9]. For example,
the size-dependent optical properties of QDs allow for broadband ra-
diation absorption, especially in the visible-light region. Furthermore,
as the extremely high surface-to-volume ratio of QDs can be used to
promote photocatalytic reactions at the catalyst surface [7], QDs have
been explored as photocatalytic reaction promoters.
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Among the broad range of QDs, those comprising Cd and Pb com-
pounds such as CdS, CdO, CdSe, CdTe, and PbS are used most often
because of their advantageous conduction and valence band edge po-
sitions as well as the narrow BG and ease of synthesis [10-13]. In
particular, these QDs have been used for visible light-induced pollutant
degradation [14-20] and photocatalytic hydrogen generation [21-26].
Unfortunately, the toxicity of Pb-/Cd- based QDs limits their practical
applications, especially those associated with environmental remedia-
tion [27,28], which necessitates the search for less harmful and more
stable QDs. To date, diverse QDs have been synthesised, characterised,
and evaluated in terms of photoactivity, as exemplified by carbon
[29-32], AgBr [33], ZnO [34], graphene [35], black P [36], InP [37],
MoS, [38], CulnS, [39,40], CeO4 [41], InoS; [42], CuO [43], CuyO
[44], AgsPO, [45], Bi,WOg [46], BiVO, [471, SnS [48], Ag,S [49], and
Bi,S3 [44,50,51] QDs, which have been used for the photocatalytic
degradation of organic pollutants and/or hydrogen production via
photocatalytic water splitting. In most cases, QDs are deposited at the
surface of three-dimensional semiconductor structures to create pho-
toactive composites, as this hybridisation allows one to hinder the rapid
recombination of photogenerated charges observed for pristine QDs and
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thus increase the efficiency of QD usage in photocatalytic reactions [7].

Herein, Bi,S3 QDs were selected because of their appropriate con-
duction band (CB) edge position (sufficient for the reduction of protons
to molecular hydrogen during the photocatalytic process) and narrow
BG (1.3-1.7 eV) [52]. Previous works revealed that the introduction of
rare earth (RE) ions into a foreign crystal lattice creates additional
electronic states to indirectly promote both near-infrared (NIR) radia-
tion absorption and emission in the visible or UV range [53,54]. In this
case, an effective conversion of visible and NIR light energy can afford
UV light (via the so-called upconversion), which can then excite
broadband semiconductors [55]. Hence, the introduction of RE ions
(Er®* and Yb®*) into the crystal lattice of Bi,S; QDs was expected to
increase the photocatalytic activity of the resulting RE-Bi»S3 QD/TiO5
hybrids. Previous research largely focused on the doping of TiO, with
lanthanides [56-59] and confirmed the resulting photoactivity in-
crease; however, lanthanide doping has also been shown to increase the
photoactivity of CdS, ZnS, and ZnO QDs [8,60]. To the best of our
knowledge, only one paper has dealt with the doping of Bi»S3; with
lanthanides, describing the modification of flower-like Bi,S; with Eu
ions and the application of the resulting hybrids for pollutant photo-
degradation [61].

In contrast, Bi,S; QD-decorated rutile hybrids have not been ap-
plied to hydrogen evolution; moreover, Er- and Yb-doped Bi,S3; QDs
(and hence, their composites) have not even been synthesised. In view
of the above, the present study probes the effect of Bi»S; QD loading
onto urchin-like rutile particles as well as the influence of Er and Yb
doping on the photoactivity of doped-Bi»S3 QD/TiO, composites, pro-
viding experimental and theoretical evidence concerning the me-
chanism of hydrogen evolution over as-prepared hybrids. The above-
mentioned composites with well dispersed Bi,S; QDs (pristine and Er-
or Yb-doped) at the surface of urchin-like rutile particles are synthe-
sised by a combination of solvothermal and direct adsorption methods,
and the hydrogen evolution performances of these composites are
evaluated in electrolytes containing Na,S/Na,SO3 or triethanolamine
(TEOA) as a sacrificial agent under UV-vis and visible-light (> 420 nm)
irradiation. Furthermore, density functional theory (DFT) calculations
are applied to assess the effects of RE ion introduction into the crystal
structure of Bi,S3. The usefulness of our contribution lies in the de-
velopment of Cd-free QDs and in the deepening of our understanding of
the interactions between Bi,Ss-based QDs and the rutile matrix and
related reagents during hydrogen evolution.

The formation of RE-Bi,S3/TiO, hybrids is confirmed by structural
(powder X-ray diffraction, pXRD) and surface (X-ray photoelectron
spectroscopy, XPS) analyses, and the obtained samples are shown to
exhibit higher photocatalytic activity for the water splitting reaction
than their individual components (Bi,S3 QDs and rutile TiO,).
Computer simulations of Bi»S; QDs doped with Yb®* and Er®* are used
to determine the resulting changes in Bi,S3 crystal lattice and, in
combination with experiments, help to elucidate the photocatalytic
mechanism. The highest activity is observed for the composite con-
taining 10 mol% Yb-doped Bi,S; QDs at a loading of 10 wt%, in which
case hydrogen productivity after 4h reaches 376.4 umol g...~'. This
enhanced activity is ascribed to (i) the introduction of Yb3* into the
interstitial space of QDs to reduce the BG to 0.4 eV, as indicated by
theoretical studies; (ii) the use of an optimal sulphur-containing elec-
trolyte to stabilise the exposure system; and (iii) the facilitated trans-
port of photogenerated charges due to the creation of an effective TiO,-
Bi»O3-RE-doped Bi,S3 semiconductor connection via surface oxidation
of Bi»S3 during thermal treatment in the last step of composite synth-
esis.

2. Experimental
2.1. Materials and instruments

Ti(IV) butoxide (TBOT; Sigma-Aldrich) and concentrated HCl

Applied Catalysis B: Environmental 272 (2020) 118962

(35-38%, STANLAB) were used for the preparation of TiO, spheres.
Pristine and RE-doped Bi,S; QDs were prepared from Bi(NO3)s'5 HyO
(analytical grade, STANLAB), Na,S,03'5 H>O (pure, POCH S.A.), Er
(NO3)3'5 HyO (99.99%, Sigma-Aldrich), Yb(NO3)3'5 HoO (99.99%,
Sigma-Aldrich), and acetone (STANLAB). Deionised water and ethanol
(96 vol%, POCH S.A.) were used to purify the obtained photocatalysts.
The electrolytes used for photocatalytic measurements were prepared
from Na,S9 H,O (analytical grade, EUROCHEM BGD), Na,SO; (ana-
lytical grade, POCH S.A.), NaOH (analytical grade, STANLAB), and
TEOA (CgH;5NOs3, > 99%, Carl Roth GmbH + Co. KG). All chemicals
were used as received without further purification.

Diffuse reflectance spectra were recorded on a UV-vis spectro-
photometer (UV 2600, Shimadzu) equipped with an integrating 4
sphere in the range of 200-800 nm using a BaSO, reference. Phase
composition was probed by pXRD using a Bruker D8 Advance Eco
diffractometer (Cu K,) equipped with a LynxEye-XE detector. The col-
lected data were analysed by the Le Bail method using HighScore Plus
ver. 3.0e software. The morphology and size of TiO, particles and QDs
were probed by field-emission scanning electron microscopy (FE-SEM;
JEOL JSM-7610 F) and transmission electron microscopy (TEM; STEM-
EDX, FEI Europe, TecnaiF20 X-Twin). Photoluminescence (PL) mea-
surements were carried out at 20 °C using an LS-50B luminescence
spectrophotometer equipped with a Xe discharge lamp as an excitation
source and an R928 photomultiplier as a detector. Excitation radiation
(A =325nm) was directed on the sample surface at an angle of 90°. The
elemental compositions of QD nanocomposite surfaces were evaluated
by XPS (PHI 5000 VersaProbe, ULVAC-PHI) using monochromatic Al K,
radiation (hv = 1486.6 eV).

2.2. TiO, preparation

TiO, particles were hydrothermally prepared as described else-
where [62]. Briefly, TBOT (68g) was added to concentrated HCI
(60 mL) upon stirring over 10 min, and the mixture was then trans-
ferred into a Teflon-lined stainless steel autoclave and heated at 170 °C
for 24 h. The reactor was cooled to room temperature, and the TiO,
precipitate was sequentially washed with water and ethanol for three
times, dried at 70 °C until complete liquid evaporation, and calcined at
300°C for 1 h.

2.3. Preparation of pristine and RE-doped Bi,S3 QDs

Bi,S; QDs were synthesised using a refined solvothermal method
[63]. Briefly, Bi(NO3)3'5 H>O was dissolved in acetone (140 mL) to a
concentration of 4.77 mM upon vigorous stirring over 30 min. The so-
lution was treated with Na,S,03'5 H,0 (0.248 g), stirred for 30 min, and
the obtained yellowish suspension was transferred into a Teflon-lined
stainless steel autoclave and heated at 180 °C for 24 h. After cooling to
room temperature, the dark brown powder of QDs was sequentially
washed with water and ethanol (three times each, with centrifugation
(6000 rpm) after each wash) and dried at 80 °C overnight. For the
synthesis of RE-doped Bi,S3 QDs, Er or Yb nitrate was introduced at the
stage of Bi(NOs3); solution preparation. RE ions were assumed to be
incorporated into the QD crystal structure instead of Bi; therefore, the
extent of doping was expressed as mol% RE with respect to Bi, and the
sum of Bi + RE nitrate amounts was held constant. In this way, Bi»Ss3
QDs doped with Er or Yb at levels of x = 1, 5, 10, and 15 mol% were
obtained (xRE_Bi,Ss3).

2.4. Combination of QDs with TiO,

Composites with different amounts of QDs deposited on TiO, were
prepared by a physical adsorption method. For this purpose, a beaker
filled with doubly distilled water (25 mL) was charged with TiO, (1 g)
and an appropriate amount of QDs (corresponding to loadings of 1, 3, 5,
10, 15, or 20 wt%) or 10RE_Bi,S; powder and placed in an ultrasonic
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bath for 10 min. The obtained suspension was magnetically stirred for
1h and then evaporated to dryness at 70 °C overnight. For better QD
anchoring on TiO,, the composites were calcined at 300 °C for 1 h at a
ramp rate of 5°Cmin~'. The photocatalyst exhibiting the highest ac-
tivity for hydrogen evolution, namely 10Yb_10Bi,S3/TiO, was also
calcined at 350 and 400 °C for 1 h.

2.5. Photocatalytic activity measurements

Typically, a cylindrical quartz reactor was charged with the pho-
tocatalyst (100 mg) and aqueous electrolyte (80 mL; 10 wt% TEOA or
0.1 M Na,S/0.5 M Na,S0O3/1 M NaOH) and tightly closed with a silicone
septum. The suspension was stirred at 700 rpm and a constant tem-
perature of 10 °C. For the first 30 min, the process was run without ir-
radiation to establish an adsorption-desorption equilibrium between
the photocatalyst and the solution, and the space above the suspension
was purged with nitrogen. Then, a reference air sample from the sus-
pension was collected by a syringe and analysed. The system was
subsequently irradiated by a 1000-W Xe lamp (Oriel), and control air
samples were collected every hour. The total exposure time was 4 h (or
20 h for the stability testing of the most photoactive composite). The
hydrogen content of collected air samples was determined by a gas
chromatograph equipped with a Thermal Conductivity Detector. For
measurements of visible-light photocatalytic activity, a long-pass filter
with a cut-off of 420 nm was employed.

2.6. Theoretical calculations

DFT calculations were performed using the plane-wave-basis Vienna
ab initio simulation package (VASP) [64-66]. Core electrons were de-
scribed by projected augmented wave potentials, with potentials for S,
Bi, Er, and Yb atoms generated in [Ne]3s*3p*, [Xe, 4f'*]15d'%6 s%6p>,
[Kr, 4d1°5524f11]5p66 s?5d!, and [Kr, 4d1°5524f14]5p66 s? electron
configurations, respectively, where square brackets denote core elec-
tron configurations. The optimal bulk crystal structures of Bi»S3 and RE-
Bi,S3 QDs were computed using the strongly constrained and appro-
priately normed (SCAN) meta-generalised gradient approximation
[67,68] with long-range van der Waals interactions from the revised
Vydrov-van Voorhis nonlocal correlation functional (SCAN + rVV10)
[69]. The total energy was converged to < 1 meV atom ™! using a ki-
netic cut-off energy of 600eV and an appropriate I'-centred Mon-
Kkhorst-Pack k-point mesh with a separation of 0.035 A ~*. Finally, ionic
optimisations were performed until all the forces were below 0.01 eV
A~ . The electronic structure of RE-Bi,S; was studied usingal X 3 x 1
supercell considering the presence of either S or Bi vacancies as well as
REs, REg;, and RE;, sites. The band structure of pristine Bi,S; was
computed using the hybrid Hartree-Fock DFT functional (Heyd-Scu-
seria—Ernzerhof hybrid functional HSE12 [70]) using the optimal
atomic structure obtained by SCAN + rVV10.

3. Results and discussion

To investigate the effect of QD loading and doping degree on pho-
tocatalyst properties, we prepared a range of RE-Bi»S; QD/TiO5 com-
posites (Table 1) as well as bare TiO, and pristine Bi,S; QDs as refer-
ences.

3.1. Morphology

The shape and size of TiO, particles and (RE)-BiSs QDs as well as
the distribution of QDs on the TiO, surface were probed by SEM and
TEM (Fig. 1). SEM imaging (Figs. 1a and b) revealed that TiO, particles
were spherical (diameter = 6-7 ym) and comprised individual rods,
thus resembling sea urchins. Fig. 1c presents a TEM image of a non-
modified TiO, particle fragment, revealing that the constituent rods
with a diameter of ~50 nm had a defect-free smooth surface. The size
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Table 1
Compositions of the prepared photocatalysts.

Sample label Loading of (RE)-Bi»S; QDs

on the TiO, matrix

Type and amount of dopant
introduced into QDs

TiO, - -

Bi,S; QDs - -
1Bi,S,/TiO, 1 wt% -
3Bi,S,/TiO, 3wt% -
5Bi»S3/TiO, 5 wi% -
10Bi,S3/TiO, 10 wt% -
15Bi,S;/TiO, 15 wt% -
20Bi,S5/TiO, 20 wt% -
1Er_10Bi,S3/TiO, 10 wt% 1mol% Er
5Er_10Bi,S5/TiO, 10 wt% 5mol% Er
10Er_10Bi,S3/TiO, 10 wit% 10 mol% Er
15Er_10BiyS3/TiO, 10 wt% 15 mol% Er
1Yb_10Bi,S3/TiO, 10 wt% 1mol% Yb
5Yb_10Bi,S3/TiO, 10 wt% 5mol% Yb
10Yb_10Bi,S3/TiO; 10 wt% 10 mol% Yb
15Yb_10BiySs/TiO; 10 wt% 15mol% Yb

distribution of spherical QDs was estimated by TEM imaging of bulk
QDs (Fig. 1d) and composites (Fig. 1f-n). The main fraction (~73%) of
QDs had diameters of 3-6 nm, while ~32% of QDs had diameters of
4-5nm (see details in Fig. 1d). Fig. 1f-i indicates the homogenous
distribution of QDs at the TiO, surface. Moreover, the increase in QD
loading resulted in a higher surface density of QDs distributed at TiO,
facets, which was particularly noticeable when the loading increased
from 5 to 10 wt% (Fig. 1f-g). TEM imaging of hybrids containing Er- or
Yb-doped Bi,S3; QDs (Figs. 1j-n) demonstrated that doping did not af-
fect the shape, size, and surface distribution of Bi,S3 QDs. Sample ele-
mental compositions were examined by TEM/EDX (Transmission
Electron Microscope/Energy Dispersive X-Ray Analysis) (Fig. 10) to
confirm the presence of Er, while Yb was invisible at this character-
isation stage.

Furthermore, during TEM analysis, it was possible to capture the
moment of QD movement on the TiO, surface due to the interaction of
matter with high-energy electrons from the electron beam (Video S1 in
the Supplementary Information, SI). This movement was attributable to
heating induced by electron beam focusing and vacuum conditions in
the TEM chamber. A similar phenomenon was reported by Wang et al.
for Bi,S3 nanorods [71].

3.2. Optical properties

The absorption and emission spectra of photocatalysts are presented
in Fig. 2 and 3, respectively. Fig. 2a shows that whereas bare TiO,
absorbed radiation with wavelengths of up to 400 nm, decoration with
Bi,S; QDs allowed the absorption range to be extended into the visible
region. The BG of pristine TiO, was calculated as 3-3.1eV from its
absorption range and was in line with the formation of the rutile phase.
The QD content of composites (1-20 wt%) was positively correlated
with the intensity of visible-light (. > 400 nm) absorbance. In contrast,
no such correlation was observed between visible-light absorption in-
tensity and the Er/Yb content of QDs (Fig. 2b).

Among Er-doped photocatalysts, the composite with 10 mol% Er-
doped QDs featured the highest intensity of visible-light absorption and
activity for photocatalytic hydrogen production (Fig. 9 and 10d). Si-
milarly, among the synthesised QDs, those doped with 10 mol% Er
showed the highest absorption intensity (Fig. 2c). However, no such
trend was observed for Yb-containing samples, in which case the
highest composite absorbance intensity was observed for 5Yb_10Bi»S3/
TiO, (Fig. 2b), while among Yb-doped Bi,S; QDs, the strongest absor-
bance was observed for those doped with 15mol% Yb (Fig. 2d).

Fig. 3 presents photocatalyst PL spectra (excitation wavelength
=315nm), revealing a correlation between the decrease in lumines-
cence intensity (in relation to that of bare TiO,) and the increase in the
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Fig. 1. SEM (a, b) and TEM (c) images of urchin-like TiO, structures. (d) TEM image of Bi»S3 QDs. (e) Size distribution of Bi»S3/RE Bi»S3 QDs. TEM images of (f)
5Bi,S3/Ti0,, (8) 10Bi»S3/TiO,, (h) 15BisS3/TiO,, (i) 20BisS3/TiO,, () 1Er_10BisS3/TiO,, (k) 5Er_10BiyS3/TiO,, (1) 10Er_10Bi,S;/TiO,, (m) 5Yb_10Bi,S3/TiO,, and
(n) 10Yb_10Bi,S3/TiO,. (0) EDX analysis of 10Er_10Bi,S3/TiO,.

QD content of composites. A significant decrease in luminescence was recombination [44,72]. Additionally, all PL spectra featured four
also detected for composites containing RE-doped Bi>S; QDs. The si- characteristic emission bands of TiO, at 421, 449, 484, and 530 nm.
multaneous decrease in luminescence and an increase in photocatalytic The band at 421 nm was ascribed to the existence of self-trapped ex-

activity were ascribed to the inhibition of photogenerated charge citons from TiOe®~ octahedra [73,74], while those at 449 and 484 nm
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——TiO, —— 1Er_10Bi,S,/TiO,

——1Bi,S,/TiO, 5Er_10Bi,S,/TiO,
3Bi,S,/TiO, —— 10Er_10Bi,S,/TiO,
5Bi,S,/TiO, —— 15Er_10Bi,S,/TiO,

~10Bi,S,/TiO, ~——1Yb_10Bi,S/TiO,
——15Bi,S,/TiO, —— 5Yb_10Bi,S,/TiO,

Absorbance intensity (a. u.)

(b)

—— 20Bi,S,/TiO, ——10Yb_10Bi,S,/TiO, |
15Yb_10Bi,Sy/Ti0, |

—— pristine Bi,S; ———1Yb_Bi,S;
——1Er_Bi,S, 5Yb_Bi,S,
—— BEr_Bi,S, ——10Yb_Bi,S,
~——10Er_Bi,S, 15Yb_Bi,S;

——15Er_Bi,S, “

(c) (d)

300 600 300 600

300 600 300 600

Wavelength (nm)

Fig. 2. UV-vis/diffuse reflectance spectra of the prepared photocatalysts: a) bare TiO, and Bi»S3/TiO, composites; b) RE-Bi»S3/TiOo; c) Er-Bi»S3 QDs and d) Yb-Bi,S3

QDs.

were attributed to the presence of surface defects such as oxygen va-
cancies, which formed intermediate energy states below the CB and
could therefore trap electrons. Finally, the peak at 530 nm was ascribed
to the radiative recombination of charge carriers [73,75].

3.3. XPS

The surface elemental compositions of bare TiO, and QD/TiO5 hy-
brids were probed by XPS (Table 2).

Because of the overlap between Bi 4d/Ti 2p and Bi 4f/S 2p spectra,
Bi and Ti contents were evaluated using the combination of Bi 3p3,»

spectra and deconvoluted Bi 4d + Ti 2p and Bi 4f spectra. S content was
determined from S 2s spectra. An exemplary set of these spectra col-
lected for 10Bi»S3/TiO, is shown in Fig. 4a and b.

The Ti 2p spectrum of 10Bi,S3/TiO, confirmed the presence of TiO,
(Fig. 4a, main Ti 2p3,, signal at 458.8 eV [68]). The dominant Bi 4f; 5
signal at 159.4 eV (Bi 4f + S 2p spectrum, Fig. 4a) evidenced the pre-
sence of Bi(+3) due to Bi,S3 deposition [76], while signals located at
lower binding energies indicated the coexistence of Bi (+ 3 —x) and Bi
(0) surface states [76,771, the contribution of which was relatively large
for TiO, doped with 1-3 wt% Bi,S3 (Table 2 and Bi 4f spectra in Fig. 5).

The S 2 s spectrum of 10Bi,S3/TiO, (Fig. 4b) was well fitted by two

TiO, —
—1Bi,S,/TiO,
3Bi,S,/TiO, _
5Bi,S,/TiO, —
10Bi,S,/TiO,
—— 15Bi,S,/TiO,
——20Bi,S,/TiO,

Luminescence intensity (a. u.)

1Er_10Bi,S,/TiO, ——1Yb_10Bi,S,/TiO,
5Er_10Bi,S,/TiO, ———5Yb_10Bi,S,/TiO,
10Er_10Bi,S,/TiO, ——10Yb_10Bi,S,/TiO,
15Er_10Bi,Sy/TiO, 15Yb_10Bi,S,/TiO,

400 600 400

600 400 600

Wavelength (nm)

Fig. 3. PL spectra of the prepared photocatalysts (Aex =315nm).
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Table 2

Elemental contents and Bi valence states in the surface layer of QD/TiO, samples.

Applied Catalysis B: Environmental 272 (2020) 118962

Sample Ti (at%) Bi* Fraction of Bi4f;,, state (%) O (at%) S (at%) Other (C N CI) (at%)
(at%)
Bi(0) 156.7 eV Bi(+3—x) 157.5 = 0.2eV Bi(+3) 159.4 = 0.2eV
TiO, 24.9 0 0 0 0 65.7 0 9.4
Bi,S3 QDs 0 17.3 0 17.2 82.8 48.1 12.4 22.2
1Bi,S3/TiO, 24.4 0.1 60.3 11.2 28.5 67.2 0.3 8.0
3Bi,S3/TiO, 22.8 11 19.7 36.9 43.4 65.0 1.1 10.0
5BiyS3/TiO, 17.9 5.6 0 11.2 88.8 61.6 1.8 13.1
10Bi,S3/TiO, 14.3 8.3 0 13.9 86.1 62.8 4.3 10.3
15Bi»S3/TiO> 11.4 10.5 0 10.2 89.8 62.1 5.4 10.6
20Bi»S3/TiO, 9.1 12.1 0 4.1 95.9 63.9 5.8 9.1
@ Average values determined from Bi 4ps,, and Bi 4d/Bi 4f deconvoluted X-ray photoelectron spectra.
(a) Bi 4p (C)| —FEraa Er4d +S 2p
312 —_—82
P S2p,
3500
2000
Er 4d_sat
— 1500
3000 b SO S2s .
( ) —5S(-2) 10Er_10Bi,S,/TiO,
690 685 680 675 1400 176 174 172 170 168
1800
10000 ——Ti2p Bi4d+Ti2 iy
Pl 4300 10Bi,S,/TiO, Yb 4d
8000 Ti 2p3/2 1600
6000 1200
1400
4000 Bi4d,,
10Yb_10Bi,S,/TiO.
2000 /\ 1200 - 29y 2
10000
470 460 450 440 190 185 180 175
8000
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Fig. 4. High-resolution X-ray photoelectron spectra of 10Bi»S3/TiO,: (a) Bi 4p3,», Bi 4d + Ti 2p, Bi 4f + S 2p; (b) S 2s, O 1s. (¢) X-ray photoelectron spectra of doped

elements: Er 4d overlapping with S 2p, Yb 4d, and Yb 4p.

peaks at 232.4 and 225.2 eV, attributed to surface sulphates and sul-
phides, respectively [76,77].

The presence of Er and Yb at the surface of RE-doped Bi,S; QDs was
confirmed by analysis of Er 4d and Yb 4d core level spectra, with re-
presentative  spectra  collected for 10Er_10Bi,S3/TiO, and
10Yb_10Bi,S3/TiO, presented in Fig. 4c. Unfortunately, Er 3d spectra
overlapped with S 2p ones, while Yb 4d signals were too weak to be
detected because of the overlap with relatively strong plasmonic Bi 4f
signals (see Yb 4d region in the spectra of 10Bi,S3/TiO, and
10Yb_10Bi,S3/TiO,). However, the effective doping of Er(+3) was
confirmed by observation of Er 4d and Er 4d satellite signals at 169.4
and 174.0 eV, respectively [78,79]. The presence of Yb was confirmed
by analysis of high-resolution Yb 4p spectra (Fig. 4c). Despite the very
low signal/noise ratio, two signals at 343.2 and 393.2 eV, attributable
to Yb 4ps3,» and Yb 4p;,», respectively, could be distinguished [76].
However, the suitability of these spectra for Yb content evaluation was
doubtful. In fact, the amounts of Er and Yb species at the surface of all

RE-doped samples were much smaller that nominal values (Table 3).

10Yb_10Bi,S3/TiO, exhibited the highest photocatalytic activity,
and its pristine-state surface chemical composition was therefore
compared with that obtained after photocatalytic processing in dif-
ferent electrolytes (0.1 M Na,S/0.5M Na,SO3/1 M NaOH and 10 wt%
TEOA). The corresponding XPS data are presented in Table 3 and Fig. 6,
with 10Yb_10Bi,S3/TiO,_ 20h_ TEOA and 10Yb_10Bi,S3/TiO,_20h_ES
denoting samples subjected to prolonged irradiation (20h) in TEOA
and Na,S/Na,SOs; electrolytes, respectively.

The Bi 4f spectrum recorded for the sample processed in TEOA
(Fig. 6) revealed a much smaller content of Bi(+ 3) species than that of
the sample processed in the Na,S/Na,SO; electrolyte. Moreover, the
surface content of Bi significantly decreased after photocatalytic pro-
cessing in TEOA solution (Table 3), which indicated the advanced de-
composition of Yb-doped Bi,Ss; QDs. In contrast, this process was in-
hibited when 0.1 M Na,S/0.5M Na,SO3/1 M NaOH was used as an
electrolyte.
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Fig. 5. Bi 4f X-ray photoelectron spectra of Bi,S3/TiO, samples with different
Bi,S3 contents.

3.4. XRD

Fig. 7 presents the powder X-ray diffraction (pXRD) patterns of bare
TiO,, Bi»S3 QDs, and selected composites. In the case of bare TiO,, all
signals originated from TiO, (rutile), with the strongest peak at
20 = 27° corresponding to reflection from the (110) plane. We also
provide the Miller indices for the strongest peaks. The peaks expected
for TiO, are shown by black vertical bars. Contrary to that of TiO,, the
pattern of Bi»S3 QDs featured weak peaks barely discernible from the
amorphous-like background. The pXRD pattern with a broad maximum
at around 30° is similar to reported in ref. [80-82]. The low intensity
reflections can be indexed by an orthorhombic Bi»S3 phase (red vertical
bars) [83], but Le Bail analysis was not performed. Notably, the above
pattern contained no peaks of Bi(NO3)3 or NasS,0s.

In the pattern of 10Bi,S3/TiO, (Fig. 7c), the strongest reflections
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were attributable to the rutile phase, whereas weak peaks marked by
arrows probably indicated the presence of Bi,O3 (monoclinic P21/c)
phase. Doping with 10 mol% Er or Yb had no influence on pXRD pat-
terns.

The Le Bail method was used to estimate the lattice parameters of
the rutile structure (P42/mnm), affording values of a = 4.5955(1) A
and ¢ = 2.9581(1) A for bare TiO,, which were very close to those (a
=4.5924 A and ¢ =2.9575 A) reported in ref. [84]. The lattice para-
meters of composites differed from those of the pristine sample by less
than 0.03%, i.e., were essentially the same.

In contrast to XPS, pXRD did not confirm the presence of Bi,S; and
instead might suggested the presence of Bi,O3 in composites. As no Er
and Yb oxides were detected (Figs. 7d and e), this may finding in-
directly supported the hypothesis that Er and Yb ions substituted other
ions in the QD phase.

Furthermore, the composite with the highest photoactivity,
10Yb_10Bi,S3/TiO,, was probed by pXRD after a 20-h photocatalytic
process in TEOA and sulphide/sulphite electrolytes (Fig. 8). The pattern
recorded after irradiation in the TEOA electrolyte indicated the absence
of Bi-based QDs, as opposed to that of the pristine sample (Fig. 8c),
demonstrating the destructive effect of the reaction environment during
photocatalysis. This effect was also observed in the images of samples
and electrolytes before and after photocatalysis (Fig. 11).

The pXRD pattern recorded after irradiation in the sulphide/sul-
phite electrolyte (Fig. 8b) featured weak peaks (marked by arrows) that
could not be indexed to monoclinic Bi,O3 and were instead ascribed to
the cubic (I23s.g. #197) phases of y-Bi;O3 (a =10.267 A) and
NaBi;»0,55 (@ =10.2635 A). However, more detailed crystallographic
studies are required to characterise the unknown phase.

3.5. Photocatalytic activity

The performances of as-prepared samples for photocatalytic water
splitting are presented in Fig. 9 and 10. Specifically, Fig. 9 shows the
time course of hydrogen generation under UV-vis irradiation in the
presence of the sulphide/sulphite electrolyte. First, the effect of QD
loading was assessed, and the highest activity was observed at a loading
of 10 wt%. In particular, 4-h irradiation resulted in the formation of
239.9 and 296.7 umol hydrogen g.,. ' in the presence of non-modified
and 10 wt%-QD-decorated TiO,, respectively. Thus, the effects of QD
doping by Er/Yb were further investigated for hybrids with a QD
loading of 10 wt% (Fig. 9). The highest hydrogen productivity was
observed in the presence of 10Yb_10Bi,S3/TiO». Moreover, doping with
both Er and Yb at 10 mol% benefitted hydrogen production, with hy-
drogen yields of 376.4 and 339 ymol g.,. = observed after 4-h irra-
diation for 10Yb_10Bi,S3/TiO, and 10Er_10Bi»S3/TiO, samples, re-
spectively. Interestingly, pristine Bi»S; QDs featured a low hydrogen
generation activity (72.4 umol g~ ! after 4h), probably due to the
rapid recombination of photogenerated electron-hole pairs therein.

The most active composite (10Yb_10Bi,S3/TiO,) was selected to
investigate the effect of calcination temperature on photocatalytic ac-
tivity. For this investigation, an additional batch of this composite was
synthesised, divided into three parts in the final preparation stage, and
annealed at 300, 350 or 400 °C for 1h. Photocatalytic activity mea-
surements revealed that the initially chosen calcination temperature
(300 °C) was optimal, while a temperature increase to 400 °C resulted in
decreased photoactivity (Fig. 10a). This photoactivity loss was ascribed
to the complete oxidation of Bi,Ss; to Bi,O3 at =350 °C, as reported
previously [85]. The CB edge of Bi,O3 is more positive (+0.33 eV [86])
than that of Bi;S; (—0.76 eV [86]), and the reduction potential of the
former is too low to reduce hydrogen, which results in the suppression
of hydrogen evolution in the presence of a Bi,Os-containing composite.
Thus, we concluded that photocatalyst annealing at 300 °C causes the
surface oxidation of Bi»S3 to Bi»,O3 (confirmed by XPS analysis and
described in section 3.3), while annealing at higher temperatures leads
to complete oxidation. Consequently, the presence of both sulphide and
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Table 3
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Contents and valence states of elements in the surface layer of RE-doped Bi,S3/TiO, samples.

Sample Ti (at%) Bi Fraction of Bi4f;,, state (%) O (at%) S (at%) Er (at%) Yb (at%) Other
(at%) (C N Cl) (at%)
Bi(0) Bi(+3—x) Bi(+3)
156.4 = 0.2eV 157.6 = 0.1eV 159.4 = 0.2eV
10Bi,S3/TiO, 14.3 8.3 0 13.9 86.1 62.8 4.3 0 0 10.3
1Er_10Bi,S3/TiO, 14.1 7.1 0 12.0 88.0 62.1 4.7 0.5 0 11.5
5Er_10Bi,S3/TiO5 13.1 8.1 0 6.7 93.3 62.3 4.8 0.5 0 11.2
10Er_10BiyS3/TiOy 14.3 7.0 0 9.8 90.1 64.1 4.8 0.7 0 9.1
15Er_10Bi,S3/TiO, 14.5 7.3 0 4.9 95.1 64.9 4.1 0.8 0 8.4
1Yb_10Bi»S3/TiO5 14.1 10.2 0 10.9 89.1 61.7 3.7 0 0.1 10.3
5Yb_10BiyS3/TiO5 13.9 10.3 0 7.4 92.6 63.1 4.1 0 0.1 8.5
10Yb_10Bi,S3/TiOy 14.0 10.1 0 6.2 93.8 60.3 4.4 0 0.1 11.1
15Yb_10Bi,S3/TiO, 14.3 9.9 0 16.2 83.8 62.2 3.8 0 0.1 9.7
10Er_Bi»S; QDs 0 22.3 3.6 141 82.3 42.0 14.8 0.6 0 20.3
10Yb_Bi,S; QDs 0 23.9 2.3 10.8 86.9 46.0 12.4 0 0.2 17.5
10Yb_10Bi,S3/TiO, 20h_ TEOA 21.5 1.8 54.7 13.8 31.5 59.2 0.4 0 0.1 17.0
10Yb_10Bi,S3/TiO,_20h_ES 19.2 5.9 23.2 9.4 67.4 64.1 1.1 0 0.1 9.6
. 2 T x T T T T T
—si0) B 4f @ ¢ Tio,
i(+3-x = &
B'(+3 ) s - = _ a=4595(1)A
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Fig. 6. Bi 4f X-ray photoelectron spectra of 10Yb_10Bi,S3/TiO, before and after
photocatalytic processing in 0.1 M Na,S/0.5 M Na,SO3/1 M NaOH and 10 wt%
TEOA. The corresponding Bi 4f spectrum for 10Yb_10Bi,S; QDs without the
TiO, matrix is shown for comparison.

oxide phases in QDs could improve the transport of photogenerated
charges. Moreover, Bi,S; facilitated hydrogen generation because of the
appropriate position of the Bi,S; CB edge, while the exclusive presence
of Bi,O3 was undesirable. The reaction mechanism involving such a
composite is comprehensively described in section 3.7.

Blank experiments indicated that a certain amount of hydrogen is
generated in the absence of photocatalysts via direct photolysis of the

26 (°)

Fig. 7. pXRD patterns of (a) bare TiO,, (b) Bi»S; QDs, (c) 10Bi»S3/TiO,, (d)
10Er_10Bi,S3/TiO,, and (e) 10Yb_10Bi,S3/TiO,. Vertical bars show the ex-
pected peak positions for rutile TiO, (black) and Bi,S3 (red). Arrows in (c—e)
indicate peaks of monoclinic Bi,O3. The depicted lattice parameters of rutile
TiO, were estimated by the Le Bail method. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. pXRD patterns of (c) pristine 10Yb_10Bi,S3/TiO, and the same com-
posite after the photocatalytic process in (a) TEOA and (b) sulphide/sulphite
electrolytes. Arrows in (b) and (c) indicate the peaks of an unknown phase and
monoclinic Bi,O3, respectively.

Na,S/Na,SO0; electrolyte [871, as discussed in detail in section 3.7. To
minimise the effect of sacrificial agent hydrolysis, we used 10 wt%
aqueous triethanolamine (TEOA) as an appropriate sacrificial agent for
sulphide and oxide-based photocatalysts. However, no hydrogen evo-
lution was previously observed during TEOA irradiation in the absence
of a photocatalyst [87]. The efficiencies of hydrogen generation in the
presence of Na,S/Na,SO3; and TEOA with and without photocatalysts

400
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over 4 and 20 h are presented in Fig. 10. The results obtained for the
TEOA electrolyte were consistent with those reported previously [87]
and confirmed that hydrogen is not generated during irradiation in the
absence of a photocatalyst. On the other hand, H, was generated when
the Yb-doped Bi,S; QD/rutile composite was introduced into this
system, although the hydrogen yield dropped from 376.4-72.2 umol
geac ' when TEOA was used as a sacrificial agent instead of Na,S/
Na,SOs. Catalyst stability was probed by a long-term (20-h) hydrogen
evolution test in the presence of the most active sample (10Yb_10Bi,S3/
TiO,) and both sacrificial agents (Fig. 10c). As a result, hydrogen was
constantly produced in the presence of both Na,S/Na,;SO3; and TEOA,
although the yield observed after 20-h irradiation in the former case
(1576.7 umol g~ ') was much higher than that in the latter case
(264.2 umol g~ '). After these tests, the spent photocatalyst was col-
lected and characterised by XPS and XRD. Both techniques revealed the
destructive effect of TEOA on the Yb-Bi,S; QD/TiO, photocatalyst (see
detailed discussion in section 3.3 and 3.4). On the other hand, the
catalyst was stable during irradiation in the sulphide/sulphite electro-
lyte. Furthermore, XRD analysis indicated the incorporation of sodium
derived from the sulphide/sulphite electrolyte (1 M NaOH) and the
creation of a new crystalline phase, which could not be matched to any
pattern of crystallographic databases (Fig. 8b). The available literature
presents some reports on the photocatalytic activity increase of various
photocatalysts [88-90]. Fig. 11 shows images of 10Yb_10Bi,S3/TiO,
before and after processing in two different electrolytes and the colours
of these electrolytes before and after processing. Notably, the originally
colourless TEOA electrolyte became yellow-brown after the photo-
catalytic process, while the photocatalyst powder simultaneously
turned from brown-yellow to light yellow. This behaviour suggested the
dissolution of brown Bi»S3 QDs in the electrolyte during irradiation. In
contrast, the sulphide/sulphite electrolyte remained colourless after 20-
h irradiation, even though the photocatalyst became darker, probably
because of sodium incorporation.

Finally, all photocatalysts were tested for hydrogen evolution ac-
tivity in the sulphide/sulphite electrolyte under visible-light irradia-
tion. Notably, hydrogen production after 4-h irradiation was observed
only for three samples, but hydrogen yields were much lower than
those observed in UV-vis tests (Fig. 10d). Thus, only 10Bi»S3/TiO,,

—=— Na,S / Na,S0O; electrolyte
—=—TiO,
—e—Bi,S; QDs
—a— 1Bi,S,/TiO,
3Bi,S,/TiO,
5Bi,S,/TiO,
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w
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o
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g g
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Fig. 9. Profiles of photocatalytic hydrogen evolution under UV-vis irradiation.
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Fig. 10. Photocatalytic hydrogen evolution (a) under UV-vis irradiation in the sulphide/sulphite electrolyte in the presence of 10Yb_10Bi,S3/TiO, calcined at
different temperatures; (b) under UV-vis irradiation in the presence of 10Yb_10Bi,S3/TiO, in two different electrolytes; (c) under long-term UV-vis irradiation in the
presence of 10Yb_10Bi,S3/TiO, in two different electrolytes; (d) under 4-h visible-light irradiation in the presence of 10Yb_10Bi,S3/TiO in the sulphide/sulphite

electrolyte.

10Er_10Bi,S3/TiO,, and 10Yb_10Bi,S3/TiO, samples featured measur-
able visible light-induced photoactivity. A reference test revealed that
no hydrogen was produced in the sulphur-based electrolyte under
visible-light irradiation in the absence of a photocatalyst.

3.6. Theoretical calculations

The effect of doping on the photocatalytic activity of RE-Bi»S3 QDs
was probed by DFT-based electronic structure calculations. Pristine
Bi,S3 has an orthorhombic structure that belongs to the Pbnm space
group (symmetry No. 62), with its crystals having a layered structure
across the a lattice vector (Fig. 12 and Table 4). The crystal structure
and physical properties of Bi,S3; computed by SCAN + rVV10 are pre-
sented in Table 4.

The band structure of pristine Bi,S; was computed using both
SCAN + rVV10 and hybrid HSE12 functionals. The simulations sug-
gested a system with an indirect BG of 1.4 eV (1.98 eV for HSE12) (cf.
Fig. 13), in good agreement with experimental data [91]. Furthermore,
according to the computed partial density of states (PDOS), the upper
valence band comprised S 2p states with a small contribution of Bi 6
and Bi 6p states, while the lower CB comprised Bi 6p and S 2p states
(Fig. 13b).

10

The SCAN + rVV10-computed PDOS for defects in a (1 x 3 X 1)
Bi,S3 supercell with Vg and Vp; vacancies (Fig. 14a) are displayed in
Fig. 14b and Table 5. Vg defects showed the formation of a defective
level within the BG that features contributions of S 2p and Bi 6p states,
while Vg; defects showed the formation of a hole state above the VB (cf.
Fig. 14b).

The electronic properties of RE-Bi>S; QDs were simulated using a
1 x 3 x 1 supercell of Bi,S3 containing 60 atoms (i.e., 24 Bi atoms and
36 S atoms), which corresponds to an RE content of ~33 mg per gram
Bi,S3. Within this supercell, we first investigated the formation of S and
Bi vacancies (Vs and Vg, respectively) and then, based on the obtained
results, considered RE doping on Vs(3) (REs) and Vp;(2) (REg;) sites as
well as RE interstitials (RE;,.). The crystal symmetry of Bi,S; suggests
that it has three S and two Bi non-equivalent sites, as displayed in
Fig. 14a. DFT calculations were performed for each vacancy type (Vs
and Vp;), with the computed formation energies of neutral defects listed
in Table 5. The most stable vacancy formation site for S (Bi) was
identified as Vg(3), with the corresponding formation energy equalling
4.66 eV [7.36 eV for Vg;(2)] (cf. Fig. 14a, Table 5).

Then, we investigated the doping of RE on Vg(3) and Vg;(2) sites and
the computed formation energies of different configurations, with re-
sults listed in Table 5. In addition, we also considered RE interstitials
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Fig. 11. Images of electrolytes and photocatalysts before and after prolonged (20-h) photocatalytic hydrogen generation.

located on the RE;,, site, as displayed in Fig. 14a. Fig. 15 displays the
electronic structure computed for REs, REg;, and RE;. The calculations
yielded Erg and Er;,; with a Fermi level within the CB, while Ybs and
Yb;, showed a defective level within the BG with S 2p + Bi 6p char-
acter. Finally, Erp; and Ybg; had a hole defect state at the VB. Con-
sidering the results for RE occupying S sites, Bi sites, and interstitials,
our SCAN + rVV10 calculations suggested that for Er, the most likely
defect site location is Erg; with a formation energy of —6.40eV
(Table 5). In the case of Yb, Yby,, is the most likely site with a formation
energy of —3.45eV (Table 5). The electronic structures computed for
the most stable defect location of Er (Erg;) and Yb (Yby,,) are displayed
in Fig. 16. The computed PDOS show that Erg; Bi»S3 QDs have a BG of
1.4 eV, while the BG of Yb;, Bi,S3; QDs equals 0.4 eV.

The computed PDOS for Erg; show no defective level within the BG,
while Yb;,; presents a defect level with S 2p + Bi 6p character within
the BG (Fig. 16). The electronic structures computed for other cases
yield Erg and Erj, with the Fermi level within the CB. Ybs and Yby,,
show a defect level with S 2p + Bi 6p character within the BG. Finally,
Erp; and Ybg; have a hole defect state at the VB (cf. Fig. 15). Doping
with Yby,, and Er;,, was calculated to decrease the BG from 1.4 (1.98) to
0.4 and 0.7 eV, respectively. Interestingly, the REg defective site in RE-
Bi,S3 QDs also decreased the BG, while the REg; defective site had no

Table 4

Crystallographic data and physical properties of pristine Bi»S; computed by
SCAN + rVV10. The values correspond to those of the predicted unit cell, with
u, v and w being fractional coordinates. The atomic sites correspond to those in
Fig. 12. The E; value in parentheses is the one predicted by HSE12.

Sites
Property Calculated u v w
(SCAN + rVV10)
Space group Pbnm Bi(1) 0.0128 0.2500 0.1735
a(A) 11.366 Bi(2) 0.1598 0.7500 0.4654
b(A) 3.985 S(1) 0.1223 0.7500 0.0569
c(A) 11.103 S(2) 0.0505 0.2500 0.6297
a=B=vy() 90 S(3) 0.2147 0.2500 0.3059

Volume (As) 502.91
By, (GPa) 34.0
E; (eV) 1.4 (1.98)

significant influence on the BG (Table 5).
3.7. Mechanism of photocatalytic reaction

Based on experimental and theoretical studies as well as on litera-
ture data [92,93], we proposed a mechanism for photocatalytic

Fig. 12. (Colour online) (a) Crystal structure of

=10

pristine Bi,S3 (Pbnm space group), with Bi (S)
atoms represented by violet (yellow) spheres
and the black line box outlining the unit cell.
The S and Bi sites are labelled according to
Table 4. (b) Partial density of states of pristine
Bi,S; computed by SCAN + rVV10. (For in-
terpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Fig. 13. Band structure of the pristine crystal structure of Bi,S3 computed using (a) SCAN + rVV10 (BG = 1.40eV) and (b) HSE12 (BG = 1.98 eV). The results
indicate the presence of an indirect BG.

(b)

= total
Bi

DOS (states/eV)

0
Energy (eV)

Fig. 14. (a) BiyS; (1 x 3 x 1) supercell with the location of defect sites as presented in Table 5, with violet (dark-violet) and yellow (dark-yellow) spheres
representing Bi (Vg;) and S (V) atoms (sites), respectively, and the dark-blue sphere showing the position of the RE interstitial. (b) SCAN + rVV10-computed PDOS
for a (1 X 3 x 1) Bi,S; supercell with Vg and Vy; sites. The Fermi level is indicated by a vertical dotted line. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 5
SCAN + rVV10-computed formation energies (Eg,,) and BGs (E,) [both in eV] for neutral defects: S and Bi vacancies (Vs and Vyg;, respectively). RE doping on S and Bi

sites (REs and REg;) and RE interstitials, RE;,, with RE = Er and Yb. Defect labelling is in accordance with Fig. 14a.

Vs Vi REg REg; REjnc
1 2 3 1 2 Er Yb Er Yb Er Yb
E¢or 4.84 4.78 4.66 7.53 7.36 —-1.65 0.79 —6.40 -2.10 -5.73 —3.45
Er BG BG BG VB VB CB GB VB VB CB BG
Eg 0.8 0.9 0.7 1.4 1.4 0.7 0.4 1.4 1.5 0.7 0.4
12
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1stpristine § = total

40ypbg

-4 0
Energy (eV)
Fig. 15. (Colour online) SCAN + rVV10-computed PDOS for the (1 X 3 X 1)
Bi,S; supercell with REs, REg;, and RE;,, defects. The Fermi level is located
along the dotted line.

hydrogen generation over the most active photocatalyst, 10Yb_10Bi,S3/
TiO5 (Fig. 17). In line with the results of XPS analysis, which showed
the presence of TiO, as well as Bi,O3 and Bi,S; together with electronic
states identifying the presence of Yb, the proposed mechanism involves
interactions between the three semiconductors (TiO,, Bi,O3, and BiySs
doped with Yb3™).

As sulphides are known to be unstable during photocatalytic reac-
tions [94,95] because of photocorrosion, Bi,S3 was also expected to
show instability. Photocatalyst excitation affords electron-hole pairs,
with electrons involved in the reduction of water to molecular hy-
drogen and the remaining holes involved in the oxidation of the sul-
phur-based photocatalyst (reaction (1)). Similarly to the case of CdS
[87], Bi ions can be released into the solution upon the concomitant
precipitation of elemental S to rapidly decrease catalyst activity and
hydrogen yield.

Applied Catalysis B: Environmental 272 (2020) 118962

BiySs) + 6h" — 2Bid + 3S(, @

Sulphide photocorrosion can be inhibited through the use of a sui-
table sacrificial agent [87,96,97], as described in in our investigations.
In the case of sulphides, sulphur-based electrolytes containing Nas,S,
Na,SO3, and NaOH are most often used [87,97,98]. In these electro-
Iytes, S>~ and SO3>~ ions act as electron donors and participate in a
series of reactions during the photocatalytic process to afford other
sulphur-based ions such as S»27, 850527, SO42~, and S-062~ [87,961].
During exposure to UV-vis light, the photocatalyst (TiO, as well as
Bi,03 and Bi,S3) is excited, which is followed by electron-hole gen-
eration in all involved semiconductors, as shown in reaction (2-4).

Ti02(5) + 2hv — zh(-ii"ioz) + 2e” (Ti02) (2)
B1203(s) + 2hz/ d zha-gizog) + 2853003) (3)
BigS3(S) + 2hv — 2ha§i233) + 26(},1233) (4)

Electrons from the TiO, CB can be transported to the lower-lying CB
of Bi,03, while holes from the TiO, VB can be directly involved in the
oxidation of water to oxygen.

In turn, holes created in the Bi,S3 VB can take part in the oxidation
of $2~ and SO5?~ anions to S»,032~ ions (reaction (5)), which are
subsequently oxidised to S4;0¢>~ ions (reaction (6)) or reduced by
electrons created in the Bi,O5 CB to $2~ + SO52~ anions (reaction (7).
Additionally, in an alkaline environment (NaOH), $4062~ ions can
decompose into SO5%~ and S,05%~ (reaction (8)), while S,05>~ ions,
under the influence of light and hydroxyl ions, generate SO3>~and S~
(reaction (9)). These ions (see Fig. 17) can be oxidised by holes origi-
nating from the Bi,S3 VB to S,032" ions, and the entire reaction cycle is
repeated.

SOs%y + S& + 2h™ — S,03%) (5)
S2038y + 2h — S,063) (6)
S;03%) + 2e” — S3; + SO33; (7)
S4068) + 30Hg — SO33) + 1.58,05%; + 1.5H,0q, 8
S;033) + 30Hg, + 2hv — 28053, + S& + 1.5H,0q, 9)

In this way, the oxidising effect of holes on the sulphide photo-
catalyst is blocked, and high-energy electrons arising from the Bi,S; CB
can be directly involved in the reduction of water to molecular hy-
drogen (reaction (10)), considering that Bi,S; has the highest potential
to reduce water molecules. Furthermore, the presence of Bi,S; crystal
lattice defects in the form of Yb®™ ions facilitates photocatalyst ex-
citation with lower-energy irradiation by narrowing the BG of Bi,Ss, as
also demonstrated by computer simulations (Fig. 16).

40 = total
30 - B
=20 -
g-'o = Yb
20
(]
:@40
e
O 10
0

4

Energy (eV)

Fig. 16. (Colour online) SCAN + rVV10-computed PDOS for the most stable RE defects: Erp; and Yb;,,, with dotted line indicating the position of the Fermi level.
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Fig. 17. Proposed mechanism of photocatalytic water splitting under UV-vis light in the presence of TiO, decorated by Yb-doped Bi»O3/Bi»S3 QDs.

2H2O(l) + hv — H2(g) + ZOH(T) (10)

The large amount of hydrogen generated during the irradiation of
the sulphur-based electrolyte in the absence of any photocatalyst can be
explained by reaction (11).

S&) + SOsdy + 2H0q) + 2hv — S;038) + 20Hg + Hag (A1)

4. Conclusion

Photocatalysts including Bi,S3 and Er- or Yb-doped Bi,S; QDs de-
posited on rutile TiO, spheres were prepared and characterised in terms
of morphology and structural, surface, and optical properties. SEM and
TEM imaging confirmed the presence of Bi»S3; and RE-Bi»S3 QDs (with
diameters of 4-5nm) evenly distributed on nanorod-comprising TiO,
spheres with an expanded surface. UV-vis spectra confirmed the in-
crease in the intensity of visible light absorption by TiO, after its dec-
oration with pristine or doped Bi,S3 QDs. Moreover, photo-
luminescence spectroscopy revealed that compared to bare TiO,, these
hybrids featured a lower luminescence intensity. XPS analysis of the
photocatalyst surface confirmed the presence of electron states due to
Bi,S3 doped with Yb®* and Er**, while XRD spectroscopy indicated the
presence of only Bi,O3; and TiO, phases in composite samples. These
findings demonstrated the partial oxidation of Bi,S; and RE-doped
Bi,S3; QDs on the TiO, surface during annealing at 300 °C in the last
stage of the synthesis. As a result, the Bi;03-Bi»S3-TiO5 system com-
posed of three semiconductors and doped with Yb or Er was con-
structed, and the action synergy of these components was observed for
photocatalytic water decomposition to generate hydrogen under UV-vis
and visible light. The highest photocatalytic activity was observed for
10Yb_10Bi»S3/TiO,, both under UV-vis and visible light, with the
corresponding rate constant of hydrogen evolution in a sulphur-based
electrolyte oscillating at 94.1 and 0.24 pmol g~ h ™1, respectively. The
Na,S/Na,SOj3 electrolyte stabilised the photocatalyst during the pho-
tocatalytic process, in contrast to the 10 wt% TEOA electrolyte, which
had a destructive effect on Bi»S3 QDs. To better understand the pho-
tocatalytic reaction mechanism and the structure of doped Bi,S; QDs, a
RE-Bi,S; QDs model was constructed, and theoretical calculations were
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performed. As a result, it was proven that Er>* and Yb®* ions can be
incorporated into the Bi,S3 structure, with the former ion preferentially
occupying the sites of Bi atoms, and the latter ion preferring to be lo-
cated in the interstitial space of the cell. This incorporation reduced the
BGs of Er-Bi,S; and Yb-Bi,S; semiconductors, improved the transport of
photogenerated charges during light exposure, and inhibited the re-
combination of these charges.
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