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Improved photocatalytic activity in RuQ,/ZnO nanoparticulate
heterostructures due to inhomogeneous space charge effects
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New 2-6 wt% RuO,/ZnO heterojunction nanocatalysts were synthesized by a straightforward two-step procedure. They were
composed of a porous network of aggregated 25-nm wurtzite ZnO nanocrystallites modified with RuO, and showed enhanced light
absorption in the visible region due to surface plasmon resonance. In order to investigate the energetic structure of the photocatalyst XPS
core line and valence band spectra of in-situ in UHV prepared heterointerfaces were compared to results obtained from the particles. The
shift of Zn 2p3/, and O 1s core level spectra were determined to be at least 0.80 + 0.05 eV for the in situ prepared heterojunction whereas
it was found to be 0.40 + 0.05 and 0.45 + 0.05 eV, respectively in the photocatalysts. The different values were ascribed to the reduced
size of the particles and the different measurability of band bending at the interface of the heterojunction RuO,/ZnO compared to the
nanoparticles. The RuO,/ZnO photocatalysts showed higher photocatalytic activity and recyclability than pure ZnO for the degradation
of various dyes under UV light irradiation due to vectorial charge separation of photogenerated electrons and holes resulting from
internal electric field, the ruthenium oxide acting as a quasi-metallic contact.

were achieved with ZnO-based coupled semiconductor systems

1 Introduction such as ZnO-TiO,,'319%2! 7Zn0-Sn0,,?>?32+232627 ¢ 7n0-
WO,;,2%% that led to enhanced photocatalytic efficiencies. On the
so other hand, loading noble metals on the surface of ZnO
semiconductor also allowed for improving the photocatalytic

activity of semiconductor via efficient trapping of the charge
30,31,32

Environmental issues along with the continuous increase of
energy demands arising from the global population growth
require the development of advanced technologies for the
production of green fuels. Also solutions for the efficient
elimination of harmful pharmaceutical or organic pollutants are
needed. In this context, semiconductor heterogeneous
photocatalysis appeared to be a versatile concept for green
technology,"” and was applied in a wide range of applications as
hydrogen production, C-C bond formation, carbon dioxide
remediation and depollution.> While anatase titanium dioxide
(TiO,) is the best understood semiconducting metal oxide
prototype material for various photocatalytic applications,*> zinc
oxide (ZnO) has been considered as a suitable alternative to
titania owing to its nontoxicity, close band-gap energy (3.37 eV),
high electron mobility (205-1000 cm®.V~"'.s™),° large excitation
binding energy (60 meV),” straightforward tailoring of the
nanostructures and easy modification of the surface structure.®’
Thus, ZnO showed better efficiency than TiO, in the
photocatalytic decomposition of organic dyes either in organic or
in aqueous media.'®'"'*!* However, the fast recombination rate
of photoinduced electron-hole pairs produced during
photocatalytic processes has hampered the application of ZnO.
To circumvent these limitations, the design and modification of
advanced ZnO photocatalysts with high sensitivity and reactivity
have attracted much attention. One of the most promising ways
for improving the photocatalytic performance consists in
designing ZnO-based heterostructures or nanocomposites with
finely tuned electronic properties.'*!>'%!” Thus, increased charge
separation yields and extended energy range of photoexcitation

carriers.
Among the metallic materials that can be combined with ZnO
ss for photocatalytic efficiency improvement, ruthenium(IV) oxide
(RuO,), that belongs to the family of transition metal oxides with
rutile-like structure, represents an attractive candidate owing to
its high chemical stability in both acidic and alkaline media, high
conductivity,” excellent diffusion barrier properties and easy
processing as nanomaterials.>**> In particular, RuO, has an
intrinsic submetallic property and its Fermi level EF is located in
the partially filled Ru 4d state’*” Thus, RuO,-based
nanomaterials were used for CO oxidation in sensors,® CO and
CO, methanation,*® HCI oxidation,*® chlorine electrogeneration41
and water splitting.*> Furthermore, combined in small amount
with TiO,, RuO, acts as an efficient hole and electron transfer
catalyst* which was exploited in various photocatalytic reactions.
44454647 Considering the similar electronic properties of TiO, and
ZnO, and the high work function of RuO,, 8 situated in the band
70 gap above the valence band of ZnO, a suitable band alignment
should be reached in RuO,/ZnO heterostructures favoring charge
separation and, as a result, high photocatalytic efficiencies.
However, to the best of our knowledge, no effort has been
devoted to develop RuO,/ZnO nanocatalysts for improving the
photocatalytic performances of ZnO. In addition, the
heterointerface of RuO,/ZnO composites still remains largely
unexplored.*
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We hereafter describe a systematic study on the effect of RuO,
modification of ZnO nanopowders on its photocatalytic activity
along with a determination of the band alignment in RuO,/ZnO
nanocomposites. Nanosized ZnO particles were first prepared by
homogeneous precipitation using urea as precipitating agent
followed by calcination, and, then, RuO,/ZnO systems were
prepared by impregnating the ZnO in ruthenium (III) chloride
hydrate (RuCl;.xH,0) solution followed by calcination in air. The
photocatalytic activity and recycling ability of the resulting
RuO,/ZnO heterostructures were investigated by decomposition
of both cationic (methylene blue (MB)) and anionic (methyl
orange (MO)) dyes under UV irradiation and compared to those
of ZnO and commercial TiO, (P25) nanopowders. The
enhancement in photocatalytic activity due to the presence of
RuO, is studied by characterization of the materials and
optimization of the reaction conditions. To highlight the
relationship between the electronic properties and the
photocatalytic activity, Ultraviolet Photoelectron Spectroscopy
(UPS) and X-ray Photoelectron Spectroscopy (XPS) studies
allowed for determining the band alignment of the RuO,/ZnO
photocatalyst. The effective charge separation related to the
semiconductor heterojunction is responsible for the enhanced
photocatalytic properties of the RuO,/ZnO photocatalysts.

2 Experimental method

2.1 Preparation of heterostructure photocatalysts

Starting chemicals were purchased from Aldrich or Acros
Organics in analytical grade and used as received. ZnO
nanoparticles were first prepared by a homogeneous precipitation
method from a solution of zinc diacetate dihydrate using urea as a
precipitant. In a typical procedure, 1.62 g (7.4 mmol) of
Zn(CH;C00),.2H,0 was dissolved in 200 mL of deionized water
containing 6 g (100 mmol) of urea. The solution was stirred at
room temperature in a round bottomed flask until a homogeneous
solution was obtained, and then further heated at a temperature of
90 °C for 4 h. Upon completion of the reaction, the white
precipitate obtained was centrifuged at 5000 rpm for 10 min and
washed with deionized water until neutral pH. After elimination
of the supernatant, the resulting powder was dried at 110 °C
overnight followed by calcination at 350 °C in air for 2 h yielding
ZnO nanoparticles (0.5 g, yield: 70%) that are named pure ZnO.
RuO,/ZnO heterostructures were prepared in the second step
using the impregnation method. In a typical procedure, a suitable
amount of ruthenium (III) chloride hydrate (RuCl;.xH,0) was
dissolved into 50 mL deionized water. ZnO nanopowder (0.3 g)
was then dispersed into the solution and was vigorously stirred
for 8 h. After evaporation of the solvent and drying in air at 110
°C overnight, annealing at 350 °C in air for 2 h gave desired
RuO,/ZnO photocatalysts (0.3 g). The content of RuO, in
RuO,/Zn0O samples was tuned by changing the concentration of
the ruthenium (III) chloride hydrate solution. The samples
containing 2, 4, and 6wt% of RuO, were obtained by adding
0.0183, 0.0374 and 0.0573 g of ruthenium (III) chloride hydrate,
respectively, to deionized water (50 mL). The resulting samples
are hereafter named 2wt% RuO,/Zn0O, 4wt% RuO,/ZnO, and
6wt% RuO,/ ZnO nanocomposites.
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2.2 Characterization methods

The Fourier Transform Infrared (FTIR) spectra were recorded
in pressed KBr pellets on a Perkin-Elmer Spectrum 100 FTIR
spectrophotometer. Raman studies were carried out in the solid
state on a Labram 1B spectrometer using a red laser beam (632
nm). X-ray diffraction (XRD) studies were recorded on a Bruker
AXS diffractometer (D2 PHASER A26-X1-A2B0D3A) using a
Cu anode (Ko radiation). A continuous scan mode was employed
to collect 26 data from 10-80° with a 0.1° sampling pitch and a 2°
min™' scan rate. The average crystallite size of the nanomaterials
prepared was deduced from FWHM (full width at half maximum)
according to Scherrer’s formula (applied to the {101}
reflection).”® Nitrogen adsorption-desorption measurements were
carried out with an ASAP2010 micromeritics equipment on
samples degassed at 120 °C under vacuum. The specific surface
areas (Sprr) were calculated by applying the BET (Brunauer-
Emmett-Teller) equation between 0.1 and 0.3 relative pressures.”'
The nitrogen adsorption-desorption isotherms were measured at
liquid nitrogen temperature (77 K) taken P/P, from 0 to 0.99.
Pore size distributions were evaluated by the Barrett, Joyner,
Halenda (BJH) model applied to the adsorption branch of the
isotherms. HR-TEM images were recorded with JEOL JEM-
2200FS microscopes after dispersing the powders in ethanol and
coating a small droplet of the suspension on holey carbon (Cu)
grid. UV-VIS diffuse reflectance spectra (DRS) of the samples
were measured at room temperature in the wavelength range of
200-800 nm using an UV-VIS-NIR spectrometer (Lambda 900).
Pure powdered BaSO, was used as a reference. The band gap
energy (E,) of the various samples prepared was deduced from
their absorption spectra by using the following equation (Tauc
relation), a(iv) = A(hv — E,)" where o, v, E,, 4 and n are the
absorption coefficient, light frequency, band gap energy, a
constant and a parameter depending on the nature of the
semiconductor, respectively.>? In the case of powdered materials,
the absorption coefficient (a) can be estimated from the
remission function, F(R), that can be written in terms of diffuse
reflectance (R) of the sample according to the Kubelka-Munk
theory:

(1-R)?

2R
where s is the scattering coefficient.”® Assuming that the
scattering coefficient s is almost constant on the wavelength
range investigated, the remission function F(R) appears
proportional to the absorption coefficient (o). As ZnO is a direct
band gap semiconductor, the optical band gap energies can be
estimated from a plot of [F(R)hv]* as a function of hv. In the
case of a direct transition (n = 1/2),>* extrapolating the linear
region of the above curve, to the abscissa yields the band gap
energies (E,) of the samples studied.

X-ray Photoelectron spectra of the photocatalysts were carried
with a PHOIBOS 225 (Specs GmbH) spectrometer.
Monochromatized X-ray (Ko : 1486.61 eV) from an Al anode
was used for excitation. The spectrometer was referenced to the
core level and valence band spectra of sputtered Au and Ag foils
and a possible charging effect was inferred from the main
component of the C 1s peak, associated with adventitious
hydrocarbons with a binding energy of 284.8 eV as reference for

als=F(R)=
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calibration. The base pressure in the sample during the
measurements was less than 3x10® mbar. The energy band
diagram of the RuO,-ZnO heterostructure was determined by
XPS using well-known procedures from the literature.>>>%>’

Commercial ZnO single crystal substrates (alineason, Frankfurt,
Germany) with the dimension 5 x 5 x 0.5 mm® have been used
for the interface experiments using the DAISY-MAT system
equipped with a Physical Electronics 5700 photoelectron
spectrometer also with monochromatized Al Ko radiation.
Spectral calibration was performed as described above. The
substrates were single-side epi-polished with Zn- and O-
termination, respectively. Before introducing them into the UHV
system, the substrates were cleaned with acetone in ultrasonic
bath for 10 min and rinsed with isopropanol, ethanol, distillated
water, and finally dried with N,. Two pieces of ZnO substrates
with different termination mounted on the same sample holder
were annealed in 0.5 Pa O, at around 400 °C for 30 min in order
to remove the residual hydrocarbon contaminations on the
surface. Additional experiments have been performed with ZnO
thin films deposited in situ by reactive DC sputter deposition onto
conductive glass. The XPS measurements after the cleaning steps
showed no traces of carbon. The deposition of RuO, has been
carried out via reactive DC sputtering (P=10 W) at room
temperature with a metallic Ruthenium target, having a purity of
99.99% and a diameter of 2 inch. A gas mixture of 7.5% O, and
92.5% Ar was used as sputter gas, which yields fully oxidized
and highly conductive RuO, thin films.*® The deposition rate of
RuO; is about 3 nm/min determined by thickness measurements
with a profilometer.

2.3 Photocatalytic experiments

The photocatalytic activities of the nanocomposites were
evaluated in terms of degradation rate of methylene blue (MB) or
methyl orange dye (MO) (Alfa Aesar, reagent grade, used as
supplied) measured at room temperature under air. In each
experiment, 0.1 g of photocatalyst was dispersed in 100 mL of
MB or MO aqueous solution (10 mg/L) to obtain the
concentration of the catalyst at 1.0 g/L. The experiments were
performed in a Pyrex beaker illuminated with a 125 W high
pressure mercury lamp (Philips, HPL-N 125 W/542 E27)
emitting UV light (365 and 313 nm), positioned above the
solution beaker. Prior to irradiation, the suspension was stirred in
the dark for 30 min to reach adsorption/desorption equilibrium.
The solutions were continuously stirred during the experiments.
During the illumination process, 4 mL of the suspensions were
collected at given irradiation time intervals, and then centrifuged
(4000 rpm, 10 min) to separate the nanocomposite particles. The
MB or MO concentration was determined by monitoring the
wavelength of maximum absorption at 4, = 664 nm for MB and
at A,. = 464 nm for MO observed by UV-Visible spectroscopy
(Shimadzu UV-1650 pc spectrophotometer). A calibration plot
based on Beer—Lambert’s law was established by relating the
absorbance to the concentration. In each case, blank experiments
were also conducted with the catalysts in the absence of light and
without the catalysts when the solution containing the dissolved
dye was illuminated. For sake of comparison, the same
experiments were carried out with commercial TiO, (Degussa, P-
25) used as a photocatalytic standard. In some cases, repetitive

60
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T T
400 600

Raman shift (cm™)

Fig. 1 Raman spectra of ZnO (a, black), 2wt% RuO,/ZnO (b, blue),
4wt% RuO,/ZnO (c, red) and 6wt% RuO,/ZnO (d, olive) nanomaterials.
photodegradation of MB during four consecutive cycles was
performed with 1.0 g/ L of catalyst at 10 mg/ L dye concentration
After each cycle, the catalyst was washed with distilled water and
a fresh solution of MB was added before each photocatalytic run.

3 Results and discussion

3.1 Synthesis and Characterization of nanocatalysts

A two-step procedure was set up to prepare RuO,/ZnO
nanocomposites. At first, nanosized ZnO particles
synthesized by the homogeneous precipitation method using zinc
acetate and urea as the precursor and precipitating agent,
respectively. Reaction of zinc acetate with urea at 90°C in
aqueous media led to precipitation of Zn(OH),. The pH of the
solution increased gradually due to the progressive
decomposition of urea into NH; and CO,, yielding the nucleation
and growth of ill-crystallized nanosized particles (Fig. S1) which
were calcined at 350 °C. Further impregnation of the resulting
ZnO nanoparticles with a solution containing a suitable amount
of ruthenium (III) chloride hydrate (RuCl;.xH,0) to include 2, 4
and 6 wt% of RuO, gave the 2 wt%, 4 wt% and 6 wt%
Ru0,/ZnO nanocomposites after annealing in air at 350°C.
Elimination of the undesirable organics and formation of metal
oxide species upon calcination were checked by FTIR
spectroscopy (Supporting information Fig. S2). Thus, irrespective
of the RuO, content, the FTIR spectrum for each RuO,/ZnO
sample showed a broad absorption band centered at 3434 cm’
assigned to the superposition of the stretching vibration bands of
surface hydroxyl groups v(O-H) or adsorbed water molecules
along with a band at 1631 cm™ attributed to bending vibration
3(0-H) of molecular water. Moreover, an intense absorption band
was detected at 505 cm™ assigned to the stretching vibration
mode of Zn-O bonds in zinc oxides.’®> Then, Raman scattering
spectroscopy provided further information concerning the
nanocomposite nanostructure. The thermodynamically stable
ZnO crystallite possesses a wurtzite (hexagonal) structure and
belongs to the space group of Cg,” that leads to expect 4, + 2B, +
E; + 2E, optical phonon modes near the center of the Brillouin
zone according to group theory. Among these optical phonon
modes, 4; and E; modes are both Raman and infra-red active.
Moreover, these 4; and E; modes are polar which split into

were

This journal is © The Royal Society of Chemistry [year]
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transverse optical (TO) and longitudinal optical (LO) phonons. £,
mode consists of two modes of low- and high-frequency phonons A
which are Raman active only and B; modes are silent.®**"6? The
bands in the Raman spectra can be entirely explained on the basis

s of published data for ¢-ZnO:**61* E, (low) at 101 cm ', E,
(high) at 437 cm ™', 4, (TO) at 380 cm ™', E; (TO) at 407 cm ', 4,
(LO) at 574 ecm', and E; (LO) at 583 cm '. The rest of the
vibrations are usually labelled as second order vibrations.** On ®
the other hand, RuO, has a rutile structure, which is tetragonal M

10 with two RuO, molecules per primitive unit cell. According to — A N A ®
the factor group analysis, there are 15 optical modes of RuO,, 0 “ % 80
among which four modes are Raman active with symmetries A, 20
B, By, and Eg.65 The three major Raman features of a rutile B
single crystal RuO,, namely the E, A, and B,, modes are RuO, (110)

s located at 528, 646 and 716 cm’™', respectively.®® Figure 1 shows ™~ @
the Raman spectra of ZnO nanoparticles and RuO,-ZnO
nanocomposites.

The main dominant sharp peak labelled as E, at 438 cm™ is

known as Raman active phonon mode, which was characteristic M

20 of the wurtzite hexagonal phase of ZnO (Fig. 1-a). The very weak | (a
shoulder at 410 cm™ in pure ZnO could be assigned to the mode WMWWMW
of E|(TO),” whereas the features at 205 cm™ and 335 cm™ are o % 5
related to second order modes.®** Finally, the first-order 20 )

R k at 585 ! Id b ibed to the longitudinal
aman peaxa om - courd be aseribed 1o the JONgItudina’ — pio 9 XRD of ZnO (a, black), 2wi% RuO,/ZnO (b, blue), 4wi%

»s optical (LO) phonons of E,. On the other hand, the intensity of Ru0,/Zn0O (c, red) and 6wt% RuO,/ZnO (d, olive) nanomaterials: A: 20
Raman peaks for RuO,-ZnO nanocomposites was enhanced as 35 region of 20-80°. B: expand of the 26 region of 26.5-30°.

compared to pure ZnO with increasing the amount of RuO, on ' ' . o

the surface of ZnO nanocatalysts (Fig. 1b-d), namely for the first scattering by Raman active optical phonons due to polarization

order LO phonon mode. In addition, the red shift of both E, mode by the field of the excitonic states. This scattering is proportional
30 and LO phonon could also be observed. This behaviour might be to the electric ficld and goes through a maximum. The transfer of

related to the presence of an electric field enhancing the

(101)

~
1)
S
=

(002)

©

Intensity (a. u.)

(©)

Intensity (a.u.)

100 nm InK 100 nm Rul 100 nm

40 Fig.3 (A) STEM second electron image (SEI) of 4wt% Ru0O,/ZnO; (B, C) HRTEM image of 4wt% RuO,/ZnO; (D) EDX map of Zn K; (E) EDX map of
RuL; (F) EDX map of Zn K+ Ru L.
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Table 1 Nitrogen sorption porosimetry studies® and apparent rate constants for the degradation of MB® and MO® of ZnO and RuO,/ZnO nanomaterials. *
Surface areas were determined by BET, mean pore diameters by BJH theory (applied to the adsorption branch), and pore volumes by single-point analysis.
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® Kinetic data for the photocatalytic decomposition of methylene blue. © Kinetic data for the photocatalytic decomposition of methyl orange.
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Fig. 4 (A) UV-visible diffused absorption spectra; (B) UV-visible
diffused reflectance spectra; (C) (F(R) hv)* versus hv plot for ZnO (a,
black), 2wt% RuO,/ZnO (b, blue), 4wt% RuO,/ZnO (c, red) and 6wt%
Ru0O»/ZnO (d, olive) nanomaterials.

electrons from ZnO to RuO, leads to the formation of an
interfacial electric field between ZnO and RuO, due to different
work functions. This local electric field increases the electron-
phonon coupling, which led to the enhancement of the Raman
intensity of ZnO. Otherwise, more phonon modes of ZnO have
been activated in RuO,-ZnO nanocomposites compared to ZnO
nanocatalysts.

The crystalline phases of the catalysts were further confirmed
by using XRD analysis (Fig. 2). Irrespective of the RuO, content,
the hexagonal wurtzite zinc oxide phase was clearly identifiable
in the X-ray diffraction patterns of all the samples studied with
main features at d (A) values of {100}(2.815), {002} (2.603),
{101} (2.476), {102} (1.911), {110} (1.625) and {103} (1.477)
in well agreement with the reported data (JCPDS File No. 36-
1451). Moreover, a close view in the 26 range of 20-30° showed
an extra peak at 260 of 28° that could be indexed to RuO, (110)
(Fig. 2B).”" The intensity of RuO, peaks in the nanocomposite
samples increased with the increase in the amount of RuO,
content indicating the formation of RuO, along with ZnO.
Moreover, the average crystal size of ZnO, deduced from line

40

45

70

SgET Pore volume Mean pore size Kapp Kiorm
Photocatalyst (m’.g") (cm’.g) (nm) (min™) (gm2min™)
0.054° 1.74 x 107°
+ + +

7Zn0 311 0.18 +£0.02 23.0+0.5 (0.024)° (077 % 10°
2% Ru0,-ZnO 29+ 1 0.14+0.02 19.0+0.5 0.071° 2.44 x 107
4% RuO,-ZnO 25+1 0.09 + 0.02 14.0+0.5 0.106° 4241070
(0.035)° (1.40 x 107
6% Ru0,-ZnO 2+1 0.08 +0.02 15.0+0.5 0.066° 3.03 x 103
P25 47415 0.13 £ 001 115405 0.101° 2.14x10°
(0.033)° 0.7 x 107%)°

broadening of the (101) diffraction peak according to the Scherrer

TA B ) formula, remained almost unchanged, ie. 25 + 1 nm, with

increasing the RuO, content up to 6%.

To gain further insight of the microstructure, morphology and
texture of the nanocomposites, TEM and N, sorption studies have
been performed on the RuO,/ZnO samples. At low magnification
(Fig. 3A), the formation of nanocrystalline ZnO aggregates made
of pseudo-spherical nanoparticles could be clearly evidenced, the
average size of which are within the range of 25-30 nm which
agrees well with the mean crystallite size deduced from XRD.
The samples are therefore made of a network of aggregated
nanoparticles. Furthermore, HRTEM images revealed the
formation of well-crystallized nanoparticles with an interplanar
distance of about 0.28 nm which is consistent with the lattice
spacing of the (100) plane expected for the hexagonal wurtzite
ZnO (Fig. 3B-C). Moreover, the formation of RuO, particles was
assessed by EDX mapping (Fig. 3D-F), the measured weight
percentage of RuO, being 3.75 wt% that is in close agreement
with the expected one, i.e. 4 wt% (Fig. S3). As far as the N,
sorption studies are concerned, each sample studied exhibited
type-II N, sorption isotherm typical of a porous material
including mainly large mesopores or macropores (Fig. S4). The
pure ZnO catalyst showed a BET surface area of 31 m’.g”" with
mean pore diameter and total pore volume of 22.9 nm and 0.18
cm’/g, respectively. Upon loading with RuO,, the BET surface
area, mean pore diameter, and total pore volume slightly
decreased with increasing the RuO, amount (Table 1). The
decrease in BET surface area could result from the blocking of
mesopore dimension when RuO, particles were deposited.

Finally, to determine their optical properties and estimate their
energy band gap, the various photocatalysts prepared were
investigated by Diffuse Reflectance UV-visible spectroscopy
(DRS) (Fig. 4).”* For each sample, a significant increase in the
absorption at wavelengths shorter than 400 nm could be assigned
to the intrinsic band gap absorption of ZnO (Fig. 4A). More
interestingly, compared to pure ZnO, the RuO,/ZnO
nanocomposites showed an enhanced absorption in the visible
region suggesting that these samples could be efficient for
photocatalysis under visible light. In addition, the absorption
increased with raising the RuO, content. This trend could be
clarified in more details from UV-Vis diffused reflectance spectra

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 5



Physical Chemistry Chemical Physics

Page 6 of 12

as shown in Fig. 4B. Thus, pure ZnO reflected about 89 % visible
light and absorbed about 85 % UV light (Fig. 4Ba). In contrast,
the reflectance of RuO,/ZnO nanocomposites was lower than that
of pure ZnO in the 400-800 nm wavelength range. The
s enhancement of visible-light absorption for the RuO,/ZnO
nanocomposites can be related to the fact that the incident photon
frequency was resonant with the collective excitations of the
conduction electrons of RuO, nanoparticles called localized
surface plasmon resonance (LSPR).* Using the Kubelka-Munk
10 model, the calculated band gap energy for pure ZnO was found to
be 3.23 eV from the extrapolation of the corresponding plot
which is consistent with that expected for nanoparticulate ZnO.”?
On the other hand, the estimated band gap energies decreased
from 3.23 eV for pure ZnO to 3.14 eV, for 6 wt% RuO,/ZnO
15 (Fig. 4C).

3.2 Interface analysis

To highlight the elemental chemical composition of RuO,/ZnO
nanomaterials, X-ray photoelectron spectroscopy (XPS) studies
were performed on pure ZnO and RuO,/ZnO composites

20 including various RuO, contents as well as in situ built-up
RuO,/ZnO0O heterointerfaces.

In the ex-situ analyzed samples, except for the C Is peak
located at 284.4 eV that may be assigned to adventitious
carbonaceous species, solely zinc, ruthenium and oxygen related

2s emissions were observed in the survey spectra of 4 wt%
Ru0,/Zn0 nanocatalyst whereas no Ru emission could be
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Fig. 5(A) XPS survey spectra of ZnO (a, black) and 4 wt% RuO,/ZnO (b,

30 red). High-resolution spectra: (B) Zn 2p spectra of 4 wt% RuO,/ZnO, (C)
Ru 3d spectra of ZnO (a, black) and 4 wt% RuO,/ZnO (b, red) and (D) O
1s spectra of 4 wt% RuO,/ZnO.

detected in the spectrum of pure ZnO (Fig. 5A). As a result, the
Ru0O,/Zn0O samples were only formed by Zn and Ru oxides which
35 1s consistent with the XRD and EDX results discussed above. The
high resolution XPS spectrum for Zn 2p exhibited two symmetric
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Fig. 6 Evolution of photoemission core level spectra of RuO,/ZnO heterostructures as a function of RuO, content: (A) Zn 2p;,; (B) O 1s; (C) Ru 3d; (D)
UPS HE-I spectra of pure ZnO nanocatalyst; (E) XP valence band spectra of ZnO and RuO,/ZnO with different content of RuO,. ZnO (a, black), 2wt%
40 RuO,/ZnO (b, blue), 4wt% RuO,/ZnO (c, red) and 6wt% RuO,/ZnO (d, olive).
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Fig. 7 Contact formation of single crystalline ZnO/RuQ; interfaces (left) vs. polycrystalline interfaces (right) (top) X-ray photoelectron spectra recorded in
the course of RuO, deposition onto a cleaned ZnO(0001) single crystal surface. The number indicates the RuO, thickness in nm. (bottom left) Valence
band spectra of cleaned ZnO(0001) and ZnO(0001) single crystal surfaces. The binding energy of the valence band maxima are indicated. (bottom
right). Evolution of the valence band maxima as obtained from the Zn 2p core level binding energies in the course of simultaneous RuO, deposition onto

both substrates.

peaks centred at 1021.83 and 1044.92 eV attributed to Zn 2ps),
and Zn 2p,p, respectively (Figure 5B). These data suggest that
zinc exists as Zn>" oxidation state in the composite samples.”* As
far as the Ru 3d core levels are concerned, overlapping between
C Is and Ru 3d;, or satellite peaks makes the analysis more
complex (Fig. 5C). Nonetheless, deconvolution analysis yielded
two well-defined emission lines at 280.45 and 284.60 eV
assigned to Ru 3ds;, and Ru 3d;, which are typical of the Ru*
oxidation state of Ru which confirmed that RuO, nanoparticles
were actually formed.* Moreover, the deconvolution of the XPS
spectrum revealed an additional feature with broader line width at
281.9 eV for the Ru 3ds, line higher than the major peak by 1.45
eV. Also detected on oxidized ruthenium metal surfaces, the
exact origin of this satellite peak still remains under debate since
it has been assigned to excitation of the RuO, plasmon,” the
surface species of Ru high bonding states,’® or to a final-state
screening effect.”” Finally, analysis of the asymmetric O 1s
emission line of the 4 wt% RuO,/ZnO sample gave three signals
at 529.03, 530.70, and 531.84 eV which were attributed to the
lattice oxygen in RuO,, lattice oxygen in ZnO’® and oxygen of
surface hydroxyl group of RuO, and ZnO,” respectively. As a
result, XPS data further confirmed that the RuO,/ZnO
nanocomposites actually include RuO, and ZnO along with
surface hydroxyl groups. The presence of the latter is fully
consistent with FTIR data, these groups being expected to play an
important role in the photocatalytic property of semiconductor by

35

40

4

o

capturing photoinduced holes to produce hydroxyl radical,
leading to better photocatalytic property.*

To get an in depth view of the interface properties of
RuO,/Zn0O heterojunction, the contact properties including the
spectroscopically accessible band bending developed at the
interface between RuO, and ZnO particles was determined by
XPS and by ultraviolet photoelectron spectroscopy (UPS) from
the core level binding energy shifts. These results have to be
compared to interface studies as obtained from in situ built-up
heterointerfaces by depositing RuO, onto ZnO substrates, which
will provide a detailed insight into the contact formation process
(see below). First of all, the evolution of the core level spectra of
Ru0,/Zn0 nanocomposites was followed by increasing the RuO,
amount (Fig. 6A-C). As shown in Fig. 6A, the Zn 2p;, line shape
did not change with increasing the RuO, content whereas the
intensity of the Ru 3ds,, emission line increased gradually (Fig.
6C). Furthermore, both Zn 2p;, and O 1s peaks were clearly
shifted to lower binding energies with the increasing RuO,
content. According to the difference between the core level
energy values measured for pure ZnO and 6 wt% RuO,/ZnO
nanocomposite, the Zn 2p;/, and O 1s peaks were shifted to lower
binding energies by 0.40 + 0.05 and 0.45 £ 0.05 eV, respectively,
from their original values. The slightly higher shift observed from
O 1s peak than Zn 2p;/, peak might be due to contribution from
both ZnO and RuO,. In the following, we consider a rather
parallel shift of both Zn 2p;, and O 1s emission lines ignoring

This journal is © The Royal Society of Chemistry [year]
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this slight difference in peak shift. The Ru 3ds/, emission line was
also shifted to lower binding energy by an amount of 0.25 + 0.05
eV and changes its spectral shape from a rather broad emission
line at higher binding energy to a sharp line followed by a shake-
up satellite due to free electron excitation as typically found for
metallic transition metal compounds which is due to bulk RuO,,
In addition, the work function of ZnO was determined by UPS.
Thus according to the secondary electron cutoff recorded with
UPS using Hel (Fig. 6D), the work function for pure ZnO was
estimated to be about 4.2 eV. This value is in good agreement
with the work function reported in the literature for n-type ZnO.%!
Finally, XPS spectra indicated that the valence band maximum
(VBM) of ZnO shifted toward lower binding energy with
increasing RuO, content (Fig. 6E).

More quantitatively, the VBM values, deduced by linearly
extrapolating the low binding energy edge of the valence band
intersecting with the background, were found to be 2.90 + 0.05,
2.75 + 0.05, 2.60 + 0.05 and 2.5 + 0.05 eV for ZnO, 2 wt%
RuO,/Zn0O, 4 wt% RuO,/ZnO and 6 wt% RuO,/Zn0O,
respectively. These values suggested that as-synthesized ZnO is a
n-type semiconductor. The evident shift of the VBM was 0.4 +
0.05 eV, which is consistent with the shifts observed in Zn 2ps),
and O 1s core levels shown above. These shifts can be related to a
minimum band bending of ZnO at the interface. If these data are
used without any further consideration of the specific
measurement conditions an energy band diagram of RuO,/ZnO
heterojunction showing the band bending at the interface between
RuO, and ZnO may be proposed (Fig. S5). However, the above
given deduction of the band energy diagram as deduced from the
photoelectron spectral data does not consider the specific 3D
nano-structure of the photocatalysts and surface sensitivity of
XPS which tells us that the energy diagram shown in Fig. S5 has
to be handled with care, which is immediately evident if we
compare the data obtained from the photocatalysts to the in situ
formed heterointerface. The XPS data obtained during a step-by-
step sputter deposition of RuO, on ZnO single crystalline
surfaces (0001) and (0001) compared to a polycrystalline
surface is shown in Fig. 7. Qualitatively the spectra are in good
accordance to each other and also to the XP spectra shown above
for the photocatalysts indicating the quality of the wet chemical
processing route. However as revealed by the attenuation of the
ZnO substrate lines in the layer-by layer formed heterointerface
already a RuO, thickness of 1 nm leads to a dominance of the
RuO, overlayer in the XP spectra. In addition, the space charge
width W related to the complete formation of the band bending
AV depends on the doping density Np according to W= (2¢ g,
AV/ ¢ Np)"? and may be expected to be at least above 100 nm
for doping densities of 10" cm™ (Ep-Er about 0.3 eV is deduced
from the valence band spectra of the samples). As a consequence
the ZnO spectral contributions of the 3D composites are
dominated by the uncovered ZnO areas, whereas the RuO,
covered areas showing full band bending hardly contribute to the
spectra due to overlayer attenuation. In addition, the full space
charge layer needs sample thicknesses beyond 100 nm to fully
develop.

Furthermore, the surface potential values depends on the
orientation of the substrate as is also presented in Fig. 7 showing
the difference between the valence band maximum of

a5

S

&

S

&

S

ZnO ZnO RuO,

{000T)

&
8
\J‘ /
>

2.85eV

<€---

EVB—'<

ZnO ZnO RuO,

w
S}
w
(¢}
<

E‘--

EVB

60 Fig. 8 (top, left) Energy band diagrams for clean ZnO(0001) and

Zn0O(0001) surfaces showing the difference in valence band maxima.
(top, right) Energy band diagram of the ZnO/RuO, interfaces as
determined from stepwise deposition of RuO,. The resulting Schottky
barrier is the same for both surface orientations. (bottom, left) Energy
band diagrams for clean polycrystalline ZnO surfaces (bottom, right)
Energy band diagram of the polycrystalline ZnO/RuO, interfaces as
determined from stepwise deposition of RuO,.

Zn0O(0001) and ZnO(0001) surfaces which may be compared to
the value obtained for the polycrystalline in situ prepared ZnO
surface also shown. These evident differences in the valence band
maxima indicate the influence of different electronic DOS
distributions of surface defects formed on different ZnO surfaces
which also depends on the specific surface treatment. As a
consequence the Schottky band bending of ZnO/RuO,
heterointerfaces will differ to each other as shown in Fig. 8 in a
variation of values between 0.4 and 0.8 eV. In any case a ZnO
photocatalyst particle with approximate spherical shape will
provide different surface states and therefore different valence
band maxima at different surface facets and thus also different
band bending values for different surface orientations. Finally,
Fig. 6E and 8 confirm the submetallic character of RuO, particles
since the VB edge maximum states consisting of filled Ru 4d
states (partially mixed with the O 2p state) extends to about 0 eV
of binding energy, which is equivalent to the Fermi level Eg. As a
consequence, this character confers very interesting properties for
energy applications on the samples prepared since it gives rise to
a strong intraband optical absorption and high charge carrier
density and conductivity in comparison to other stoechiometric
metal oxides.

3.3 Photocatalytic activity

The photocatalytic performance, stability and recyclability of
the RuO,/ZnO samples were evaluated by photodegradation
under UV illumination of methylene blue (MB) and methyl
orange (MO) which are, respectively, typical cationic and anionic

os organic water pollutants.® For sake of comparison, the respective
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Fig. 9 (A) Absorbance changes of MB solution after different irradiation
times in the presence of the 4wt% RuO,/ZnO sample: equilibrium (black),
10 min (red), 20 min (blue), 30 min (olive), 40 min (magenta), 50 min
(wine) and 60 min (cyan). (B) Kinetic of the degradation of MB in the
presence of UV only (diamond, wine), ZnO (square, black), 2wt%
RuO,/ZnO (up triangle, blue), 4wt% RuO,/ZnO (circle, red) and 6wt%
RuO,/ZnO (down triangle, olive) photocatalysts. (C) In[C/Cy] as a
function of the irradiation time for ZnO (square, black), 2wt% RuO,/ZnO
(up triangle, blue), 4wt% RuO,/ZnO (circle, red) and 6wt% RuO,/ZnO
(down triangle, olive) photocatalysts. (D) Cyclic runs in the
photodegradation of MB using the 4wt% RuO,/ZnO photocatalyst under
UV-light: 1* cycle (square), 2* cycle (triangle), 3™ cycle (circle) and 4"
cycle (diamond).

activities of pure ZnO and commercial P25 TiO, were also
investigated. Without any catalyst, MB and MO are quite stable
molecules under UV illumination (Fig. 9 and S8) revealing that
the photolysis mechanism can be ruled out. By contrast, a gradual
decrease in absorption at 664 nm for MB and 464 nm for MO
along with a slight shift of the bands to shorter wavelengths were
observed upon addition of the nanocatalyst (Fig. 9A and S5A).
Regardless of the nature of the dye studied, all RuO,/ZnO
heterosructures studied exhibited an enhanced photocatalytic
activity compared to that of pure ZnO. Thus, after 20 min of UV-
light illumination, the photodecomposition efficiency of MB was
about 65%, 73%, 88% and 71% for pure ZnO, 2wt% RuO,/Zn0O,
4wt% RuO,/ZnO and 6 wt% RuO,/TiO,. As a consequence, the
optimum RuO, amount appeared to be 4 wt%, 4wt% RuO,/ZnO
heterostructure showing an efficiency even slightly higher than
P25 TiO,. Moreover, a same trend has been observed in the
photodegradation of MO (Fig. S8).

To get further and more quantitative insights in the
photocatalytic activities of the RuO,/ZnO heterostructures, the
kinetic analysis of the MB and MO degradation was achieved.
The photodegradation of MB and MO by RuO,/ZnO
heterostructures followed a first- order law, In(C/Cy) = - kyt,
where k,,, is the pseudo fisrt-order rate constant (Fig. 9C and
S5C, Table 1). Whatever the RuO, content, the reaction rates of
the RuO,/ZnO nanocomposites were much higher than that of
pure ZnO. In particular, 4wt% RuO,/ZnO led to the highest
photocatalytic activities with rate constants of 0.106 and 0.035
min™' for MB and MO respectively, that was about two times
higher than those of pure ZnO (0.054 and 0.024 min™' for MB and
MO respectively) and comparable to those of commercial P25

%
=

o
b

60

%
=3

3
S

90

100

TiO, (0.101 and 0.033 min™ for MB and MO respectively).
Although the surface areas of the RuO,/ZnO heterostructures (i.e.
22-29 m’.g") were lower than those of pure ZnO (i.e. 31 m”.g™")
and commercial P25 TiO, (ie. 47 migh), the
photodecomposition rates measured for the nanocomposites were
much higher than that of pure ZnO and close to this of
commercial P25 TiO, that clearly evidences the synergistic
interaction between RuO, and ZnO nanoparticles related to the
favorable band alignment structure. On the other hand, it has been
well-established that ZnO generally suffers from photocorrosion
during photocatalytic processes.***%> Hence it is of prime
importance to probe the photostability of the RuO,/ZnO
heterostructures. In this aim, combined cyclic photodegradation
experiments and XRD studies were carried out. No noticeable
change in the photocatalytic activity was detected even though
the photocatalyst went through four successive recycles.
Moreover, XRD patterns of the used and fresh samples revealed
intact crystalline phase of the RuO,/ZnO heterostructure after
successive uses (Fig. S9). These results clearly evidence the
stability of the RuO,/ZnO heterostructures during the course of
photodegradation processes.

Another key factor ruling the photocatalytic activities of
semiconducting materials is the pH value of the solution. Indeed,
organic compounds in wastewater greatly differ in several
parameters, particularly in their speciation behavior, solubility in
water and hydrophobicity. While some compounds are uncharged
at common pH conditions typical of natural water or wastewater,
other compounds exhibit a wide variation in speciation (or
charge) and physico-chemical properties. At pH lower than pK,,
an organic compound exists as a neutral species whereas above
pK,, organic compound reaches a negative charge. In some cases,
some compounds can exist in positive, neutral, as well as
negative forms in aqueous solution. On the other hand, pH also
determines the surface charge of the photocatalyst and the size of
aggregates it forms. As a result, the solution pH deeply affects the
surface charge of photocatalyst and ionization and/or speciation
organic pollutants that could have important consequences on the
adsorption and photocatalytic oxidation of organic pollutants.
Primarily, in aqueous medium, hydroxylation of ZnO particles
can take place leading to hydroxide layers (Zn-OH).*® The zinc
hydroxide surface (Zn-OH) can become charged by reacting with
H" (acidic environment) or OH (basic environment) ions due to
surface amphoteric reactions (Eq. 1, 2).¥’

Zn-OH + H'— Zn—OH," (acidic environment) (1)
Zn—OH+OH — Zn—O+H,0 (basic environment) (2)

The zero point of charge of ZnO (pH,,.) has been reported to be
7.5-9.8.88% Therefore, the surface functional groups of ZnO can
be ZnOH,", ZnOH, and ZnO™ at pH < pH,pe, pH,pe and pH >
pH,,, respectively. On the other hand, MB dye (pKa ~ 3.8) at
high pH (pH > pKa), exists as a cation in aqueous solution. The
effect of pH on the efficiency of photocatalytic degradation of
MB was examined at the pH = 2.5, 7.5 and 9.9 (Fig. S10). After
20 min irradiation, the percentages of MB degradation were 87,
79 and 60% at pH 9.9, 7.5 and 2.5, respectively. The enhanced
photodegradation of MB at higher pH was attributed to the
favorable adsorption of the cationic MB dye on the negatively

This journal is © The Royal Society of Chemistry [year]
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ZnO

RuO,

RuO,

Fig. 10 3D draft of a hypothetical band energy space charge distribution
sas to be expected for a ZnO nano particle with RuO, co-catalysts
deposited on opposite sides. As a consequence the light induced electron-
hole pairs will be separated into different directions as indicated by the
influence of an inhomogeneous potential or electric field distribution.

charged oxide surface. On the other hand, at lower pH the
electrostatic repulsion between the MB cations and positively
charged oxide surface greatly reduces the adsorption of the MB
dye resulting in a drastic decrease in degradation rate. It has also
been reported that in a slightly alkaline solution (pH 8-9),
hydroxyl radicals are more easily generated by oxidizing the
available OH™ on the photocatalyst surface.”™' Thus, generally,
the photodegradation efficiency is expected to be enhanced with
increasing pH due to the ready availability of hydroxyl radicals
for the reaction.

S

3.4 Mechanistic considerations

o The enhanced photocatalytic activity of RuO,/ZnO
nanocomposites can be related to the role of RuO, on the surface
of ZnO nanoparticles. Combining the morphology of RuO,/ZnO
nanocomposites and the interface analysis data reported above, it
is clear that the electronic structure including the surface
potentials of a 3D photocatalyst is rather complicated and cannot
be described by one mean value of the valence band positions, the
band bending and the work function, but must be considered
(depending on the crystalline quality) as a 3D arrangement of
different semiconductor junctions in different orientations
depending on the given facets and possibly formed metal contacts
on top of these. Considering as a probable example the formation
of RuO, deposits on two opposing sides of a ZnO nanoparticle
(the typical size of which being about 25-30 nm according to
TEM studies) its electronic properties may be best described by
s the schematic representation shown in Fig. 10. In this case a
strong band bending is formed just below the RuO, contact
phase. Other areas of the ZnO cluster may remain mostly free of
co-catalyst and will only form part of the expected space charge
layer due to size restrictions. Illumination of such heterostructure
Ru0O,/Zn0O nanocomposites will lead to the flow of holes to the
RuO, co-catalyst contact layer and subsequent charge transfer
reactions, whereas the electrons will flow to bare areas on the
particle and react from there. This directional difference in
electron and hole flow results from the inhomogeneous
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distribution of the electric field in the non-homogeneously
covered RuO,/ZnO nano-composites. The electric field
distribution is directly related to the gradient of the space charge
or band bending potential (E= - grad ¢,,) as indicated in the
distribution of the space charge layer in Fig. 10. We expect that
similar conditions may be formed for many composite particles
where semiconductor particles are modified with metallic co-
catalysts. It is also clear from this representation that a
preferential design of such composite particles needs an
inhomogeneous co-catalyst distribution in order to disturb the
spherical electronic structure of the photocatalysts and to enhance
a vectorial charge separation of electron-hole pairs by
inhomogeneous space charge layers.

This efficient charge separation can also increase the lifetime of
the charge carriers and enhance the efficiency of the interfacial
charge transfer to adsorbed substrates, and thus accounting for the
higher activity of the RuO,/ZnO nanocomposites. The
photocatalytic reaction process can be proposed as follows

RuO,/ZnO + hv — € (ZnO) + h*(Ru0,)
e + 02 ad 02._
02._ + Hzo — HOZ.- +OH"
HOZ.- +OH — H202 + OH’
H202 — 20H"
OH’ — dyes — intermediates — degradation products
h"+ dyes — intermediates — degradation products

The electrons in the conduction band of ZnO can react with
molecular oxygen adsorbed on the surface of ZnO to generate
superoxide radials anion (O,”). The O, radicals further react
with H,O to produce OH’ radicals. On the other hand, holes
migrated to RuO, react with surface-bound hydroxyl groups (or
H,0) to produce activated hydroxyl species (OH") which is an
extremely strong oxidant for the mineralization of organic
substrates as dyes (MB or MO). In addition, photogenerated holes
transferred to RuO, surface can also directly oxidize the organic
dyes through the formation of intermediates.

Conclusion

Heterostructrure RuO,/ZnO nanomaterials were successfully
prepared by a two-step procedure involving the synthesis of ZnO
nanoparticles by the homogeneous precipitation method followed
by further impregnation of wurtzite ZnO nanoparticles in an
aqueous ruthenium (III) chloride hydrate and, then, thermally
annealed at 350 °C. UV-vis diffuse reflectance studies showed
that the band gap energy of the RuO,/ZnO heterojunction
photocatalysts was slightly red-shifted compared to that of pure
Zn0,, with enhanced light absorption in the visible region due to
surface plasmon resonance. An energy band diagram of
Ru0,/ZnO nanocomposites was also determined by XPS and
UPS from the shift of Zn 2p3/, and O 1s core level spectra. A shift
of Zn 2p;;, and O 1s core level spectra were determined to be at
least 0.40 + 0.05 and 0.45 + 0.05 eV, respectively, which was
ascribed to inhomogeneous band bending effects due to
heterojunctions formed on the RuO,/ZnO nanoparticles. The
latter photocatalysts showed higher photocatalytic activity than
pure ZnO for the degradation of MB and MO dyes under UV
light irradiation, in neutral and basic media, due to improved
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separation of photogenerated electrons and holes resulting from
the internal electric field. Moreover, the inhomogeneous RuO,
distribution over ZnO nanocrystallites disturbs the spherical
electronic structure of the photocatalysts and, as a consequence,
leads to a vectorial charge separation of electron-hole pairs into
different directions. Furthermore, the RuO,/ZnO nanocomposites
could be easily recycled as heterojunction photocatalyst without
decrease of photocatalytic activity confirming the stability of the
as-synthesized RuO,/ZnO photocatalysts. We expect that similar
effects are also operative in most photocatalysts reported in
literature after modification with contact phases such as
RuO,/TiO, heterointerfaces.”’” The improved efficiency of the
contact phase for enhancing the photocatalytic efficiency by
improved charge carrier separation is clearly related to a defined
inhomogeneity in the contact phase distribution around the
semiconductor particle. Only in cases where the electric potential
distribution equivalent to an inhomogeneous distribution of the
electric field induces the drift of electrons and holes into different
directions the quantum efficiency of the photocatalytic reactions
can be expected to be strongly increased. In the ideal case a Janus
type heterojunction arrangement seems to be most efficient
device arrangement. This concept of semiconducting
heterojunction nanocatalysts with high photocatalytic activity
should be extended to other reactions as e. g. hydrogen
production. Experiments on this topic are currently in progress in
our group.
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