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Hybridization with conductive 2D nanosheets (NSs) attracts plenty of research activities because of its effec-
tiveness for improving the photocatalyst performance of diverse semiconductors. Here, versatile roles of con-
ductive NSs in hybrid-type photocatalysts are systematically investigated with three representative conductive
2D NSs to synthesize highly efficient visible light-active photocatalysts. Among several conductive NS-based
nanohybrids, the RuO, NS-based nanohybrid exhibits the highest photocatalytic activities. Based on systematic
spectroscopic analyses, polar RuO, NS appears to be more effective as electron reservoir, photosensitizer, co-
catalyst and charge carrier pathway in hybrid-type photocatalyst than MoS, and graphene NSs. The high effi-
ciency of RuO, NS as hybridization matrix is attributable to the high surface hydrophilicity, high surface bond
polarity, and enhanced interfacial electronic coupling of this hydrophilic NS with semiconductor. The present
study underscores that hydrophilic conductive metal oxide NS can act as the most efficient hybridization matrix

for exploring high-performance photocatalysts with strong interfacial electronic coupling.

1. Introduction

A great deal of research efforts has been devoted for the efficient
harnessing of solar energy because of its remarkable advantage as one
of the most promising sustainable energy sources [1,2]. As an efficient
methodology to convert solar energy into user-friendly chemical or
electrical energy [3,4], semiconductor-assisted photocatalysis boasts
versatile applicabilities for the photosplitting of water to produce H,
and O,, artificial photosynthesis to convert CO, into C1 compounds,
and the photodegradation of harmful organic and inorganic species
[5-10]. Various research strategies such as chemical substitution, the
control of crystal facet, and the introduction of crystal defects have
been developed to explore high-performance photocatalysts [11-13].
Among them, the hybridization with conductive 2D nanosheet (NS) like
reduced graphene oxide (rGO), transition metal dichalcogenide (TMD),
and transition metal oxide (TMO) is one of the most effective ways to
improve the photocatalytic activity of semiconductor [5,14-19], be-
cause ultrathin thickness and wide 2D lateral dimension of exfoliated
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NSs make it possible to optimize the optical and electronic properties of
hybridized semiconductor [20-22]. Since the photocatalytic efficiency
of semiconductor is strongly dependent on the lifetime of photoexcited
electrons and holes, light absorption region, reaction kinetics of pho-
tocatalysis, and transport of photoexcited charge carriers [23-27], the
beneficial effect of hybridization with 2D NSs heavily relies on their
roles as electron reservoirs, photosensitizers, cocatalysts, and charge
transport pathways [28-31]. Depending on the chemical composition,
these inorganic NSs possess variable band structures, optical properties,
and electrical conductivities, which are closely related to their cap-
abilities for photosensitization, charge separation, and charge transport
[32]. Also, tailorable surface natures of these 2D materials can provide
valuable opportunity to finely control an interfacial electronic coupling
between hybridized species and to study its influence on the photo-
catalyst performance of the resulting nanohybrid [5,33]. Among many
exfoliated NSs ever-studied, the exfoliated 2D NSs of rGO, MoS,, and
RuO, are the most investigated representatives for carbon-based, TMD,
and TMO NSs with high hydrophobicity, intermediate hydrophobicity/
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hydrophilicity, and high hydrophilicity, respectively [5,7,8,16,28-311.
A comparative study about the hybridization effect of these NSs would
be quite valuable not only in understanding mechanism responsible for
the enhancement of photocatalyst performance upon hybridization but
also in exploring novel high-performance NS-based hybrid photo-
catalyst. Despite many studies about the synthesis of conductive NS-
based hybrid photocatalysts [14,34,35], we are unaware of any other
systematic comparative investigation about the relative efficacies of
various conductive NSs in optimizing the photocatalyst performance of
semiconductor and their underlying mechanism.

In this work, a series of conductive NS (RuO,, MoS,, and rGO)-based
nanohybrids are synthesized not only to explore efficient visible light-
active photocatalysts but also to elucidate crucial factor governing the
photocatalyst functionality of hybrid-type material. The versatile roles
of TMO, TMD, and rGO NSs as electron reservoirs, photosensitizers,
cocatalysts, and charge transport pathways are systematically in-
vestigated with a series of well-designed experiments. To understand
the effect of the chemical bonding nature of NS on the functionality of
nanohybrids, the interfacial electronic couplings in the present nano-
hybrids are also studied with diverse spectroscopies and density func-
tional theory (DFT) calculations.

2. Experimental
2.1. Sample preparation

The positively-charged CdS quantum dot (QD) was prepared by
reacting cadmium acetate dehydrate (1.33 g, 5mmol), 2-aminoetha-
nethiol hydrochloride (1.42 g, 12.5 mmol), and thioacetamide (0.47 g,
6.25 mmol) in distilled water (250 mL) [36]. According to the previous
report [37], the exfoliated RuO, NS was obtained by the reaction of
protonated Nag,RuO, material with excess tetrabutylammonium
(TBA™) ions for > 10 days. The exfoliation of MoS, was achieved by
the reaction of Li-intercalated MoS, with distilled water, yielding me-
tallic 1 T MoS, NS [38]. The colloidal suspension of rGO NS was pre-
pared by the reduction of graphene oxide synthesized by the modified
Hummers’ method or purchased from Aldrich Chemical (Both the rGO
NSs gave similar results for the resulting nanohybrids) [5,39]. All the
obtained RuO,, MoS,, and rGO NSs showed negative zeta potentials of
—42, —40, and — 37 mV, respectively, indicating the common negative
surface charges of these NSs, see Fig. S1 of Supporting information.
Based on this result, intimately-coupled nanohybrids of CdS—RuO,,
CdS—MoS,, and CdS—rGO were synthesized by an electrostatically-
derived self-assembly between anionic NSs and cationic CdS QD, as
illustrated in Fig. 1A. The colloidal suspension of cationic CdS QD was
added into the colloidal suspensions of these NSs (1 mol% with respect
to CdS) under vigorous stirring. After the reaction at 60 °C for 3 h, the
precipitated nanohybrids were collected by high-speed centrifugation,
washed thoroughly with distilled water and ethanol, and then vacuum

,’ »
RuO, NS

¢6e
¢ @

Positively
charged

A

MoS, NS

CdSR

» i
CdsSM
CdS QDs
rGO NS CdSG

Applied Catalysis B: Environmental 257 (2019) 117875

oven-dried at 40 °C. These materials are denoted as CdSR, CdSM, and
CdSG, respectively. Additionally, the hybridization of TiO, nano-
particles with the exfoliated RuO,, MoS,, and rGO NSs was conducted
by adding colloidal suspensions of each NS into aqueous dispersion of
P25 TiO, nanoparticles. After the addition, the flocculation between the
reactants occurred. The resulting precipitates were restored by the
above-described process.

2.2. Characterization

The zeta potential and dynamic light scattering (DLS) data of the
present RuO,/MoS,/rGO NSs were measured by the Zetasizer Nano ZS
(Malvern Instruments). The surface areas of the conductive NSs were
evaluated with N, adsorption —desorption isotherms at liquid nitrogen
temperature using Micromeritics ASAP 2020. The crystal structures of
the present nanohybrids were examined with powder X-ray diffraction
(XRD) analysis (Rigaku, A =1.5418 A, 25°C). Field emission-scanning
electron microscopy (FE-SEM, Jeol JSM-6700 F) and energy dispersive
spectrometry (EDS)—elemental mapping analyses were carried out to
probe the crystal shapes and elemental compositions of the present
nanohybrids. The hybrid structures of the present materials were stu-
died with transmission electron microscopy (TEM, Jeol JEM-2100F,
200 kV). The chemical compositions of the present nanohybrids were
examined with inductively coupled plasma (ICP) spectrometry
(PerkinElmer Optima-4300 DV) and EDS analysis. The photocatalytic
activities of the present nanohybrids were evaluated by employing the
H, and O, evolutions and photocurrent measurement under visible
light-illumination. For both the photocatalyst activity tests, visible light
from Xe lamp (300W, Newport) with the optical cut-off filter
(A > 420nm) and water filter was illuminated on the present mate-
rials (50 mg). The mixed solution (100 mL) of 0.1 M sodium sulfide and
0.02 M sodium sulfite was utilized as a hole scavenger (H, evolution).
For the evolution tests of O, 200 mg of photocatalyst was suspended in
150 mL of 0.02M AgNOs; solution used as an electron scavenger. The
evolutions of H, and O, gas were quantified using gas chromatography
(Shimadzu GC-2014). The photocurrent generation was also examined
using a potentiostat (IVIUM) with a three-electrode cell to monitor the
evolution of the photocatalyst performance of CdS QD upon the hy-
bridization. A Pt wire and a saturated calomel electrode (SCE) electrode
were employed as a counter electrode and a reference electrode, re-
spectively. 0.1 M Na,SO4 solution was utilized as an electrolyte. The
working electrode was fabricated by an indium tin oxide (ITO) glass
coated with Nafion/ethanol/nanohybrids. The effective area of working
electrode was 1 cm? The electrolyte was purged with N, gas for 0.5h
before the measurements. The evolutions of optical property and charge
recombination upon hybridization were investigated with diffuse re-
flectance UV —vis and photoluminescence (PL) spectroscopies, respec-
tively. Diffuse reflectance UV —vis spectroscopic measurements were
carried out with a JASCO V-760 spectrometer, in which an integrating
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Fig. 1. (A) Schematic diagram of self-assembly route to CdSR, CdSM, and CdSG nanohybrids. (B) Powder XRD patterns of the pristine Nag ;RuO,, MoS., rGO, CdS

QD, CdSR, CdSM, and CdSG. (C) TEM images of CdSR, CdSM, and CdSG.
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sphere and the reference BaSO, were utilized. The PL signals from CdS-
containing materials were obtained at the detection wavelength of
550 nm, which is the maximum of the PL spectra (Aex = 315 nm). To
examine the interfacial electron transfer between CdS and conductive
NS, time resolved photoluminescence (TRPL) spectroscopy was carried
out for the present nanohybrids for assessing the PL lifetimes. The
electrochemical impedance spectroscopy (EIS) measurements were
carried out with an impedance analyzer (IVIUM), in which an AC vol-
tage amplitude of 10 mV was applied in the frequency range of 100
mHz to 10 KHz. The electrical conductivities of the present NSs were
measured by employing the four-point contact method for the free-
standing films composed of layer-by-layer-stacked NSs prepared by the
vacuum filtration of the corresponding suspensions. The X-ray photo-
electron spectroscopy (XPS) data were collected for a thin layer of the
sample on highly conductive copper foil using XPS spectrometer. All the
XPS data were calibrated on the basis of the adventitious C 1s peak at
284.6 eV to rule out the spectral modification by the charging effect. All
the present X-ray absorption spectra were measured in a transmission
mode at the beam line 10C of Pohang Accelerator Laboratory (PAL,
Pohang, Korea). The energies of the measured data were calibrated with
a reference to simultaneously measured Cd metal spectrum. All the data
were analyzed using the standard procedure as reported previously
[40]. The contact angle measurements were carried for water droplet
on the freestanding films of the present NSs with a DSA 100 (KRUSS)
instrument.

2.3. DFT calculations

DFT calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) [41]. We used Perdew — Burke — Ernzerhof
(PBE) functional [42] to describe the exchange-correlation energy
along with the DFT-D3 scheme to correct the van der Waals interaction
[43,44]. We first optimized the bulk wurzite structures of wurtzite CdS,
and then constructed a non-polar (100) surface model of CdS. To build
interface models of CdSG, CdSM, and CdSR, we interfaced (1 X 1) CdS
with (1 x3) graphene (CdSG), (4x1) CdS with (3 x2) MoS, (CdSM),
and (2 x2) CdS with (3x3) RuO, (CdSR). Reciprocal space sampling
was conducted using Monkhorst-Pack scheme with the grid dimensions
of (7x4x1), (2x5x1), and (4%x2x1) for CdSG, CdSM, and CdSR
models. Atomic structures of interface models were fully optimized
with setting the cutoff energy as 400 eV, and a dipole correction was
applied to eliminate an artificial interaction between periodic images
along the z-direction.

3. Results and discussion

3.1. Characterization of the exfoliated RuO,, MoS,, and rGO NSs and their
hybridized derivatives

As shown in Figs. S2A—C of Supporting information, the lateral
sizes of these conductive NSs are determined to be “300 nm for RuO,
NS, "130 nm for MoS, NS, and "730 nm for rGO NS based on the DLS
analysis. According to N, adsorption — desorption isotherm analysis, the
restacked NSs possess surface areas of "12m2g~! for RuO, NS,
"8m?g~! for MoS, NS, and "49m?g~' for rGO NS (Fig. S2D of
Supporting information). The difference in the surface area of the
present NSs can be ascribed to their dissimilar lateral sizes since the
agglomeration of small-sized NSs leads to the creation of small pores
unavailable for N, adsorption. As plotted in the powder XRD patterns of
Fig. S2E of Supporting information, the present NSs exhibit (00l) Bragg
reflections at low angle region, which are typical of these layered ma-
terials [45-47]. The d-spacings of these materials are calculated as
0.71 nm for RuO, NS, 0.63 nm for MoS, NS, and 0.37 nm for rGO NS,
which are consistent with the theoretical thicknesses of these materials
(0.65 nm for RuO, NS, 0.60 nm for MoS, NS, and 0.35 nm for graphene
NS) [45—-47].
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As presented in the powder XRD patterns of Fig. 1B, all the present
CdSR, CdSM, and CdSG nanohybrids as well as the precursor CdS QD
commonly exhibit broad Bragg reflections of hexagonal CdS phase
(JCPDS no. 41-1049) at 20 = "27°, "44°, and "53°, clearly demon-
strating the stabilization of CdS QD in these materials. In contrast to
CdS QD, no distinct NS-related Bragg reflections are discernible for all
the present nanohybrids. No observation of RuO,/MoS,/rGO NSs-re-
lated peaks reflects the uniform dispersion of these NSs in the present
nanohybrids, because the phase segregation of stacked NSs makes the
related XRD peaks discernible [5]. As illustrated in the FE-SEM images
of Fig. S3 of Supporting information, all the present CdSR, CdASM, and
CdSG nanohybrids display the nanoscale mixing of spherical CdS QDs
with highly anisotropic 2D RuO5/MoS2/rGO NSs, confirming the in-
timate hybridization between CdS and these NSs. The homogeneous
hybridization between CdS QDs and RuO5/MoS,/rGO NSs is further
evidenced by the EDS —elemental mapping analysis showing uniform
distribution of all the component elements over the entire part of the
nanohybrids, see Fig. S3 of Supporting information. As presented in
Fig. 1C, TEM analysis for CASR, CdSM, and CdSG nanohybrids provides
strong evidence for intimate hybridization between CdS QDs and ex-
foliated RuO5/Mo0S,/rGO NSs. Based on the combined analysis of ICP
and EDS, the molar ratios of conductive NSs in the CASR, CdSM, and
CdSG nanohybrids are evaluated as 0.83, 0.92, and 1.01 mol%, re-
spectively, which are comparable to the initial ratio of 1 mol% in the
precursors.

3.2. Photocatalytic activity tests

The effect of hybridization with exfoliated RuO,, MoS,, and rGO
NSs on the photocatalytic activity of CdS QD is studied by monitoring a
series of photocatalytic tests including visible light-induced H, evolu-
tion, photocurrent generation, Cr(VI) reduction by the present nano-
hybrids. As can be clearly seen from Fig. 2A, all the present nanohybrids
induce efficient photocatalytic H, evolution under visible light-illumi-
nation (A > 420 nm) than does the precursor CdS QD; the rate of H,
evolution is estimated as 990, 695, 486, and 471 pmol h™! g_1 for
CdSR, CdSM, CdSG, and CdS QD, respectively. Among the materials
under investigation, the CdSR nanohybrid displays much higher visible
light photocatalytic activity than does the pristine CdS QD, under-
scoring its excellent electrocatalyst performance. Actually, the present
RuO,-based nanohybrid is one of the most promising photocatalysts for
visible light-induced H, generation. The beneficial effect of hybridiza-
tion with the conductive NSs on the photocatalyst performance of CdS
becomes more prominent in the order of CdSG < CdSM < CdSR,
clearly demonstrating an efficient role of RuO, NS as an additive in
enhancing the photocatalyst performance of CdS QDs. Similarly, the
CdSR nanohybrid displays a higher activity for the photocurrent gen-
erations and Cr(VI) reductions under visible light-illumination
(A > 420nm) than do the CdASM and CdSG nanohybrids, see Fig. 2B
and C. This result confirms a better efficiency of hybridization with
RuO, NS in optimizing photocatalyst functionality than those with
MoS, and rGO NSs. Of noteworthy is that, in contrast to the H, evo-
lution, the CdSG nanohybrid shows higher photocatalytic activity of
photocurrent generation compared with that of CdSM, which is attri-
butable to the higher electrical conductivity of rGO NS than MoS, NS.
The beneficial effect of hybridization with conductive NSs on the
photocatalyst performance is supposed to rely on the roles of these NSs
as (1) electron reservoirs, (2) light sensitizers, (3) cocatalysts, and (4)
charge transport pathways, respectively [28-31]. It is therefore highly
demanded to systematically investigate these roles of RuO,, MoS,, and
rGO NSs in the present CdS-containing nanohybrids for understanding
the mechanism responsible for the high efficacy of inorganic NS as
hybridization matrix, as illustrated in Fig. 2D.
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Fig. 2. (A) Visible light-induced H, evolution, (B) photocurrent generation, and (C) Cr(VI) reduction by CdS QD, CdSR, CdSM, and CdSG. (D) The schematic
diagrams of the roles of NSs as electron reservoir, light sensitizer, cocatalyst, and charge transport pathway.

3.3. Relative efficacies of RuO2, MoS,, and rGO NSs as electron reservoirs

Since PL intensity is proportional to the recombination rate of
photoexcited electrons and holes [48], the effect of hybridization with
conductive NS on the charge recombination rate is investigated by
measuring the PL spectra of the CdSR, CdSM, and CdSG nanohybrids as
well as the precursor CdS QD. As plotted in Fig. 3A, the hybridization
with exfoliated RuO,, MoS,, and rGO NSs commonly gives rise to the
remarkable PL depression of CdS QD, indicating the effective preven-
tion of the electron —hole recombination. This result can be regarded as
strong evidence for the efficient electron transfer from CdS to con-
ductive NS, resulting in the depression of the recombination of photo-
excited electrons and holes via their spatial separation. Of prime im-
portance is that the PL depression upon the hybridization becomes
greater in the order of CASG < CdSM < CdSR, indicating the occur-
rence of the most efficient interfacial electron transfer from CdS QD to
RuO, NS. Additionally, the detailed mechanism of electron—hole re-
combination in the present nanohybrids is also investigated with TRPL
spectroscopy to assess the PL lifetimes, see Fig. 3B. According to the
previous report [49], all the measured PL decay signals are fitted to the
biexponential function as follows:

I(t) = Ajexp(—t/t1) + Asexp(—t/T3)

where the PL intensity is I(t) at a delay time of t, A; and A, are the
relative weights of the decay components, and t; and 1, represent the
lifetimes of two decay pathways. As summarized in Table 1, one of the
exponential components shows a faster decay in the range of
0.44 —0.48 ns (1) than the decay of the other component in the range
of 2.10—3.47 ns (t). The fast component (t,) is assigned as the band
edge emission responsible for the recombination of the delocalized
carriers in the internal states of the CdS QD whereas the slow compo-
nent (t;) would originate from the recombination of the localized
carriers at the surface of CdS QD [50]. As shown in Table 1, both the PL
lifetimes of CdS QD corresponding to the band edge emission and trap
state emission are linearly decreased by hybridization with conductive
NS in the order of CdSG > CdSM > CdSR. The fitting result is inter-
preted as a result of the efficient electron transfer from CdS QD to
hybridized NS in the increasing order of rtGO NS < MoS; NS < RuO,
NS, which is in good agreement with the trends in PL intensity change
(Fig. 3A). The observed relative efficiencies of conductive NSs as elec-
tron reservoirs are well consistent with the order of the photocatalyst

performances of the present nanohybrids for visible light-induced Hp
evolution reaction. The efficient role of conductive NSs as electron re-
servoirs is further evidenced by a comparative study of photocatalytic
Cr(VI) reduction by the CdSR, CdSM, and CdSG nanohybrids with and
without RhB reagent, since RhB molecule can act as photosensitizer to
inject photoexcited electron into semiconductor [51]. As plotted in Fig.
S4 of Supporting information, the addition of RhB reagent leads to the
remarkable enhancement of the photoreduction of Cr(VI) by the CdSR,
CdSM, and CdSG nanohybrids, indicating the occurrence of an effective
electron injection from RhB into these nanohybrids. Among the present
nanohybrids, CdSR nanohybrid displays the most prominent enhance-
ment upon the incorporation of RhB molecule, highlighting the most
efficient interfacial electron transfer from RhB to CdSR. This result can
be regarded as another evidence for the efficient role of RuO, NS as
electron reservoir. The present experiments clearly demonstrate a sig-
nificant contribution of the role of conductive NS as electron reservoir
to the improvement of photocatalytic activity upon the hybridization
with conductive NS.

3.4. Relative efficacies of RuO», MoS,, and rGO NSs as photosensitizers

The efficiencies of these conductive NSs as photosensitizers are
examined by measuring the optical properties of CdSR, CdSM, and
CdSG as well as the precursor CdS QD, RuO, NS, MoS, NS, and rGO NS.
As depicted in the diffuse reflectance UV-vis spectra of Fig. 4A, the CdS
QD shows a distinct absorption edge corresponding to its bandgap en-
ergy whereas no absorption edge is discernible for both the rGO and
RuO, NSs, reflecting their metallic properties. The MoS, NS exhibits
weaker visible light absorptivity than do the rGO and RuO, NSs,
strongly suggesting a lower electrical conductivity of MoS, [17]. In
comparison with the CdS QD, all the present CASR, CdSM, and CdSG
nanohybrids demonstrate much stronger absorption of visible light,
indicating the enhancement of visible light absorption caused by the
hybridized conductive NS. The visible light absorptivity of the present
nanohybrids becomes higher in the order of CdSG < CdSM < CdSR,
indicating the highest efficacy of RuO, NS as photosensitizer. Of note-
worthy is that, despite lower absorptivity of MoS, than rGO, CdSM
shows stronger visible light absorption than does CdSG, strongly sug-
gesting more efficient electronic coupling of CdS with MoS, than with
rGO. In addition to the enhancement of visible light absorption, the
hybridization with the conductive NSs causes a distinct red-shift of the
absorption edge of CdS, indicating the expansion of light absorption
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Fig. 3. (A) PL spectra and (B) TRPL decays of CdS QD, CdSR, CdSM, and CdSG.
In (B), the blue lines and red lines represent the fitted lines from the fitting
analysis and the instrumental response functions, respectively (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article).

Table 1
PL decay parameters of the precursor CdS QD and the CdSG, CdSM, and CdSR
nanohybrids.
Sample 7, (ns) Ay (%) 5 (ns) Az (%) x
Cds QD 0.475 81.3 3.47 18.7 0.996
CdsG 0.465 83.5 3.15 16.5 1.016
CdSM 0.443 88.8 2.41 11.2 0.989
CdSR 0.441 89.9 2.10 10.1 1.015

region. According to the determination of the bandgap energy (E,) via
the linear interpolation of a/S absorption coefficients, the E, values of
the present materials are estimated to be "2.80 eV for precursor CdS QD,
"2.32 eV for CdSR, "2.40 eV for CdSM, and "2.67 eV for CdSG, respec-
tively. The alteration of E; upon hybridization increases in the order of
CdSG < CdSM < CdSR. Since negligible structural modification of CdS
QD upon the hybridization with 2D inorganic NSs strongly suggests no
significant alteration of its band structure, the observed decrease of E,
after hybridization can be ascribed to the occurrence of an interfacial
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electron excitation from valence band of CdS QDs to empty band of 2D
inorganic NSs, resulting in the decrease of absorption energy. Such a
direct electronic transition between hybridized nanospecies with sig-
nificant lowering of E; has been reported for exfoliated 2D nanosheet-
based hybrid materials with unusually strong interfacial electronic
coupling [52,53]. This interpretation is evidenced by the stronger red-
shift of absorption edge for CASR with stronger electronic coupling than
for CASM and CdSG nanohybrids with weaker electronic coupling
[53,54]. The present UV —vis results clearly demonstrate that the polar
RuO, and MoS, NSs can act as highly effective photosensitizers, which
is superior to rGO NS. The wavelength-dependent H, generation is also
examined for the present nanohybrids using several cutoff filters. As can
be seen clearly from Fig. 4B, both the CASR and CdSM nanohybrids can
induce more efficient H, generation upto 450 nm than the other ma-
terials, confirming the effective roles of RuO, and MoS, NSs as photo-
sensitizers.

To further verify the relative efficiencies of the exfoliated RuO,,
MoS,, and rGO NSs as visible light sensitizers, these NSs are hybridized
with wide bandgap semiconductor of TiO,, i.e. P25. The resulting
TiO5 —RuO,, TiO;—MoS,, and TiO,—rGO nanohybrids are tested as
photocatalysts for visible light-induced H, generation (A > 420 nm) to
evaluate their roles as visible light photosensitizers. As plotted in
Fig. 4C, the TiO,—RuO, nanohybrid displays a distinct photocatalytic
activity for visible light-induced production of H, gas, which is in stark
contrast to the weak photocatalytic activities of TiO,—MoS, and
TiO, —rGO nanohybrids. All the present experimental findings high-
light that the exfoliated RuO, NS can be used as the most efficient
photosensitizer for exploring visible light photocatalysts.

3.5. Relative efficacies of RuO,, MoS,, and rGO NSs as cocatalysts

To probe the relative efficacies of the exfoliated RuO,, MoS,, and
rGO NSs as cocatalysts, the CdS QD is electrophoretically deposited on
transparent ITO substrate and then the top surface of the resulting films
is tightly covered with these NSs using spin coating technique, as illu-
strated in Fig. 4D. The full coverage of multilayer film surface by the
RuO,, MoS,, and rGO NSs is confirmed by FE-SEM analysis. Since the
photocatalytic H, generation occurs only on the top NS layer acting as
the photocatalysis reaction sites, the photocatalyst performances of
these films provide a quantitative measure for the cocatalyst roles of
RuO,, MoS,, and rGO NSs for providing photocatalyst reaction sites. To
avoid the interference effect of light absorption by top conductive NS
layer on the photocatalytic activities of the resulting films, H, genera-
tion experiments are carried out with the illumination of visible light
from the back side of film (Fig. 4D). As plotted in Fig. 4E, the RuO5 NS-
covered film shows a significantly higher photocatalytic activity for
visible light-induced H, generation than does uncovered CdS film,
clearly demonstrating the certain role of this metal oxide NS as a co-
catalyst. Conversely, the other NS-covered films exhibit only a weak
improvement of photocatalytic activity compared with the bare CdS
film. The present result clearly demonstrates the superior role of RuO,
NS as a cocatalyst over the other NSs.

3.6. Relative efficacies of RuO,, MoS», and rGO NSs as charge transport
pathways

The evolution of electron transport property upon hybridization
with conductive NS is crucial in optimizing the migration of photo-
excited electrons and holes into the surface reaction sites [55]. The
relative efficacies of exfoliated RuO,, MoS,, and rGO NSs as charge
transport pathways are investigated by measuring the EIS data of the
CdSR, CdSM, and CdSG nanohybrids and the electrical conductivities
of the hybridized NSs. As depicted in the EIS data of Fig. 5A, the charge
transfer (CT) properties of the present materials become improved by
hybridization with conductive NS in the order of MoS; NS < rGO
NS < RuO; NS, emphasizing the superior role of RuO, NS over rGO
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with RuO,, MoS,, and rGO NSs.

and MoS, NSs as CT pathway. This result is further confirmed by the
electrical conductivity measurement for freestanding films composed of
corresponding layer-by-layer-stacked exfoliated NSs [56-58]. As
plotted in Fig. 5B, the electrical resistances of these NS films become
smaller in the order of MoS; NS < rGO NS < RuO, NS, which is in
good agreement with the EIS data. These results underscore that the
efficiency of the present conductive NSs as electron pathways increases
in the order of MoS; NS < rGO NS < RuO, NS. Considering the better
photocatalyst performance of CASM than CdSG for H, generation, the
role of charge transport pathway seems to make only a limited con-
tribution to the enhanced photocatalytic activities of the present na-
nohybrids (Fig. 2A). However, a better performance of CdSG than
CdSM for photocurrent generation underscores the importance of high
conductivity for creating photocurrent.

3.7. Interfacial electronic coupling of CdS with RuO,, MoS,, and rGO NSs

Since the electronic coupling between CdS and incorporated NSs
would have remarkable influence on the roles of these NSs as electron
reservoirs, photosensitizers, and charge transport pathway, the inter-
facial CT between CdS QDs and exfoliated RuO,/MoS,/rGO NSs is in-
vestigated with surface-sensitive XPS technique. The Cd 3d XPS data of
the present CdSR, CdSM, and CdSG nanohybrids as well as CdS QD are
presented in Fig. 6A. Typical spectral features of CdS phase are com-
monly observed for all the present nanohybrids [59]. The hybridization
with RuO, NSs leads to the significant displacement of the Cd 3ds,, and
Cd 3d3,» peaks of CdS component toward high energy side, indicating
an electron transfer from CdS to RuO,. This finding provides strong
evidence for the role of RuO, as an efficient electron reservoir. In
comparison with the CdSR nanohybrid, weaker spectral modifications
of Cd 3d XPS features occur for the CdASM and CdSG nanohybrids,
highlighting weaker interfacial electron coupling with MoS, and rGO
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Fig. 5. (A) EIS data of CdS QD, CdSR, CdSM, and CdSG. The inset shows the close-up view at low impedance range. (B) Electrical resistances of the freestanding films

of restacked RuO,, MoS,, and rGO NSs.
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NSs than RuO, NS. The enhanced electronic coupling between CdS QD
and RuO, NS is mainly responsible for the remarkable evolution of the
PL and diffuse reflectance UV —vis spectra of CdS upon the hybridiza-
tion with RuO, NS. In contrast to the Cd 3d XPS data, there is only a
weak shift in the S 2p XPS spectra, indicating the negligible change of
sulfur species upon the hybridization, see Fig. 6B.

The evolution of the local structure of CdS upon the hybridization
with conductive NSs is investigated with Cd K-edge extended X-ray
absorption fine structure (EXAFS) analysis. As presented in Fig. 6C, all
the present nanohybrids display typical Fourier transformed (FT) data
of CdS, indicating the maintenance of CdS lattice upon the hybridiza-
tion. All the present EXAFS spectra can be well-reproduced with CdS
structure. As summarized in Table S1 of Supporting information, the
hybridization with conductive NSs leads to the decrease of (Cd—S)
bond distance, indicating the increase of (Cd —S) bond covalency due to
the electron transfer from CdS to hybridized NS. This bond shortening
upon hybridization is more prominent for CASR and CdSM than for
CdSG, confirming more efficient electron transfer from CdS to polar
RuO,/MoS, NSs. Summarizing the XPS and EXAFS results presented
here, the interfacial CT of the present materials becomes enhanced in
the order of CdSG < CdSM < CdSR.

To understand the difference in the interfacial electronic coupling
between CdS and additive NSs, the surface hydrophilicities of these NSs
are probed by contact angle measurement for the corresponding free-
standing films. Because of unusually high anisotropic 2D structures of
incorporated NSs, the surface natures of these NSs largely affect an
interfacial interaction of conductive NSs with CdS QDs. As illustrated in
Fig. 6D, the RuO film exhibits a small contact angle of 26.5°, reflecting
the hydrophilic surface nature of this metal oxide NSs. In comparison,
larger contact angles of 53.0° and 84.5° are discernible for MoS, and
rGO films, respectively. The observed order of the surface hydro-
philicity of the present NSs, i.e. rtGO NS < MoS, NS < RuO, NS, is in
good agreement with the observed trend of electronic coupling, un-
derscoring the crucial role of surface bonding nature in enhancing
electronic coupling with polar semiconductor like CdS. The observed
remarkable difference in the surface hydrophilicity of these conductive
NSs causes a significant alteraction of interfacial interaction at the
heterojunction of the present nanohybrids.

The electronic coupling of CdS with hybridized RuO,, MoS,, and
rGO NSs is theoretically investigated with DFT calculations. As shown
in Fig. 7A—C, DFT-optimized structures yield interdistance of 2.52 A,
2.85A, and 3.37A for CdS—RuO,, CdS—MoS,;, and CdS-rGO

interfaces, respectively. Bader charge [60] and planar-averaged differ-
ential charge density (Ap of before and after hybridization) further
elucidate that a closer interaction enables the more signified CT; the CT
at the CdS —rGO interface marginally occurs (0.01e™ from CdS to rGO),
while an order or magnitude enhanced CT is found for the CdS —MoS,
interface (0.11e” from CdS to MoS,), and even another order of mag-
nitude enhanced CT is found for the CdS — RuO,, interface (1.14e~ from
CdS to RuOy,). This trend is in consistent with our experiments.

The band structure analysis clearly demonstrates that the enhanced
CT at the CdS—RuO, interface is manifested by the orbital —orbital
hybridization. The valence band (VB) edges of CdS mostly consist of p-
bands of sulfur atoms (Fig. S5 of Supporting information); px-band for
the VB maximum and pz-band for the second maximum. After the hy-
bridization of CdS with RuO,, as shown in Fig. 7D and E, the pz-bands
are significantly hybridized with the RuO, states, which provide a
channel for electron transfer. The DFT results presented here under-
score that the efficiency of electronic coupling of conductive NS with
hybridized semiconductor is well-correlated with its surface hydro-
philicity.

3.8. XRD, FE-SEM, photocatalytic O evolution, and PL analyses of
AgsPO4— RuO,/MoS,/rGO nanohybrids

The versatile usefulness of hybridization with metal oxide NS in
exploring the high-performance photocatalyst is further evidenced by
the comparative study for conductive NS-based nanohybrids containing
oxygen-evolving AgsPO, photocatalyst. These nanohybrids are syn-
thesized by the crystal growth of AgzPO,4 on the exfoliated rGO/MoS,/
RuO, NSs, according to the previously-reported method [5]. As plotted
in Fig. S6 of Supporting information, the AgzPO4—RuO, nanohybrid
shows much higher photocatalytic activity for visible light-induced O,
generation than does the pristine AgzPO,4, underscoring the excellent
photocatalyst performance of the RuO, NS-based nanohybrid. The
photocatalyst functionality of the AgsPO4—RuO, nanohybrid is better
than those of the Ag;PO4—MoS, and AgzPO4—rGO nanohybrids, ver-
ifying universal role of conductive metal oxide NS as a superior hy-
bridization matrix. A strong electronic coupling of AgsPO, with RuO,
NS is confirmed by the most prominent depression of PL upon the hy-
bridization with RuO, NS (Fig. S6 of Supporting information). The
present experimental finding underscores that the hybridization with
hydrophilic conductive metal oxide NS can provide a highly effective
way to enhance the photocatalytic activity of semiconductors and the
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roles of conductive NSs as charge reservoir/photosensitizer and charge
transport pathway are crucial in enhancing the photocatalyst perfor-
mance of the resulting nanohybrid for photocatalytic reaction and
photocurrent generation, respectively.

4. Conclusions

In conclusion, systematic comparative experiments presented here
enable to evaluate the relative efficiencies of the present representative
NSs for versatile roles; (1) electron reservoir efficiency: rGO
NS < MoS, NS < RuO, NS, (2) photosensitizer efficiency: rGO
NS < MoS; NS < RuO; NS, (3) cocatalyst efficiency: MoS,; NS < rGO
NS < RuO; NS, and (4) electron pathway efficiency: MoS; NS < rGO
NS < RuO, NS. Among the present materials, the RuO, NS-based
CdSR nanohybrid is one of the most promising photocatalysts for
visible light-induced H, generation. The present study clearly demon-
strates that the conductive metal oxide NS with high surface hydro-
philicity can act as the most effective hybridization matrix for enhan-
cing the photocatalytic activity of semiconductor. The improvement of
photocatalyst performance upon the hybridization with the conductive
NSs is concluded to heavily rely on their roles as charge reservoirs to
suppress the electron —hole recombination and photosensitizers to en-
hance visible light harnessing. The role of conductive NS as electron
transport pathway is more important for photocurrent generation than
for H, generation. Based on the results of XPS, EXAFS, contact angle
measurement, and DFT calculation, the excellent efficiency of con-
ductive metal oxide NS as hybridization matrix can be understood as a
result of its polar surface bonding nature, allowing a strong interfacial
electronic coupling with semiconductor. We can conclude that an in-
terfacial electronic coupling is the most crucial factor in designing and
synthesizing high-performance hybrid-type photocatalysts.

Considering the fact that, in addition to photocatalyst performance,
the electrocatalyst and electrode functionalities of inorganic solids can
be effectively enhanced by hybridization with conductive NSs [61],
comparative study with representative conductive NS-based hybrid
electrocatalysts/electrodes can give useful insight for optimizing these
electrochemistry-related functionalities of hybrid materials. Our cur-
rent project is to employ the present conductive rGO, MoS,, and RuO,
NSs as hybridization matrices for diverse electrochemically-active ma-
terials like metal, metal chalcogenide, and metal hydroxides for

elucidating crucial factors in synthesizing efficient NS-based hybrid
electrocatalysts and electrodes.
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