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ARTICLE INFO ABSTRACT

Keywords: Surface distribution of quantum dots (QDs) at the semiconductor matrix caused by synthesis condition (e.g. pH of
CulnS2 solution during coupling) could lead to different photocatalytic activity. Thus, achieving an optimal covering of

ZnIn2S4

Quantum dots

Visible light photoactivity
Hydrogen

Aggregates

semiconductor matrix by QDs has been challenging. Herein, the influence of the alkalinity level of aqueous
decoration medium for the coupling of mercaptoundecanoic acid (MUA) capped CulnS; quantum dots (CIS) and
ZnIn,S4 microspheres (ZIS) on photocatalytic hydrogen evolution (PHE) performance was investigated. Aqueous
decoration medium with different alkalinity levels for the formation of ZIS/CIS photocatalytic system resulted in

significantly different PHE performances in the presence of (0.5 wt%) Pt co-catalyst deposition without any
change in crystal structure of ZIS matrix up to pH 12.5. The photocatalytic system obtained at pH 10.5 possessed
the highest performance followed by the decrease at pH 11.5 and again the remarkable increase was detected at
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pH 12.5 that was the pH level for uniform dispersion of CIS in aqueous medium. This work remarks the
importance of the nanoparticle’s aggregates on PHE performance over non-toxic ZnInyS4/CulnS; photocatalytic

system.

1. Introduction

H, fuel has a great potential to reduce reliance on fossil fuels [1]. As
one of one the solar conversion technology, photocatalytic water split-
ting has been drawing intensive attention to produce green Hy [2]. For
that purpose, metal sulfide based photocatalysts have been widely
investigated due to relatively high conduction band edge that is ther-
modynamically suitable for HoO reduction in the presence of sacrificial
agents [3].

Among the various type of photocatalytic metal sulfide semi-
conductors [4-8], n-type ZnInyS4 semiconductor based photocatalytic
systems became prominent because ZnIn,S4 is easy to prepare, and has
adjustable bandgap through doping and wide absorption range [9].
Several type of ZnInyS4 based photocatalytic systems have been studied
to overcome its low photocatalytic activity due to the rapid recombi-
nation of photogenerated charge carriers [10-16]. One of the other
alternative method to induce the performance of ZnIn,Sy4 is to incor-
porate it with other metal sulfide-based nanomaterials such Ag»S [17],
CuyS [18], CdS [19], MoS, [20], WSy [21]. Besides, ZnInyS4/CulnS,
based photocatalytic system also have been attracted attention [22-24]
owing to a large absorption coefficient of a typical p-type semiconductor
CulnS; [25]. In our previous report, we obtained ZnInyS4 microspheres
(Z1S) decorated with pre-prepared CulnS; quantum dots (CIS QDs)
capped with mercaptoundecanoic acid (MUA) by simply introducing CIS
into ZIS precursors for hydrothermal treatment medium [26]. This
approach resulted in significant increase in photocatalytic hydrogen
evolution activity of pristine ZIS in the presence of Pt deposition.
However, the formation of aggregates of CIS during the synthesis that
resulted in an uneven distribution of CIS on ZIS surface. This has led to
the question whether the different formation of those aggregates can
affect the photocatalytic activity of ZIS/CIS photocatalytic system or
not.

The pH dependent aggregation of mercaptocarboxylic acid capping
ligand, such as thioglycolic acid and mercaptopropionic acid, capped
quantum dots and its effect on their optoelectronic properties have been
reported generally with the purpose of bioimaging applications [27-29].
Beyond the aggregation effect, Xu et al. reported that there are several
reasons leading different optoelectronic properties of mercaptocarbox-
ylic acid ligand capped quantum dots including thiol group effect,
counter ions effect, and terminal group effect in which their contribu-
tions differ at different pH values [30]. However, to best of our knowl-
edge, there are very limited reports on the effect of aggregation
phenomenon on photocatalytic hydrogen evolution performance by
controlling the decoration medium of mercaptocarboxylic acid ligand
capped quantum dots on a surface of larger matrix. Yu et al. have studied
the assembly of MPA-regulated CdSe QDs on commercial photocatalysis
TiOy (P25) by adjusting the pH level of the interaction medium to
alkaline level in order to avoid the aggregates of quantum dots in acidic
conditions to be furtherly coupled with in-situ formed Ni(OH), deposi-
tion [31]. On the other hand, PHE performances depending on the ag-
gregation of single or double nanoparticle photocatalytic systems were
investigated by several groups. For instance, Chang et al. reported that
aggregates of CdS QDs were more favorable than that of CdS with ag-
gregation preventing mercaptopropionic acid capping due to efficient
charge separation with reduced charge carrier recombination [32]
which was corroborative Park’s work [33]. Moreover, Gao et al. sug-
gested that the interparticle hole transfer which was accelerated by the
formation of CdSe QDs-ZnSe QDs aggregation was the crucial factor for
boosting the photocatalytic hydrogen evolution performance of the
system [34]. Additionally, Sawaguchi-Sato et al. investigated the

aggregation induced photocatalytic hydrogen evolution from Pt
colloidal catalysts CdTe quantum dots photocatalytic system by means
of the type of mercaptocarboxylic acid capping ligand on quantum dots
surface that changed the formation of aggregation [35]. Considering
above-referred works, aggregation can have an important role on pho-
tocatalytic hydrogen evolution.

In this study, we investigated the effect of the aggregation formation
of mercaptoundecanoic acid capped (MUA) CIS by adjusting the alka-
linity of aqueous decoration medium for the formation of ZIS/CIS pho-
tocatalytic system. Despite all obtained photocatalytic systems
contained the same amount of CIS, the treatment of sample under
different alkalinity levels resulted in significantly different photo-
catalytic hydrogen evolution performances in the presence of same
amount of Pt cocatalyst under visible light irradiation. The possible
reasons behind that were discussed in terms of information on the
morphology, optoelectronic and surface chemistry properties.

2. Experimental
2.1. Materials

Cetyltrimethylammonium bromide (CTAB, 95 %) (Aldrich), indium
(II) nitrate hydrate (99.99 %) (Alfa Aesar), thioacetamide (J.T. Baker,
Avantar performance materials), copper (I) iodide (99.99 %) (Sigma-
Aldrich), indium (III) acetate (99.99 %) (Acros Organics), thiourea
(99.99 %) (CHEMPUR), 11-mercaptoundecanoic acid (95 %) (Sigma-
Aldrich), zinc sulfate heptahydrate (99.99 %) (CHEMPUR), potassium
tetrachloroplatinate (II), (99.9 %) (Alfa Aesar), methyl viologen
dichloride hydrate (98 %) (Sigma-Aldrich). All chemicals were used
without any further purification.

2.2. Synthesis of ZIS/CIS photocatalytic system

ZIS and CIS QDs were synthesized as mentioned in a previous report
[26]. To obtain ZIS/CIS photocatalytic system, the ratio of CIS was fixed
to 5 wt%. The pH level of aqueous medium (deionized water) for the
decoration was adjusted to 7, 9.5, 10.5, 11.5, 12.5 and 12.9 by adding
0.1 M KOH or H,SO4 aqueous solution and the concentration of CIS
quantum dots were always kept 2 mg/ml. After adding CIS to the
aqueous decoration medium with desired pH level, the mixture was
sonicated for 10 min and vigorously stirred for 30 min. Finally, ZIS
powder was added, and all mixture was stirred for 24 h. The products
were washed with ethanol and water and separated using centrifuge
(6000 RPM) and dried at 60 °C. The products were abbreviated ac-
cording to the pH level of aqueous decoration medium as ZIS/CIS-7,
ZIS/CIS-9.5, ZIS/CIS-10.5, ZIS/CIS-11.5, ZIS/CIS-12.5 and
Z1S/CIS-12.9. Samples during and after Pt in-situ deposition assisted
PHE tests were abbreviated as ZIS/CIS-7/Pt, ZIS/CIS-9.5/Pt,
Z1S/CIS-10.5/Pt, Z1S/CIS-11.5/Pt, Z1S/CIS-12.5/Pt and
ZIS/CIS-12.9/Pt.

2.3. Characterization

To prove all the samples, have the same amount Pt or CIS, Pt and Cu
content were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) using Agilent 5100 spectrometer, according to
PN-EN ISO 11885:2009 standard. X-ray diffraction (XRD) technique was
used to determine the crystalline structure of the samples and detect
whether any changes has occurred in ZIS matrix during the preparation
of ZIS/CIS samples. Powder X-ray diffraction experiments were
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conducted at 20 °C on powdered samples with a Bruker D8 Focus
diffractometer with Cu Ko (\ = 1.54 A) radiation and a LynxEye XE-T
detector. Data were collected from 5° to 70° 20 over a scan time of
30 min. LeBail refinement of the pXRD pattern was performed to
determine the crystal structure type of the tested samples, using High-
Score Plus ver. 3.0e software. The chemical composition of samples
surface (ZIS/CIS-7, ZIS/CIS-10.5 and ZIS-CIS-12.5) areas was analyzed
by X-ray photoelectron spectroscopy (XPS) using a PHI 5000 VersaP-
robeTM spectrometer (ULVAC-PHI, Chigasaki, Japan) with mono-
chromatic Al Ka irradiation (hv = 1486.6 eV) to highlight the reduction
of Pt precursor over the samples during PHE leading to formation of Pt
species. The high-resolution (HR) XPS spectra were recorded with the
hemispherical analyzer at the pass energy of 23.5 eV and the energy step
size of 0.1 eV. The morphology of samples (ZIS/CIS-7, ZIS/CIS-10.5 and
ZIS-CIS-12.5) was observed using scanning electron microscope (SEM,
JEOL JSM-7610F) and transmission electron microscope (TEM, Hitachi
H-800 microscope, Hitachi High-Technologies) operating at 150 kV. The
UV-vis spectra of samples were recorded using UV-vis spectrophotom-
eter (Evolution 220, Thermo Scientific). The photoluminescence spectra
(PL) were recorded using a PerkinElmer Luminescence Spectrometer LS-
50B equipped with Xenon discharge lamp as an excitation source. The
samples were excited with 330 nm at room temperature and the emis-
sion was scanned between 300 and 800 nm. Fourier-transform infrared
spectroscopy (FTIR) (Bruker, IFS66) was used to identify the surface
characteristics of CIS QDs and ZIS/CIS photocatalytic system in the scan
range of 500-5000 cm ! in the diffuse reflectance mode with a resolu-
tion of 0.12 cm ™! at room temperature and KBr was used as a reference
material. Malvern Zetasizer Nano ZS or Mastersizer 3000 were used to
measure CIS aggregates size under different alkalinity levels by dynamic
light scattering (DLS) technique, the zeta potential of ZIS samples in the
aqueous decoration medium and ZIS/CIS samples in photocatalytic
hydrogen evolution reaction solution.

2.4. Photocatalytic hydrogen evolution experiments

50 mg photocatalyst was added into 50 ml 0.35 M NayS/0.25 M
NaySO3 aqueous solution in a beaker and the mixture was sonicated
using ultrasonic bath for 5 min. The mixture was transferred to a pho-
toreactor equipped with a quartz glass with 110 ml volume and 50 mM
KoPtCl4 aqueous solution was dripped to deposit 0.5 wt% Pt on ZIS/CIS
photocatalytic system’s surface. After sealing the reactor with a plastic
septum, the mixture was purged with N, gas with 12 dm>/h flow rate for
30 min in dark. Finally, the mixture was irradiated by 1000 W Xenon
lamp external light source (Quantum Design, LSH 602) equipped with a
cut-off filter GG420 (Optel, A > 420 nm). The temperature of the PHE
process was always kept at 10 °C using a thermostat. The amount of
hydrogen gas was monitored by adding 200 pl of gas sample collected
from the headspace of the photoreactor within every using an air-tight
syringe (Hamilton) to the gas chromatograph (Thermo Scientific
TRACE 1300-GC, N carrier) No hydrogen was evolved in the absence of
ZIS/CIS photocatalyst under the same condition. The amount of
hydrogen was calculated using calibration curve which was based on a
collected data from GC-TCD and pressure value from a digital manom-
eter (SIKA) attached to the photoreactor following addition of different
volume of hydrogen (99.99 %) using an air-tight syringe (HAMILTON).
Later, the amount of hydrogen in moles was calculated using the ideal
gas equation [36]. The recycling performance tests were carried out
under the same experimental conditions. After each cycle, the sample
was collected and washed with deionized water by a centrifuge. The
fresh 0.35 M Nays/0.25 M NaySO3 aqueous solution was added in a
centrifuge tube with the sample and then the mixture was poured into
the photoreactor for the next cycle test. The pH of photocatalytic
hydrogen evolution solution after one cycle was around 12.
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3. Results and discussion

To reveal the different optical characteristics of CIS aggregates under
different alkalinity levels, UV-vis and PL spectrum of samples was
compared (Fig. 1). To conduct those measurements, the samples were
dispersed in water with the pre-adjusted alkalinity level using 0.1 M
H3SO4 or KOH solution and stirred vigorously following for 30 min
following 10 min sonication. Particle concentration during all mea-
surements was 0.5 mg/ml. From pH = 7 to pH = 11.5, the red-shifted
absorption edge was observed that was followed by the drastic change
in UV-vis spectra at pH = 12.5, and the specific absorption shoulder
appeared at around 250 nm at pH = 12.5. Also, to check the spectrum
only originating from MUA, MUA has been dispersed in aqueous solu-
tion with pH = 7, 10.5, and 12.5 and their absorbance spectra were
recorded. The same peak at 250 nm can be observed from the absorption
spectra only from MUA in pH 12.5 which has shown the spectrum with
the similar trend as in MUA capped CIS (Fig. S1). However, considerable
red-shifting was exhibited by MUA-capped CIS compared to that of only
MUA. Likewise, the same red shifting is observed from the spectrum
originating from MUA capped CIS under pH = 7 and 10.5 attributing to
the coupling between the MUA and CIS [37]. Moreover, the aggregation
induced emission was proven comparing the PL spectra of CIS aggre-
gates under different alkalinity levels, as the emission intensity was the
highest at pH = 7 and significantly dropped at pH = 11.5 and finally
quenched at pH = 12.5 where the clear, red-colored dispersion of CIS
were achieved (inset in Fig. 1b). The change in the optical properties of
CIS aggregates which was mediated by alkalinity level can be explained
by the degree of the aggregation considering the aggregation induced
emission. To this respect, DLS was measured to show how the size of
aggregates were distributed depending on the level of the alkalinity of
aqueous medium. As seen from Fig. 2, all CIS aggregates displayed high
polydispersity with macro-sized aggregates around 100 pm at pH = 9.5
and 10.5. At pH = 11.5, the aggregate size decreased noticeably along
with the new peak formed corresponding 1 um particle size. After
reaching pH = 12, the size of aggregates was shifted to remarkably lower
size and two significant peaks formed around 5 nm and 100 nm at pH =
12.5 and 12.9. The reason behind the macro-sized aggregation between
the alkalinity level pH = 9.5-11.5 was due to the non-ionized carboxylic
acid end group in MUA ligand on CIS surface [38-40]. Thus, inter-
nanoparticle H-bonds through the hydrophilic groups on nanoparticle
surface resulted in aggregation in a weak basic aqueous solution [38].
On the other hand, after high pH = 12, the carboxylic groups in MUA on
CIS surface was deprotonated and stabilized CIS aggregates were ach-
ieved via electrostatic repulsion [41], so that the aggregation was
reduced [42].

Accordingly, as the aggregate sizes of CIS under different alkalinity
levels, it can be proposed that each CIS aggregates in aqueous medium
under different alkalinity behaves different that led to different
morphology of ZIS/CIS photocatalytic system. The SEM images
(Fig. 3a—c) indicated that, at the pH = 12.5, ZIS microparticles surface
were lesser overwhelmed by CIS and coating-like CIS on ZIS formed
smooth surface on ZIS/CIS photocatalytic system. While, at pH 7, non-
uniform shape of ZIS/CIS with rough surface formed. On the other
hand, at pH 10.5 both smooth and rigid surface can be observed in ZIS/
CIS photocatalytic system. Same observation can be seen also from TEM
images (Fig. 3d-f). Even in ZIS/CIS-12.5 sample, the presence of CIS is
distinguishable in the form of single dots on the ZIS surface (please refer
to Fig. S2 for the SEM image of pristine ZIS) and around the ZIS particles
(Fig. 3f). Additionally, layers in ZIS/CIS-7 (Fig. 3d) can be selected
easily, while the layers in ZIS/CIS-12.5 were almost covered by CIS
uniformly so that the layers were not noticeable easily.

Moreover, the obtained powder’s optoelectronic characteristics also
proved the differences between ZIS/CIS photocatalytic system. Fig. 4a
shows, UV-vis absorption spectra of pristine ZIS and all other ZIS/CIS
photocatalytic samples. As expected, all the ZIS/CIS samples showed
red-shifted absorption edge as similar to the previous report on ZIS/CIS
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Fig. 1. a) UV-vis absorption spectrum of MUA capped CIS aggregates under different alkalinity levels (inset: The comparison of UV-vis absorption spectrum of MUA
capped CIS and only MUA under pH = 7, 10.5 and 12.5. The dashed line represents UV-vis absorption spectrum of only MUA) and b) PL spectrum of CIS aggregates
(A excitation = 330 nm) at different alkalinity levels (inset: luminescence images of CIS aggregates under different alkalinity levels).
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Fig. 2. CIS aggregates size distribution by DLS measurement under different
alkaline levels a) pH 9.5-11.5 b) 12.5-12.9.

photocatalytic system [26]. However considerable red-shifting can be
seen especially in ZIS/CIS-12.5 and ZIS/CIS-12.9 samples probably
because of the uniform distribution of CIS on ZIS surface initiating the
higher light harvesting due to the increase in surface-to-volume ratio.
This is even observable from the significant color difference in obtained
ZIS/CIS photocatalyst powder (Fig. S3). On the other hand, all samples’
PL spectrum (Fig. 4b) have two characteristic peaks around 400-450 nm
and 500-550 nm band which can be attributed to defects (sulfur and
zinc vacancy) and band-to-band transition, respectively [43-45]. It is
worth to mention that in all series of ZIS/CIS samples CIS decreased the
electron-hole recombination efficiency in all ZIS/CIS samples as the
lower PL intensity indicates lower recombination of photogenerated
charge carriers [46].

Powder x-ray diffraction patterns (Fig. 5) for ZIS/CIS-7, ZIS/CIS-
10.5, ZIS/CIS-12.5 and ZIS/CIS-12.9 shows the characteristic broad re-
flections were indexed by ZnInyS4 that forms in a hexagonal crystal
structure P63mec with reported lattice constants a = 3.871 A and ¢
= 26.121 A. Expected positions for ZnInyS, phase are marked by the
vertical bars. A XRD pattern for pristine CulnS; with tetragonal crystal
structure in roquesite phase is presented in supplementary information
(Fig. S4). The strongest broad reflections appear at 20 = 27.7, 46.3° and
19.9° and except the second one (20 = 46.3°) they overlap with the ZIS
reflections and hence cannot be observed. The only impurity phase - In
(OH)3 marked by stars - appears for ZIS/CIS-12.9 sample.

In addition to this, more insight regarding samples’ surface chem-
istry was also checked with FTIR (Fig. S5). All samples exhibited the
same pattern. C-H strech vibration peaks located at 2844 and 2921 cm ™!

indicates the alkyl chain orginated from the presence of CTAB molecule
over ZIS/CIS and ZIS samples [47,48]. The peaks around 3415, 1620 and
1385 cm ™! corresponded to the hydroxyl and surface-absorbed water
molecules, while the absorption peak related with the absorbed CO,
molecules around 1100 cm ™! only can be seen in ZIS [49]. Interestingly
In-S streching vibration orginated peak at around 640 cm ™! [49,50] can
be seen all samples expect ZIS/CIS-7. This may be related with rough
surface topology due to the overwhelmingly distributed CIS over ZIS
surface as ZIS/CIS-10 and ZIS/CIS-12.5 with relatively more uniform CIS
obtained that peak intensity is almost as high as in only ZIS especially in
the case for ZIS/CIS-12.5.

PHE rates and the amount of hydrogen evolved from ZIS/CIS samples
under visible light irradiation for 3 h in the presence of 0.35 M/0.25 M
NayS/NaySOs3 as the sacrificial reagent can be seen in Fig. 6a and b,
respectively. In Fig. 6a, black bars represent the PHE performances
without in-situ Pt deposition, while red bars demonstrate with Pt. In case
of the comparison of the samples’ PHE rate without Pt, the highest rate
was exhibited by ZIS/CIS-12.9 with 105.31 pmol g~! h™L. That result is
reasonable as ZIS/CIS-12.9 was the only sample among all ZIS/CIS in
which In(OH)3 was formed during the preparation due to the high
alkaline decoration medium (Fig. 5). Therefore, the presence of In(OH)3
induced PHE performance of ZIS/CIS-12.9 remarkably as it has acted as
a cocatalyst [11,51]. ZIS/CIS-7 and ZIS/CIS-9.5 showed very close PHE
rate around 21.41 and 13.10 pmol g~} h™%, respectively. Around two
folder PHE rate than ZIS/CIS-7 were achieved by ZIS/CIS-10.5 (55.65
pmol g~ h™1) and ZIS/CIS-11.5 (59.25 pmol g ! h™1). Interestingly, a
notable decline was displayed in PHE rate from ZIS/CIS-12.5 (21.39
pmol g~ h™1). On the other hand, as the main scope of this study, the
remarkable effect of the in-situ Pt deposition on PHE is readily observ-
able in all ZIS/CIS/Pt samples. The lowest PHE rate was shown by
ZIS/CIS-7/Pt (1180.46 pmol g~ h™!) and then ZIS/CIS-9.5/Pt (1300.46
pmol g~* h~!) whereas ZIS/CIS-10.5/Pt generated the highest amount of
hydrogen with the rate of 1753.79 pmol g ! h™! which implies that the
pH = 10.5 is the optimum pH level for the ZIS/CIS synthesis aqueous
decoration medium that leading most efficient photocatalytic system for
PHE. However, after reaching the optimum pH level for the decoration
medium, PHE rate of the sample prepared in pH = 11.5 decreased to
1450.76 pmol g~! h7!. The significant rise can be seen from
ZIS/CIS-12.5/Pt with the PHE rate of 1670.16 pmol g~ h™. It seems
that the optimum pH = 10.5 of the decoration of ZIS microspheres with
CIS was the best for the hydrogen evolution from ZIS/CIS photocatalytic
system in the presence of in-situ Pt deposition. Besides, the treatment of
pristine ZIS or CIS sample in pH = 10.5 had no effect on PHE perfor-
mance as almost the same amount of hydrogen was evolved from ZIS/Pt
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Fig. 3. Schematic description of controlled aggregation induced CIS (red spheres) decoration of ZIS microsphere (yellow sphere) based on SEM and TEM images of a,
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d) ZIS/CIS-7, b, e) ZIS/CIS-10.5 and c, f) ZIS/CIS-12.5. Red dashed circles in TEM images indicates CIS aggregates on and around the ZIS surface.
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Fig. 5. XRD patterns of ZIS/CIS-7, 10.5, 12.5 and 12.9 samples. Dots and stars
indicates the characteristic peaks in diffraction patterns originated from ZIS and
In(OH)3, respectively.

with and without the treatment (Fig. S6). It is also worth to mention that
ZIS/CIS-12.9/Pt exhibited PHE rate of 1512.58 pmol g~* h™! but the
competition between the electron transfer from ZIS/CIS to two cocata-
lyst Pt species and In(OH)s could inhibit the performance of
ZIS/CIS-12.9/Pt in comparison to ZIS/CIS-12.5/Pt [52]. Fig. 6¢c. shows
the recycling performance experiments of three selected samples:
Z1S/CIS-7/Pt, ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt (The reason of that
selection will be discussed further). The samples were not stable after 3
cycles as a drop about 60 % in PHE for ZIS/CIS-10.5/Pt and
Z1S/CIS-12.5/Pt was observed while around 30 % for ZIS/CIS-7.
Particularly, around 50 % rapid decline was observed from
ZIS/CIS-10.5/Pt at the end of 2nd cycle. Higher stability in ZIS/CIS-7/Pt
comparing to ZIS/CIS-10.5/Pt might be attributed to the relatively
larger CIS aggregates in ZIS/CIS-7 which are somehow lesser prone to
photocorrosion in ZIS/CIS photocatalytic system. On the other hand, the
core-shell like structure in ZIS/CIS-12.5 exhibited higher photostability
than that of ZIS/CIS-10.5 which indicates the stronger interaction
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between ZIS and CIS in ZIS/CIS-12.5 can be more beneficial for the
stability of ZIS/CIS photocatalytic system. Lastly, additional second PHE
tests were carried out over those selected samples (Fig. S7) to affirm the
above-mentioned PHE results. Very close PHE evolution performance
was proven from ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt whereas
ZIS/CIS-7 /Pt exhibited lowest performance among the selected samples.

To acquire more insight to reveal the reason behind PHE activity, the
three key samples ZIS/CIS-7, 10.5 and 12.5 was highlighted. This is
because of the above-mentioned characteristic of CIS under different
decoration medium resulting in different aggregation properties of CIS.
The decoration under pH = 7 and 10.5 led to CIS aggregates with ag-
gregation induced emission property and CIS under pH = 12.5 was
relatively more uniformly dispersed with quenched emission while
keeping the polydispersity. To further verify photocatalytic reducing
power ability of selected ZIS/CIS samples, photocatalytic methyl viol-
ogen (MV2+) reduction to radical (MV"*) was carried out ( Fig. 7) to
investigate the difference in reducing power ability (E (MV>*/MV**)
= —0.44 V vs. NHE, pH 7) [53,54]. After 9 min the irradiation under
A = 420 nm, a change in color from yellow to dark blue as an indication
of MV generation [55-57] was observed from all samples proving that
all samples’ photogenerated electrons are sufficient for MV*2 reduction
[58]. Moreover, UV-vis absorption spectra of all samples displayed a
characteristic peak at 605 nm corresponding to MV " [59]. The highest
radical generation was observed from ZIS/CIS-10.5 that similar result as
in PHE activity. However, ZIS/CIS-7 produced higher MV than that of
ZIS/CIS-12.5 that is incompatible with the trend as in PHE result. This
could be related with the adsorption of MV2* which is more favorable on
S-terminated surfaces with electron rich sulfur ions due to the positively
charged nitrogens on MV2" with poor electron [60]. Consequently, the
uniform coating like coupling of MUA capped CIS over ZIS surface in
ZIS/CIS-12.5 could block sulfur rich S-terminated surface in ZIS mi-
crospheres resulting in the poorest adsorption of MV2" in comparison
with ZIS/CIS-7 and ZIS/CIS-10.5. Therefore, it would be sensible to
make comparison between only ZIS/CIS-7 and ZIS/CIS-10.5 in which
ZIS/CIS-10.5 has higher reducing power ability than that of ZIS/CIS-7.

Optimization of the amount of Pt over photocatalytic systems is
required to achieve the highest PHE rate [61,62]. However, the type of
Pt species formed during in-situ deposition are very crucial as well as the
amount and the formation of the Pt species [63]. Besides, the content of
Pt species in ZIS/CIS can give an insight about PHE performances of
selected samples. To confirm this supposition, firstly the percentage of
weight loading of Pt in collected three selected samples after PHE tests
were confirmed by ICP-OES technique (Table 1). Then the XPS tech-
nique was used to analyze the chemical composition of the selected
samples (Table 1 and Table S1).

Indeed, the recorded Pt 4 fand O 1 s HR spectra confirm the presence
of Pt-(OH)y, Pt-Ox and Pt-Sx species [26,64] over ZIS/CIS-7/Pt,
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Fig. 6. a) Amount of evolved hydrogen with Pt deposition and b) hydrogen evolution rate by ZIS and ZIS/CIS samples with and without in-situ Pt deposition (7, 9.5,
10.5, 11.5, 12.5 and 12.9 represent ZIS/CIS-7, ZIS/CIS-9.5, ZIS/CIS-10.5, ZIS/CIS-11.5, ZIS/CIS-12.5 and ZIS/CIS-12.9, respectively) c¢) Recycling performance of

three selected samples ZIS/CIS-7, ZIS/CIS-10.5 and ZIS/CIS-12.5.


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

O. Cavdar et al.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 652 (2022) 129760

2.0
a) b) c)
] ] ?9 min ]
1.5 - . ! i
o 9 min
c
= :
o
=
o - i
wv
ff ] | 9 min
}
i i
] 1 min:
!
00 +—y — I
500 600 700 500 600 700 500 600 700
Wavelenght (nm) Wavelenght (nm) Wavelenght (nm)

Fig. 7. Normalized UV-vis spectra originated from photoreduction of methyl viologen (MV2 +) over a 3 ml mixture composed of a) ZIS/CIS- 7, b) ZIS/CIS-10.5 and
¢) ZIS/CIS-12.5 samples (0.5 mg/ml), methyl viologen dichloride, [MV2+] = 1.8 mM and sacrifacial reagent Na2S/Na2S03 (0.35 M/0.25 M). Prior to the mono-
chromatic light irradiation A = 420 nm, the mixture was purged with N2 gas with 4 dm3/h flow rate for 4 min to remove the O2 from the system to prevent the
reoxidation of MV+-e. Inset image shows the color change of mixture from yellow to dark blue as an indication of MV+-e.

Table 1
ICP-OES, XPS analysis of ZIS/CIS-7/Pt, 10.5/Pt and 12.5/Pt samples and their
PHE rate.

Sample ICP-OES XPS PHE rate
(umol g™*
— h
Cu Pt (wt  Pt-CO,Pt- Pt- Pt
(Wt%) %) CxHy (%) OH, content
Pt- (at %)
Ox,
Pt-Sx
(%)
ZIS/CIS-7/ 0.36 0.36 30.40 69.60 0.21 1180.46
Pt
Z1S/CIS- 0.39 0.20 27.14 72.86 0.26 1753.79
10.5/Pt
Z1S/CIS- 0.39 0.25 30.72 69.28 0.18 1670.16
12.5/Pt

Z1S/CIS-10.5/Pt and ZIS/CIS-12.5/Pt samples (Fig. 8) and highly likely
originated from Pt(OH), that will be explained later. Moreover, the
highest content of those Pt species was identified for the ZIS/CIS-10.5/Pt
sample (Table 1) that is around more than 3 % higher than that of
Z1S/CIS-7/Pt and ZIS/CIS-12.5/Pt samples. Similar minor difference in
oxidative species was also reported elsewhere where 2 % higher
oxidative species resulted in significantly higher electrocatalytic
hydrogen evolution performance in alkaline media [65].

It is known that, highly alkaline aqueous solution in PHE solution can
be formed (pH = 13) because of the formation of bisulfide ion HS" and
HSOs3 from NayS/NaySO3 through the hydrolysis [66] (Egs. (1) and (2)):

S$* + H,0—HS + OH" (€8]

SO3™+ H,0 — HSO; + OH~ 2

Therefore, displacement of Cl” from PtC1% by OH takes place resulted
in Pt(OH), by the adsorption of PtCl3 on OH” on ZIS/CIS surface leading
the formation of Pt(OH), taking place before the light irradiation during
the nitrogen purging (Eq. (3)):

PtCI;” +20H —Pt(OH), + 4Cl- 3

As acidic conditions are suitable for the formation of Pt-Sx, the for-
mation of Pt-Sx species are unlikely under high pH of PHE solution (pH
= 13) [67]. On the other hand, Pt-CyHy and Pt-CO species might reveal
the simultaneous formation of metallic Pt® on ZIS/CIS surface during the
visible light irradiation induced PHE [68] (Egs. (4) and (5)).

ZIS/CIS + hu—e cg + h'yg 4

P&t +2¢” »P° (5)

However, it is worth to note that the proximity in binding energies
(BE) of Pt° and Pt with the Cu, CO and CxHx chemical environment
make difficult to predict the exact oxidation state whether is zero or
close the zero.

Supposedly, PHE evolution over ZIS/CIS sample were initiated by Pt
(OH), species, and taking into consideration that the formation of Pt
(OH), occurs before the light irradiation as above-mentioned, PtCLZ{
complex ion interaction with ZIS/CIS surface before the light irradiation
should be pointed out. For that purpose, {-potentials of the selected
samples was investigated in the PHE solution. Expectedly, the surfaces of
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Fig. 8. XPS High resolution Pt 4f and O 1s XPS spectra recorded on ZIS/CIS-7/Pt, ZIS/CIS-10.5/Pt and ZIS/CIS-12.5/Pt photocatalytic systems after PHE tests.

Deconvoluted peaks of Pt species are overlapped by Cu 3p and In 4p signals.

ZIS/CIS-7, 10.5 and 12.5 were negatively charged with a {-potential of
—18.3+0.60, 15.56 +0.58 and — 14.46 + 0.43 mV, respectively
(Fig. S8). -potential of the samples decreases as their decoration me-
dium pH increase. Comparing with ZIS/CIS-7, Pt*" cations from PtCl5
complex ion can be adsorbed relatively harder over ZIS/CIS-10.5 surface
than that of ZIS/CIS-7 by electrostatic interactions. Yet, the difference in
C-potential is little, thereby it might have no decisive role in the differ-
ence between PHE performances.

Consequently, the overall mechanism from before light irradiation to
PHE process can be proposed as follows (Fig. 9); (1) hydrolysis of NayS/
NaySO3 sacrifacial reagent results in formation of OH™ (2) which is

adsorbed by the ZIS/CIS surface and displace the chloride ligands in
PtClZ complex ion. Upon the visible light irradiation, (3) photo-
generated electrons and holes over ZIS/CIS transferring across p-n
junction mechanism similar to the reports elsewhere [23,26] in accor-
dance to the conduction (CB) and valance band (VB) alignment in ZIS
(CBZIS =-0.99 eV, VBZIS =1.5 eV) and CIS (CBCIS =-1.27 eV, VBCIS =
0.6 eV) [26] leading to (4) three different simultaneous reaction
including reduction of Pt(II) to Pt(0), PHE hydrogen evolution over Pt
(OH); and simultaneously formed metallic Pt, and oxidation of sacrifa-
cial reagent by photogenerated holes. In addition, it is worth clarifying
the effect of the morphology of CIS in ZIS/CIS photocatalytic systems on

DARK

Step 1
S+ H,0 —» HS"+ OH~

Step 2

S0,2~ + H,0 — HSO, + OH-

PtCl 2~ + 20H- —»Pt(OH), +4CI-

P+ 2¢"— Pt°

2H*+e — H,
§*"+ S0;*+ h* — oxidation products
------------------------------------------ H'/H,0V
------------- 0,/H,01.23V

“"Potential (V) vs.NHE

CIS aggregates\‘*:x

Fig. 9. Overall PHE mechanism before and after the light irradiation illustrated step-by-step.
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PHE performance. Based on UV-vis spectra (Fig. 4), the significantly
improved light harvesting property in ZIS/CIS-12.5 might be responsible
for the sudden increased trend in PHE performance in ZIS/CIS-12.5/Pt
(Fig. 6b). However, as PL spectra is a useful tool to explore the charge
separation of the photogenerated electron-hole carriers [69-71], the
lower recombination was observed in ZIS/CIS-10.5 compared to
ZIS/CIS-12.5 (Fig. 4). That can be interpreted in terms of the presence of
CIS in a form of single quantum size in core-shell like ZIS/CIS-12.5
photocatalytic system [72]. At this amount (5 wt%) of CIS in this pho-
tocatalytic system might act as a recombination center that inhibits the
electron transfer reducing the PHE performance. On the other hand, it
was not the case for ZIS/CIS-10.5 in which core-shell structure was not
obtained and the contact between ZIS and CIS was poorer. Thus, lower
recombination of charge carriers was observed in ZIS/CIS-10.5 There-
fore, although the light harvesting property is lower in ZIS/CIS-10.5
than that of ZIS/CIS-12.5, the recombination is higher in
ZIS/CIS-12.5. As a result, taken together with the Pt species factor and
the optimum balance between light harvesting and charge recombina-
tion property, the most suitable condition for PHE was achieved in
ZIS/CIS-10.5/Pt among other prepared ZIS/CIS photocatalytic systems.

4. Conclusion

The controlled aggregation of the photoluminescent CIS QDs over
hydrothermally obtained ZIS surface in aqueous media was initiated by
the mercaptocarboxylic acid capping ligand by adjusting the alkalinity
level of aqueous decoration medium. Despite the same amount of CIS
decoration (5 wt%) and in-situ Pt deposition (0.5 wt%) in prepared ZIS/
CIS photocatalytic samples, their photocatalytic hydrogen evolution
performances after 3 h of visible light irradiation (A > 420 nm) differed
significantly. Optimum aggregation control for the highest amount of
hydrogen evolution rate from ZIS/CIS-10.5/Pt was higher than that of
ZIS/CIS-7/Pt and ZIS/CIS-12.5/Pt where CIS formed uniform surface
topology over ZIS surface. Those results remark the importance of the
surface chemical states of most popular cocatalyst Pt noble metal which
was supported by the XPS analysis revealing that ZIS/CIS-10.5 exhibited
the highest content of Pt-Ox and Pt-(OH)x species in comparison with
ZIS/CIS-7 and ZIS/CIS-12.5. Moreover, a similar trend was also
confirmed by the monochromatic light irradiation (A =420 nm)
induced methyl viologen MVv3H) photoreduction to radical (MV ™) over
samples in NayS/NaySO3 (0.35 M/0.25 M) aqueous solution confirming
that ZIS/CIS-10.5 reduced highest amount of MV to MV** implying
the reducing power is the highest in ZIS/CIS-10.5.

This work indicates the importance of the surface chemistry and the
topology in photocatalytic system’s hydrogen evolution performances
that requires Pt cocatalyst that is essential for the sustainable hydrogen
economy.
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