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Abstract

The synthesis, structure, and photocatalytic water splitting performance of two new titania (TiO;)/gold(Au)/Bombyx mori silk
hybrid materials are reported. All materials are monoliths with diameters of up to ca. 4.5 cm. The materials are macroscopically ho-
mogeneous and porous with surface areas between 170 and 210 m?/g. The diameter of the TiO, nanoparticles (NPs) — mainly ana-
tase with a minor fraction of brookite — and the Au NPs are on the order of 5 and 7-18 nm, respectively. Addition of poly(ethylene
oxide) to the reaction mixture enables pore size tuning, thus providing access to different materials with different photocatalytic ac-
tivities. Water splitting experiments using a sunlight simulator and a Xe lamp show that the new hybrid materials are effective
water splitting catalysts and produce up to 30 mmol of hydrogen per 24 h. Overall the article demonstrates that the combination of a
renewable and robust scaffold such as B. mori silk with a photoactive material provides a promising approach to new monolithic

photocatalysts that can easily be recycled and show great potential for application in lightweight devices for green fuel production.
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Introduction

Fossil fuel availability is one of the pressing issues today. Espe-
cially in light of a growing world population and the corre-
sponding increasing energy demand worldwide there is a need
for alternative, sustainable, and cheap fuels [1,2]. Hydrogen
(Hy) is the most attractive fuel for fuel cells to produce “clean”
electricity and water as an environmentally friendly reaction
product [1,3]. However, one of the limitations of H, is the effi-
cient and sustainable Hy production. Currently, H, is mainly
produced by steam reforming of gas and oil, by catalytic
reforming, or by water electrolysis [3,4].

In 1972 Fujishima and Honda reported that TiO, is able to split
water [5], a seminal discovery that has led to a wealth of studies
on photocatalytic water splitting [6-10]. To be successful, the
water splitting catalyst needs to have a certain set of properties.
Most prominently, it should have a bandgap of at least 1.23 eV
to provide the energy needed to split water. However, the
bandgap should not exceed ca. 3 eV to most efficiently use the
visible spectral range of the sunlight [6]. As a result, numerous
water-splitting catalysts with various efficiencies have been re-
ported [6-8,11-13].

Because of its bandgap of 3.0-3.2 eV (depending on the crystal
structure and particle size [14,15]) TiO,-based water splitting
catalysts are among the most popular materials for visible light
water splitting [16-20]. Among these, TiO,/Au nanocomposites
have attracted special interest because of their synergistic mode
of action between the Au nanoparticle (AuNP) plasmons and
the bandgap of the TiO, semiconductors [21]. Gallo et al. used
amorphous TiO, doped with Au and/or platinum (Pt) NPs to
split water under ultraviolet (UV)-A light and simulated
sunlight. Best results with 1.6 mmol/(h-g) of H, production
were obtained with Aug 5Pt 5/TiO, catalysts [22]. Chen et al.
used calcined P25 TiO, NPs (TNPs) loaded with 3 wt % of Au
for photocatalytic water splitting. Irradiation with UV and
visible light combined yielded a higher H, and oxygen produc-
tion after 7 h than with UV or visible light alone [23].

In a more analytical study, Silva et al. [24] investigated the in-
fluence of particle size and preparation procedure on the photo-
catalytic activity of Au/TiO, catalysts. Lower Au loadings of
0.25% Au on P25 TiO, produced more efficient water splitting
catalysts than materials with Au loadings of 1.5% or 2.2%.
Moreover, the authors showed that 532 nm laser light is more
efficient for water splitting than polychromatic light with wave-
lengths (A) > 400 nm. Furthermore they also concluded that
small Au particle sizes of around 2 nm and a low calcination
temperature of 200 °C also yields materials producing more Hy
than materials with larger Au particles or materials pre-treated

at higher temperatures [24].
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Following the same general idea, Gértner et al. investigated the
effect of different Au precursors for Au loading via in situ
photodeposition with sodium tetrachloridoaurate(III) dihydrate
(NaAuCly2H,0) providing the most efficient water splitting
catalyst. The same authors also showed that methanol is the
most efficient sacrificial agent when compared to isopropanol,
glycerol, and glucose [25]. A further study by Jose et al.
focused on the effect of TiO, modification (anatase and/or
rutile). These authors observed that TiO, P25/Au mixed
systems performed best in the entire UV—visible range when the
TiO; is composed of 75% of anatase and 25% of rutile with
identical AuNPs [26].

In an interesting new approach, Zhang et al. found that Janus
particles (rather than the core—shell or randomly organized ma-
terials described so far) based on large TiO; particles with di-
ameters of ca. 440 nm and AuNPs with diameters of ca. 60 nm
could split water in the visible range, even at low Au fractions
of only 1.8% [27]. Finally, Seh et al. showed that TiO,/Au
Janus nanoparticles have a higher photocatalytic activity than
the corresponding core—shell particles [28].

All materials described so far are powders or NPs. As a result,
recycling is rather difficult and other photocatalysts that can
more easily be recycled and are suited for continuous processes
are necessary. For example, Liu et al. used a titanium sheet to
make TiO, nano-sheet films doped with different amounts of
silver (Ag) NPs or TiO, nano-grass films with AuNP for photo-
catalytic water splitting [29,30]. Matsuoka et al. sputtered TiO,
on a quartz glass plate by radiofrequency (RF) magnetron sput-
tering deposition followed by Pt deposition to make a TiO, thin
film photocatalyst for water splitting [31]. Finally, Goutailler et
al. deposited an anatase/brookite NP mixture on cellulose from
tetrabutylammonium bromide (N(n-Bu)4Br)/titanium tetraiso-
propoxide (Ti(OiPr)4) solutions in hexane [32]. These NPs
strongly interact via non-covalent interactions (e.g., hydrogen
bonds [33,34]) with the cellulose fibers and the resulting materi-
al was thus a macroscopic and mechanically robust object that
could simply be retrieved and washed before reuse [32].

Another viable approach for the synthesis of larger and mechan-
ically stable objects with photocatalytic activity is the immobili-
zation of TiO,/Au nanostructures on a scaffold, ideally a scaf-
fold with a high porosity, and good chemical and mechanical
stability to enable access of all reactants to the catalytically
active sites over extended periods of time. Moreover, a
suitable photocatalyst should ideally use a scaffold from renew-
able materials; ideally the scaffold should be mechanically and
chemically stable to withstand the conditions during photocatal-

ysis.
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Daoud and Xin [35] coated cotton fibers with 20 nm anatase
particles via a sol-gel method. The covalently bonded TiO, par-
ticles have a 50+ UV protection factor and are stable against
washing. In an alternative approach, Zheng et al. used tetra-
butylorthotitanate, Ti(OBu)4, and bis(P,P-bis-ethylhexyldiphos-
phato)ethanediolatotitanate (BPET, C34H74014P4Ti) in a cold
oxygen plasma to coat B. mori silk fabrics with TiO, to produce
a UV resistant material [36].

The current study also focuses on B. mori silk rather than cotton
as a scaffold for photocatalyst synthesis. Instead of plasma
chemistry, however, we employed a much softer wet chemistry
method for materials synthesis.

B. mori silk contains numerous amino acids, predominantly
glycine, alanine, serine, and tyrosine [37,38]. As numerous
amide and hydroxyl groups are present in B. mori silk, a strong
interaction of the silk scaffold with the TiO, phase can be ex-
pected although silkworm silk does not contain specific TiO, or
Au binding domains [39-48]. Moreover, silk worms can easily
be grown in large quantities and the resulting silk is chemically
and mechanically rather robust [49]. As a result, the method re-
ported here is a promising approach towards new photocatalyti-
cally active materials based on a renewable scaffold.

Experimental

Chemicals

Bombyx mori silk cocoons (http://www.seidentraum.biz, date of
access: 14.01.2017), calcium chloride dihydrate (CaCl,-2H,O0,
>99%, Carl Roth), ethanol (EtOH; 99%, VWR), ethyl aceto-
acetate (EtAcAc, 99%, Alfa Aesar), glutaraldehyde solution
(GA, 25% in H,O, Sigma-Aldrich), hydrogen tetrachloridoau-
rate(IIl) trihydrate (HAuCly-3H,0, 99.99%, Alfa Aesar),
poly(ethylene oxide) (PEO7g¢, nominal My, = 4600 g/mol,

Sigma-Aldrich, measured My, = 780 g/mol), PEOg30, (nominal
My, = 600 g/mol, abcr, measured My, = 8300 g/mol), sodium
carbonate (NayCO3, 99.8%, Carl Roth), titanium isopropoxide
(Ti(OiPr)4, TTIP, 98%, abcr), disodium hydrogen phosphate
(NapyHPOy4, ACS reagent, Sigma-Aldrich), magnesium sulfate
(MgS0Oy4, AnalaR Normapure, VWR), sodium phosphate
monobasic (NaH,POy4, ACS reagent, Sigma Aldrich), uranyl
acetate (p.a., Merck), ethanol absolute (EtOH,ps, >99.8%, Carl
Roth), acetone (299.8%, Carl Roth), AGAR Low Viscosity
Resin (Plano), and PLANOCARBON (Plano) were used as
received. Water-free solvents were stored over 3 A molecular
sieves prior to use. All syntheses were done with Millipore
water (18.2 MQ/cm).

Synthesis
Materials synthesis is based on a significantly modified protocol

by Hasegawa et al. [50,51]. The resulting materials are denoted
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as TS, TS Au,, TPS, and TPS_Auy (Table S1, Supporting
Information File 1), where TS represents materials based only
on TiO; and silk, TPS stands for materials based on TiO,, PEO,
and silk, TS _Auy and TPS_Auy denote the respective silk/TiO,
scaffolds further modified with Au and x denotes the amount of
HAuCly-3H,0 (in mg) used in the synthesis.

Step 1: Bombyx mori silk cocoons were treated in 0.1 M
aqueous NayCO3 solution for 1 h at reflux temperature to
remove the sericin. Subsequently, the cocoons were washed
three times in hot water and dried at 40 °C in air.

Step 2: Silk was dissolved in a mixture of CaCl,/EtOH/H,0
(molar ratio 1:2:8) at 60 °C (1 g silk/6.7 g solvent) [52] (solu-
tion 1) and 0.2 g of PEO7g( and 0.2 g of PEOg30¢ were mixed
and dissolved in 0.5 mL of water at 90 °C (solution 2). Then,
3.08 g of solution 1 and 2 mL of a 0.5 M CacCl; solution were
added to the hot solution 2. This mixture was briefly shaken at
room temperature and then transferred to a 6 cm-diameter
Teflon dish.

Step 2a: In an alternative reaction (to evaluate the effect of
PEO), a PEO-free synthesis was also studied. In this case 6.16 g
of the silk solution 1 and 2 mL of the 0.5 M CaCl, solution
were mixed and transferred to a Teflon dish as described before.

Step 3: 5 mL of Ti(OiPr)4, 4.6 mL of EtAcAc, and 1.4 mL of
EtOH were mixed in a beaker. After 30 min 0.5 mL ofa 0.5 M
CaCl, solution and 0.5 mL of water were added and the result-
ing slightly yellow solution was held in an oven at 60 °C for
9 min. This hot TiO, precursor solution was immediately added
to the (i) PEO/silk (step 2) or (ii) the PEO-free silk solution
(step 2a) in the Teflon dish and stirred manually with a wooden
spatula until a homogeneous liquid was obtained. The Teflon
dish was covered with a glass Petri dish and left on the laborato-
ry bench over night at room temperature.

Step 4: The resulting slightly yellow solid was purified via
solvent exchange with EtOH/H,0 (1:1 v/v), EtOH/H,0
(3:7 v/v) each for at least 8 h at 60 °C, and finally with water for
24 h.

Step 5: When a modification with AuNP was desired, the
as-prepared wet silk/TiO, hybrid materials obtained in step 4
were stored in an aqueous HAuCly solution (10, 5, or 2.5 mg in
50 mL of water) overnight. No additional reducing agent was
added to this reaction mixture. After 2 days the surface color
changed from yellow to purple, indicating the deposition of
AuNPs on the surface. The as-prepared Au/TiO,/silk hybrid
material was washed three times with 50 mL of water at room

temperature.
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Characterization

Samples for all transmission electron microscopy (TEM) inves-
tigations were prepared as follows: small pieces (ca. 2 mm?) of
the wet hybrid materials were immersed in a 3% glutaralde-
hyde solution in 0.1 M phosphate buffer (pH 7) for 30 min fol-
lowed by washing three times in 0.1 M phosphate buffer, once
with water, and once with 50% ethanol for 5 min each. Then the
hybrid materials were immersed in 2% uranyl acetate solution
in 50% ethanol for 30 min followed by treatment with 70%
EtOH, 90% EtOH, 100% EtOH, 2x 100% EtOH,s, and 2x
100% acetone,ps. for 15 min each. Finally, the materials were
immersed in Agar Low Viscosity Resin/acetone (1:2 wt/wt)
mixtures for 2 h, then in resin/acetone (1:1 wt/wt) mixtures for
2 h, and then in pure resin overnight under a rotatory motion.
The as-prepared samples were transferred into a mold, covered
with resin, and treated at 60 °C for 24 h. After cooling to room
temperature, the embedded samples were trimmed and
sectioned (100 nm nominal slice thickness, Leica Ultracut UCT
with diamond knife at room temperature).

Transmission electron microscopy (TEM) was done on a Philips
CM 200 TEM with a LaBg cathode operated at 120 kV. High
resolution transmission electron microscopy (HRTEM) was
done using an aberration corrected Titan 80-300 (FEI, Eind-
hoven, The Netherlands) with field emission gun, operated at
300 kV. Scanning transmission electron microscopy (STEM)
and chemical analysis were done on a Tecnai F20 ST (FEI,
Eindhoven, The Netherlands) field emission TEM equipped
with an Orius SC600 CCD-camera and a S-UTW EDX detector
(EDAX, Mahwah, NJ, USA) operated at 200 kV. For EDXS the
instrument was in scanning transmission mode and the a-tilt of

the samples was set to 20°.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDXS) were performed on a JEOL JSM-
6510 with a W filament operated at 15 kV and equipped with an
Oxford Instruments INCAx-act detector. Dry samples were
either ground and deposited as powders on a carbon glue pad
followed by sputtering with carbon using a Polaron CC7650
Carbon Coater, or, alternatively, deposited directly on the car-
bon glue pad using PLANOCARBON and sputtered with Pd/Au
using a SC7620 Mini Sputter Coater.

X-ray photoelectron spectroscopy (XPS) measurements were
done on a K-Alpha+ XPS instrument (Thermo Fisher Scientific,
East Grinstead, UK). Data acquisition and processing using the
Thermo Avantage software is described elsewhere [53]. All
samples were analyzed using a micro-focused, monochromated
Al Ka X-ray source (30-400 pm spot size). The K-Alpha+
charge compensation system was employed during analysis,

using 8 eV electrons and low-energy argon ions to prevent any
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localized charge build-up. The spectra were fitted with one or
more Voigt profiles (binding energy uncertainty: +0.2 eV). The
analyzer transmission function, Scofield sensitivity factors [54],
and effective attenuation lengths (EALs) for photoelectrons
were applied for quantification. EALs were calculated using the
standard TPP-2M formalism [55]. All spectra were referenced
to the Cls peak of hydrocarbons at 285.0 eV binding energy
controlled by means of the well-known photoelectron peaks of
metallic Cu, Ag, and Au. Sputter depth profiles were obtained
using a raster scanned Ar" ion beam at 0.5-3.0 keV and 30°
angle of incidence.

X-ray powder diffraction (XRD) was performed on a PANalyt-
ical Empyrean Diffractometer in a 20 range of 4-90°. X-ray
wavelength was 1.5408 A (Cu Ka) and step size was 0.0131°.
Data and particle size analysis via Scherrer equation was done
using the HighScore Plus V.4.0 (4.0.0.19037) software from
PANalytical B.V.

Nitrogen sorption measurements were performed on a
BELSORP-max with N; at 77 K using 40 measurement points.
Prior to all measurements, samples were ground and dried at
90 °C for at least 24 h until the weight differences between two
subsequent measurements were less than 10%. Data analysis
was done with the BELMaster™ 6.3.0.0 software from BEL

Japan, Inc.

Mercury (Hg) intrusion porosimetry was done on a Pascal
140/440 porosimeter (Thermo Fisher Scientific, Rodano, Italy)
in a pressure range of 0—400 MPa. The instrument software
(Sol.I.D.) was employed for calculations of results supporting
Washburn’s equation. A mercury surface tension of
0.48 N/m and a contact angle of intruded mercury of 140° were

assumed.

Reflection solid-state UV—vis spectrometry was done on a
Perkin-Elmer (PE) Lambda 950 UV—vis spectrometer from
200-850 nm with a resolution of 2 nm using a Praying
Mantis™ attachment from Harrick Scientific Products Inc.
Ground samples were mixed with MgSOy, in a 1:10 w/w ratio
prior to measurements. Data analysis was done with the PE UV
WinLab V6.03 software.

Fourier transform attenuated total reflection infrared spectrosco-
py (FT-ATR-IR) was done from 4000-500 cm™! with a
resolution of 2 cm™! on an FT-IR NEXUS spectrometer with a
ThermoNicolet SmartOrbit ATR attachment with a diamond
crystal. Samples were directly deposited on the crystal und
fixed in the measurement position via the SmartOrbit attach-
ment. Data analysis was done with the ThermoFisher Omnic

8.1.11 software.
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Raman spectroscopy was performed on a WITec alpha300
confocal Raman microscope with an upright optical micro-
scope. Laser wavelength was 532 nm and laser power was
14 mW. The laser was coupled into a single mode optical fiber
and focusing on the sample was achieved via an Olympus
MPlanFL N (NA = 0.9) 100x objective yielding a probe area of
1.3 um? [56]. Raman spectra were obtained with an integration
time of 50 s from 0-1200 cm™! and the grating of the spectro-
graph was set to 1800 g/nm to avoid laser-induced damage in
the samples. Data analysis was done with the WITec Control
FOUR 4.1 software.

Thermogravimetric analysis (TGA) was done on a Netzsch TG
209F1 from 30 °C to 1000 °C with a heating rate of 10 K/min in
synthetic air. To evaluate the reproducibility of the measure-
ments, one sample was analyzed three times. All data showed
the same behavior and the deviations between the individual
measurements were below 1%. Elemental analysis (EA) for C,
H, and N was performed on a Vario EL III (elementar).

Photocatalysis experiments were done in a planar photoreactor
with defined geometry consisting of a stainless steel housing
with cooling, a Teflon inlet as reaction chamber, and a 6 cm
diameter quartz glass window [57]. The irradiation area is given
by the size of the solid sample that was irradiated. A solar
simulator (LOT Oriel Quantum Design), which is basically a
300 W Xe-lamp equipped with an AM-1.5G filter, was used
at an intensity of about 1000 W/m? as light source. For compar-
ison a 300 W Xe-lamp without the AM1.5G filter was also
used.
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In a typical experiment, the catalyst and a stirring bar were
placed in the reactor. Then the setup was evacuated three times
and filled with argon (Ar) to remove residual oxygen. There-
after, 53 mL of a 2:1 mixture of water and ethanol were added
under an Ar stream, and the thermostat was set to 25 °C. Both
water and ethanol were treated with Ar for at least 10 min to
remove dissolved oxygen before injection into to the reaction
chamber. The light source was placed at a distance of 10 cm.
After reaction (usually 24 h), a sample of the gas phase was
analyzed in a gas chromatograph equipped with a Carboxen
column (Agilent Technologies 7890A GC System with a
jasUNIS Injector System) to determine the amount of Hj.

Results

Two types of materials were made. The first group only
contains TiO, (T) and silk (S), and will be denoted “TS”
throughout the remainder of text. The second group contains
TiO, (T), PEO (P), and silk (S), and will be denoted “TPS”. The
respective gold-modified materials are denoted TS _Au, and
TPS_Auy, respectively, where x is the amount of HAuCly-3H,0
used for the synthesis in milligrams. Table S1, Supporting
Information File 1 summarizes the materials studied in this
work.

Figure 1 shows photographs of the hybrid materials. The wet
TS and TPS materials are slightly yellow and have a diameter
of 4.0-4.5 cm (the Teflon dishes used for synthesis have a di-
ameter of 6 cm). After drying, the samples lose 70-75 % in
weight and shrink to a diameter of 2.0-2.5 cm. All samples
remain intact and appear macroscopically homogeneous.

Figure 1: Hybrid materials: a) wet TPS, b) wet TPS_Auy 5 ¢) dry TPS, d) wet TS e) wet TS_Aug 5 f) dry TS.
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After Au deposition, the surface color of the TPS samples
changes to purple. The color depth relates to the amount of
HAuCly3H,0 used for the synthesis. The surface of TPS_Au g
is light purple; in the case of TPS_Au, 5 it is intense purple
(Figure 1). The surface of TPS_Aus ( is dark purple to nearly
black, and TPS_Aujg 7 has a surface with an Au cast. More-
over, light microscopy of cross-sections of the materials (Figure
S1, Supporting Information File 1) suggests that the penetration
depth of the AuNP reaches up to 120 um, judging from the
purple color visible in the optical micrographs.

The absence of PEO affects the color of the TS samples.
TS Au, 5 is light purple but the color is less intense than in
TPS Au, 5. Again, the variation of the Au salt concentration
leads to a color change. In contrast to TPS_Auy, however, the
surfaces of TS_Aus g and TS Aug | do not show intensification
of the purple color, but instead an increasing gray hue. More-
over, the penetration depth of the Au — again judging by the
color — is 400 um; this is larger that observed for TPS_Au, s.

Finally, Au deposition does not influence the shrinking: both
the TiO,/silk and the TiO,/silk/Au hybrids have roughly the
same diameters in the wet and the dry states, respectively.
Moreover, no color change is observed on drying.

Figure 2 shows scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDXS) data obtained
from the hybrid materials. TPS has a rough and rather dense
surface with large holes up to 16 um in diameter and some
smaller aggregates on the surface. Higher magnification images
show smaller holes with diameters ranging between 0.04 and
0.1 pm. These holes are often located around the larger holes
described above. EDXS confirms the presence of Ti and O,
suggesting the formation of TiO,. Finally, the samples also ex-
hibit fiber-like features, presumably from the silk.

Au deposition appears to have promoted the opening of the sur-
face of the samples to some extent. As a result, TPS_Au; 5
partially exhibits a macroporous structure and an inhomoge-
neous surface morphology with smaller particles located on the
surface, similar to the Au-free sample TPS. Again smaller holes
are visible around the larger holes. Moreover, the SEM images
of TPS_Au, 5 show small spots (highlighted with white circles)
that were not observed before Au deposition. These objects are
assigned to AuNPs and EDXS indeed confirms the presence of
Au in these samples.

The PEO-free hybrid materials (TS) have a different morpholo-
gy. At lower magnification the sample surface has a grainy
appearance but higher magnification images show that

the materials consist of tightly connected spherical nanoparti-
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cles with significant open volume. The particles have a diame-
ter of ca. 1.5 um and appear to be composed of smaller parti-

cles.

The surface morphology of the gold-containing TS Au, 5 is
very similar to the morphology of the TS materials. Unlike the
TS materials, however, all TS Au, 5 materials show small,
bright dots (highlighted with white circles) in the SEM images.
These can again be assigned to AuNP. The presence of Au is
again confirmed by EDXS.

EDXS generally only shows C Ka, O Ka, Ti Ko/, and Ti Lo/p
signals. Only the TS samples exhibit Ca Ka and Cl Ko/f signals
showing that these samples also contain Ca and Cl. As both
these elements are present in the reaction mixture (see Experi-
mental section) it is likely that they are not completely washed
out during purification.

Figure 3 shows representative TEM images of the same materi-
als. Lower magnification images reveal significant differences
between the TS and TPS materials. The TPS materials exhibit
tightly packed pores with diameters ranging between 0.4 and
4.0 um and rather thin walls between the pores of ca.
0.1-1.8 um. A few larger pores with diameters up to 50 um are
present as well (Figure S2, Supporting Information File 1).
Some of these larger pores have a darker hue, suggesting that
they are filled with silk, because the silk was stained with
uranyl acetate. The lighter pores are likely filled with resin. The
location of the PEO could not be determined.

The TS materials exhibit much less pores than the TPS materi-
als. The pore diameters are larger (10 to 100 pm) than in the
TPS materials. The pores are separated from one another by
walls with thicknesses between 2—20 pum (highlighted by red
lines in Figure 3). All pores show a light gray structure in the
TEM images, indicating that they may be filled with silk.

Higher magnification images reveal that the inorganic structure
surrounding these large pores is composed of TiO, NPs (TNPs)
with diameters on the order of 5.5 + 1.5 nm (Figure 3). Al-
though the primary particles roughly have the same size in all
samples, there are differences in the inter-particle distances.
While the NPs in the TS samples show a more open, cluster-like
structure with small pore-like spaces up to 100 nm, the TPS
samples always exhibit very densely packed NPs without
further pores in the 10-100 nm range. In spite of their different
arrangements, the individual TNPs are essentially identical in
all the samples.

Unlike the TNPs, the AuNPs found in the TS and TPS materi-
als are different. For example, in TPS_Au, 5 the nanoparticles
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Figure 2: From top to bottom: SEM Images (left) of the surfaces of TPS, TPS_Au, 5, TS, and TS_Au, 5 at different magnifications, and EDX spectra
(right) of the respective samples. Insets show examples of the same material after grinding. Circles highlight some of the bright spots mentioned in the

text.

are located at the edge and the pore walls of the hybrid material
and are positioned fairly close to each other. The particles have
a rather broad size distribution between 4-38 nm, with most
particles in the 10—18 nm range (Figure 3).

Judging from the TEM images, TS Aus  contains a lower
number of AuNPs in spite of the fact that the amount of
HAuCly-3H,0 used for the synthesis was higher than in
TPS_Auj 5. Furthermore, the particles are more clearly
separated from one another. TEM also suggests that the AuNPs

have a higher penetration depth in the TS-based materials than
in the TPS_Auy materials, which is consistent with optical
microscopy. Moreover, the diameter of the AuNPs in the
TS_Aus ( materials is mainly between 7-13 nm, but smaller Au
particles are also present. Furthermore, bright field TEM images
of TS _Aus o show a homogeneous AuNP distribution on the
TNP.

Dark field STEM images of the HM show a better contrast be-
tween Au and TiO; (Figure S3, Supporting Information File 1).

193



Beilstein J. Nanotechnol. 2018, 9, 187-204.

Figure 3: TEM images of TPS, TPS_Au, 5, TS, and TS_Aus g at different magnifications. Red circles highlight the AuNPs and the red bars highlight
the walls between two adjacent pores in TS.

The AuNP in TS Ausy and TPS_Au, 5 are rather homoge-
neously distributed. Moreover, the images show that the size
distribution of the AuNP is quite homogeneous and no overly
large or highly aggregated particles are present in the samples.
The slight differences between the AuNP distribution in TEM
and STEM may be due to variation between sample areas.

Both the AuNPs and the TNPs were further analyzed via
HRTEM and fast Fourier transformation (FFT) analysis of the
observed lattice fringes along with further EDXS experiments.
Figure S4, Supporting Information File 1 shows a representa-
tive HRTEM image of a typical AuNP and the surrounding

TNP in TS_Aus . The size of the AuNP (dark spot) is 12 nm.
The AuNP is surrounded by different TNPs of about 5 nm in di-
ameter. The size was deduced from the extension of the lattice
fringes observed in the HRTEM images (white circles). FFT
analysis of the HRTEM image shows a series of reflections that
can be assigned to Au and different TiO; modifications
(brookite and anatase), which are also identified by XRD (Ta-
ble S2, Supporting Information File 1). Rutile cannot be
detected. The EDX spectra were primarily obtained by spot
analysis with the electron beam directly placed on one of the
dark spherical features; the corresponding spectra show intense
Au signals, which confirm HRTEM.
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Corresponding data for TPS_Au, 5 are displayed in Figure S4,
Supporting Information File 1. The AuNP shown here is 15 nm
in diameter and the lattice spacings observed in this particle
(0.235 nm and 0.204 nm) can again be assigned to (111) and
(200) fringes of gold. The TNP observed in these samples have
a size of roughly 5 nm in diameter and the lattice spacings ob-
tained from FFT indicates that anatase and brookite are present
in the sample. The corresponding EDX spectra prove the pres-
ence of Au and Ti.

Figure 4 shows representative XRD patterns of the hybrid mate-
rials. All patterns are essentially identical and exhibit a series of
broad reflections that can be assigned to anatase (ICDD 98-015-
4602). Only one reflection at 30.5°26 is specifically due to
brookite (i.e., the (121) reflection with 90% intensity, ICDD
00-029-1360). The other brookite reflections are located at the
same positions as the anatase reflections and can therefore not
be distinguished. The very low intensity of the brookite (121)
reflection, however, suggests the presence of only a low amount
of brookite.
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Figure 4: XRD patterns of the hybrid materials. Reflections labeled «
are anatase reflections (ICDD: 98-015-4602) and reflections labeled ¢
are brookite reflections (ICDD: 00-029-1360).

Interestingly, the XRD patterns do not display any reflections
assigned to Au. In principle, the most intense Au reflection
((111), ICDD 00-004-0784) should be observed at 38.2°. Unfor-
tunately, this position overlaps with the anatase (004) reflection.
Therefore, an unambiguous assignment of the observed reflec-
tion is not possible. Measurements for longer times and higher
count rates for improvement of the signal to noise ratio were
thus done from 35-47° (Figure S5a, Supporting Information
File 1). The Au (200) reflection at 44.4° (ICDD 00-004-0784)
should be clearly visible if high amounts of Au are present in
the samples. There is, however, no evidence of this Au reflec-
tion. The weak reflection at 42.3° can be attributed to the

brookite (221) reflection. Consequently XRD agrees with
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HRTEM which pointed out the presence of anatase and some
brookite.

Scherrer analysis [58] of the XRD patterns yields an average
anatase particle size of 4.0 £ 0.5 nm in all samples. This is in
good agreement with particle sizes of 5-10 nm evident from the
TEM images (Figure 3, Figure S3, Supporting Information
File 1).

For photocatalytic water splitting (see below) the wet samples
were used. To ensure that there is no drying-induced phase tran-
sition in the hybrid materials, XRD was also done on a wet
sample (Figure S5b, Supporting Information File 1). Clearly,
the wet samples produce a higher X-ray background due to
large amounts of water present in these samples. Nevertheless,
the data prove that there is no structural change in the material
upon drying because XRD patterns are identical to the data ob-
tained from the dry material. Moreover, particle size analysis
via Scherrer equation [58] yields exactly the same particle size
of 4.1 £ 0.5 nm for the wet samples.

Figure 5 compares the Au 4f, Ti 2p, C 1s, N 1s, and O 1s XP
spectra of the TS _Au, 5 and TPS_Au, 5 surfaces. The respec-
tive binding energy assignments (Table S3, Supporting Infor-
mation File 1) are in a good agreement with literature. The main
peak at Au 4f7, = 84.0 £ 0.2 eV is attributed to metallic Au,
which proves the formation of Au® NPs [59]. The additional
weak component at Au 4f7,, = 85.1 eV in case of TPS_Auj; 5
cannot be attributed unambiguously, but is probably due to a
local charge-up. The binding energy of Au?" residues would be
expected at Au 4f7,, = 86.6 eV and, therefore, the presence of
Audt species can be excluded [60].

The Ti 2p3/; peak at 459.0 eV and the corresponding O 1s peak
at 530.5 eV are attributed to TiO, [61]. Furthermore the binding
energy of Ti 2p3/, at 459.0 eV could possibly also be assigned
to Ti—O—C units, possibly stemming from silk, PEO, or residual
EtAcAc connected to the TNPs [62]. The O 1s binding energies
at 531.8 eV and 533.3 eV can be attributed to Ti—-OH motives
[63].

The main N 1s peak at 400.1 eV is attributed to the amide and
amine groups (peptide bonds) of silk (Table S3, Supporting
Information File 1) [64-67]. This assignment is corroborated by
the corresponding C 1s peaks at 286.4 ¢V (C-N) and 288.3 eV
(O=C-N, O 1s =531.8 V) [66-70]. The weak N 1s component
at 402.0 eV is assigned to protonated nitrogen [68]. Note that
C-N and C-O contributions cannot be resolved within the C 1s
multiplet. In spite of this, the weak O 1s peak at 533.3 eV sug-
gests the presence of C—O groups originating from PEO or syn-
thesis residuals of EtAcAc [66,68]. The C 1s peak at 285.0 eV
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Figure 5: Au 4f, Ti 2p, C 1s, N 1s, and O 1s XP spectra of the TS_Auy 5 (left) and TPS_Auy 5 (right) surfaces. Open circles are experimental data, red
line represents the sum of all fits and blue lines are the single fit components.
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is attributed to the C—H groups of PEO and silk and adventi-
tious carbon.

Table S3, Supporting Information File 1 summarizes the XPS
binding energies, assignments to the respective binding part-
ners, and atomic concentrations for the samples TS _Au, 5 and
TPS Auj 5. The chemical composition of all materials is fairly
similar except for the fractions of Au and Ti. TS_Au, 5 has a
higher amount of Au (2.2 atom % vs 1.2 atom %) whereas the
amount of titanium (and hence TiOj) is lower (0.2 vs
2.1 atom %). Conversely, the Au content is lower in TPS _Auy 5
and the TiO, content is higher.

Furthermore, XPS sputter depth profiles were acquired to obtain
information on the chemical composition of the samples vs
depth. Figure S6, Supporting Information File 1 shows a repre-
sentative data set from TPS_ Au; 5. The fractions of O and Ti
increase slightly with increasing sample depth until a plateau is
reached at around 500 s. The atomic concentrations of around
30% for Ti and around 60% for O indicate the presence of
TiO,. In contrast the atomic concentrations of C, N, and Au are
much lower and further decrease with increasing sample depth,
indicating that Au and possibly silk are slightly enriched
directly on the surface [71].

EDXS and XPS data (Figure 2 and Figure S4, Supporting Infor-
mation File 1) were further confirmed by elemental analysis
(EA, Table S4, Supporting Information File 1). The overall
amount of CHN (indicative of the organic fraction in the materi-
als) is 15.2% in TPS and 14.6% in TPS_Au, 5. The fraction of
organic material is 21.2% in TS and 20.8% in TS_Au, s.

Figure 6 shows complementary infrared (IR) and Raman spec-
tra. The presence of AuNPs is advantageous, as the signals of
chemical species close to the AuNPs are enhanced (surface en-
hanced Raman effect) [72,73] providing chemical information
on the surroundings of the AuNP. In all cases, the addition of
Au leads to an increase in the Raman band intensities com-
pared to the Au-free samples. As a result, the Raman spectra of
TPS_Auy and TS _Auy can be analyzed in detail.

The Raman spectra obtained for “bulk” anatase typically show
O-Ti—O vibration bands at 144, 197, and 640 cm™! from the Eg
symmetric stretching vibration, at 400 and 519 cm™! from the
By, symmetric bending vibration, and at 513 cm™! from the
Ajg asymmetric bending vibration [63,74]. The bands at 519
and 513 cm™! overlap in the current spectra although they are
known to be separated below 73 K [63,74]. In the case of nano-
particles (vs bulk TiO,), broader signals and a red or blue shift
in the Raman bands are observed [75]. The O-Ti—O vibration
bands observed in Figure 6 are located at 626, 509, 409, 209,
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Figure 6: Raman spectra of (A) TPS_Auy and (B) TS_Au,. (C) IR
spectra of TiO, made using the same procedure employed for the
hybrid materials (black line), TPS (red), TPS_Aujy 5 (blue line),
TS_Augy 5 (violet line), and TS (green line). The signal around
2200 cm~" in the IR spectra stems from the diamond crystal of the
ATR-IR spectrometer.

and 151 cm™!. The band at 151 cm™! is the most intense and
sharpest signal. The 209 cm™! band is very weak and its intensi-
ty increases in the presence of Au. The bands at 409 and
630 cm™! are broad and again their intensity increases in the
presence of AuNP. In contrast, the band at 509 cm™! is also
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broad, but there is no significant change in intensity upon Au
addition. Furthermore, the Raman spectra of TPS_Auj ¢ and
TS_Aug ; show a new weak, broad band at 266 cm™! possibly
originating from brookite (RRUFF ID: R50363.3), consistent
with XRD.

All FT-IR spectra exhibit a broad band centered at ca.
3300 cm™!, which can be assigned to the stretching vibrations
of O—H groups from water and to the symmetric and asym-
metric stretching vibrations of the N—H bonds in silk. Symmet-
ric and asymmetric stretching modes of CH, groups from silk
[76] or from terminal TiO-H groups [77] may also contribute to
this broad signal.

Bands at 1620 and 1510 cm™! are the amide T and amide II
bands of the B-sheet of B. mori silk, respectively [78,79]. The
band at 1620 cm™! may also be due to the O—H bending vibra-
tion from adsorbed water or TiO—H groups [80]. This signal is
more intense in the silk/TiO; hybrid materials than in the pure
TiO, [81]. Finally, Ti—~O-Ti and Ti—O vibration bands are ob-
served between 800 and 400 cm™! region [76]. An identifica-
tion of the crystal phase (anatase, rutile, brookite) is, however,
not possible because of the breadth of these bands.

Figure S7, Supporting Information File 1 shows thermogravi-
metric analysis (TGA) data. The TGA curves of the pure silk
show two steps. The first step which spans up to 105 °C with a
4% weight loss, can be assigned to water desorption. The
second step is a large weight loss with three overlapping steps
between 210 and 640 °C with an overall 97% weight loss with
no further weight loss up to 1000 °C.

Pure TiO, only shows a broad weight loss of 17% from room
temperature to 420 °C, which is assigned to water, ethanol,
ethylacetoacetate (EtAcAc), and possibly isopropanol from
unreacted TiO, precursors [82].

The PEO-containing hybrid materials TPS and TPS Au; 5
essentially exhibit an identical thermal stability. The first weight
loss of 9% below 120 °C can be assigned to water and ethanol
evaporation. The second step from 120 to 250 °C only shows a
minor weight loss of 3% and is likely due to evaporation of
more strongly bonded water and ethanol. The third step with an
overall weight loss of 20% can again be assigned to silk degra-
dation and combustion of unreacted EtAcAc and TTIP occur-
ring between 250 and 600 °C [82]. No further weight loss is ob-
served up to 1000 °C and the residual 68% can be assigned to
TiOz.

Like the TPS materials, the TS materials essentially exhibit
identical TGA curves irrespective of the presence or absence of
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Au. Again, the first weight loss of 10% up to 120 °C is due to
the loss of water and ethanol. A next weight loss of 3% from
120 to 250 °C is from the evaporation of more strongly bound
water and ethanol. The third step is a multi-step silk degrada-
tion and combustion of unreacted EtAcAc and TTIP from 250
to 580 °C with an overall weight loss of 28% (TS) and 27%
(TS_Auy 5) indicating a higher amount of organic matter in the

TS materials than in the corresponding TPS materials.

In summary, both types of hybrid material contain of ca. 12% of
solvent. The TPS materials contain 20% of organic matter
(combined silk and PEO) and the TS materials contain ca. 28%
of silk. Consequently, the fraction of TiO, in TPS is ca. 8%
higher than in TS.

Figure 7 shows nitrogen sorption data obtained from the
Au-free and Au-modified samples. All samples show a type
IV(a) isotherm with a type H2(a) hysteresis loop; the hysteresis
loop is typical for materials with pore diameters wider than
4 nm when measuring at 77 K [83]. The vertical slope in the
beginning of all measurements indicates the presence of micro-
pores and the remainder of the adsorption and desorption
branches indicates the presence of mesopores.
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Figure 7: Nitrogen sorption isotherms of TPS (black symbols),
TPS_Auy 5 (blue symbols), TS_Auy 5 (green symbols), and TS (red
symbols); = adsorption branch, e desorption branch.

Pure TiO; made by the same synthesis method, but without
PEO and silk, has a pore diameter of 2.4 nm and a specific sur-
face area of 280 m?/g. The TPS and TPS_Au, 5 samples have
the same pore diameter of 3.2 nm and nearly the same specific
surface area of 210 m%/g. The materials made without PEO (TS
and TS _Au, 5) have a lower pore diameter of 2.4 nm and a
lower specific surface area of 170 m%/g (TS) and 180 m?%/g
(TS_Au, 5) respectively. Table 1 summarizes the surface areas

and pore volumes.
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Table 1: Porosimetry data of the hybrid materials and a TiO, control sample made via the same method but without silk and PEO. Surface areas and
pore sizes were calculated via the Barrett—-Joyner—Halenda (BJH) or Brunauer—-Emmett—Teller (BET) method [84,85].

BJH BET Hg intrusion
sample Average pore  Pore volume  Total specific surface Average pore  Pore volume  Total pore surface
diameter [nm]  [mm3/g] area [m%/g] diameter [nm]  [mm3/g] area [m2/g]

TiOy 2.4 170 280 - - -

TPS powder 3.2 150 210 3.5-5 643 49.5
100-50,000

TPS monolith  — - - 3.5-10 332 47.8
100-10,000

TPS_Auy 5 3.2 150 210 - - -

TS powder 2.4 90 170 500-30,000 517 16.8

TS monolith - - - 3.5-10 344 30.3
500-5,000

TS Auy s 2.4 110 180 - - -

As SEM and TEM also show the presence of macropores,
nitrogen sorption was complemented with Hg intrusion
porosimetry. Figure 8 shows that TPS ground to a powder prior
to the measurements has a very broad pore diameter distribu-
tion. The cumulative pore volume indicates a very undefined
porosity with pore sizes mainly in the range of 200 nm and
50 um. In contrast, in the case of monolithic TPS samples (i.c.,
samples that were not ground prior to analysis), the pore size
distribution is different. Pores created between powder parti-
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cles by grinding (pores bigger than 4-6 pm) cannot be detected
here. As a result, the residual porosity appears more distinct,
showing pores with a diameter below 10 nm and in the range of
200 nm and ca. 5 pm.

Both TS samples (ground and monolithic) have a narrower pore
size distribution than the TPS samples. In the powdered sample,
the pores are mainly on the order of 500 nm to 30 pm whereas
the monolithic sample shows pores below 10 nm and from
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Figure 8: Cumulative (blue) and relative (red) pore volume of TPS (top) and TS (bottom) measured by Hg intrusion.
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500 nm to 5 um with a rather pronounced main pore diameter at
1 pm.

As the purpose of the materials presented here is photocatalytic
water splitting, the bandgap is important. It was determined via
solid state UV—vis reflection spectroscopy via Kubelka—Munk
analysis [61]. The indirect bandgap for all materials is
3.15 £ 0.10 eV, regardless of the presence or absence of Au.
This band gap is slightly lower than values found in the litera-
ture, which are typically around 3.2 eV for anatase (which is the
major component in the current materials) [31,86].

Figure 9 shows the results from photocatalytic water splitting
experiments in the presence of ethanol as sacrificial reagent. A
possible mechanism of photocatalytic water splitting is shown
in Equations S1-S5, Supporting Information File 1. The data
reveal a significant influence of the amount of Au present in the
samples on the photocatalytic efficiencies. TPS_Au;g 7 shows
the lowest Hy production of 4 mmol in 24 h (all values are
normalized to a catalyst area of 1 m2). TPS_Aus g produces
11 mmol of Hp, TPS_Au, ¢ generates 9 mmol, and TPS_Au,
produces 16 mmol of H,. The highest amount (30 mmol) of H;
is produced with TPS_Au, s.

Replacement of the sun simulator with a 300 W Xenon lamp in-
creases the amount of H, produced from TPS_Aus g by a factor
of about 18 from 11 mmol to 200 mmol (Figure S8, Supporting
Information File 1). Interestingly, there is no significant differ-
ence between materials that were dried before use and those
used directly without drying; 16 mmol vs 14 mmol in 24 h.

The TS materials were used as synthesized and show a low Hj
production of 0.3 mmol in 24 h whereas Au modified TS_Auj; 5
produces 4 mmol in 24 h.
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Discussion

H, is among the most attractive fuels for a more resource-effi-
cient energy management. As a result, practical and cheap pro-
duction and delivery strategies for H, gas are highly sought
after [6-10]. Photocatalytic water splitting is among the most
promising technologies for point-of-use H, production and
therefore a large number of photocatalysts have been de-
veloped [8,87-90]. As pointed out in the introduction, however,
NP-based photocatalysts have disadvantages, for example in
terms of recycling.

The current report therefore focuses on a new hybrid material
for water splitting. The main advantage of the current group of
materials is that they are available as macroscopic, rather
uniform, discs (Figure 1). The macroscopic dimensions enable
simple handling of the catalysts. A further advantage that needs
to be explored in more detail in the future is the fact that the
scaffold is made from silkworm silk, which is — at least in prin-
ciple — a renewable raw material.

The materials are macroscopically quite uniform. Electron
microscopy (Figure 3) and porosimetry (Figure 8) show that all
materials exhibit a complex pore architecture. The latter can be
tuned by the addition of PEO to the reaction mixture. The spe-
cific surface area of TiO, without silk and PEO is 280 m2/g,
which is close to the theoretical external surface (315 m%/g) of
5 nm TNP and consistent with earlier data on 6 nm TNP with a
surface area of 250 m2/g [91].

Generally, the TPS and TS samples have a somewhat lower sur-
face area of 210 m?/g and 170 m%/g, respectively. These data
clearly show that the approach is flexible and enables the syn-
thesis of materials with a tunable pore size. This may be helpful
for optimizing the photocatalytic activity.
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Figure 9: H, production of the hybrid materials using a sunlight simulator. A) Numbers are mmol of H, produced per 24 h and m? of catalyst B) rela-
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HRTEM, FFT, and XRD (Figure S4, Supporting Information
File 1 and Figure 4) demonstrate that in all cases anatase
with traces of brookite forms and that AuNPs are present in
the samples. Furthermore, the chemical composition was ascer-
tained via EA, EDXS, XPS, TGA, as well as IR and Raman
spectroscopy (Table S4, Supporting Information File 1,
Figure 2, Table S3, Supporting Information File 1, Figure S7,
Supporting Information File 1, Figure 6) and the data consis-
tently show that the TS samples contain slightly more organic
(i.e., silk) material. The deviations in the chemical composition
that are observed between the XPS and the EA data are likely
due to the fact that EA probes the entire material while XPS
solely probes the surface. Indeed XPS sputter profiles (Figure
S6, Supporting Information File 1) reveal a carbon-rich surface
of the TPS sample suggesting that the surface may be enriched
in silk and/or PEO.

Overall, these data prove that: (i) The materials have an open
pore structure, (ii) the AuNP and the TNP are in close contact
with each other, (iii) the TNPs and the AuNPs are crystalline,
and (iv) the materials vary somewhat depending on the synthe-
sis protocols. In spite of this, all materials share the same
generic features such as an open porosity and chemical compo-
sition suitable for water splitting.

Indeed, all materials are photocatalysts for water splitting. How-
ever, Figure 9 clearly shows that there are significant differ-
ences between the materials. Expectedly, water splitting is
much more efficient under UV irradiation than under simulated
sunlight. This is due to the bandgap of 3.15 eV. Indeed it has
been pointed out that larger TNP could lead to a higher photo-
catalytic activity [92] but this aspect is beyond the scope of the

current article.

Besides TNP size, the AuNPs play a crucial role. In the current
study, samples made with 2.5 mg of HAuCly-3H,0 yield the
best results. Higher Au concentrations possibly lead to an AuNP
layer, which is too dense for efficient energy transfer between
AuNPs and TNPs. On the other hand, a lower amount of
HAuCly-3H,0 could lead to smaller particles and consequently
to very few reaction centers or the reduction of the Au plasmon
in the materials, thereby reducing the overall effectiveness of
the photocatalytic activation of the reaction.

Comparison of the efficiency of the current materials with other
materials is difficult: (i) most photocatalysts described in the lit-
erature [22-24] are used as nanoparticles in dispersion. This
results in a much higher surface area than those observed in the
TS or TPS materials; (ii) the amounts of H, produced are often
given in pmol/h or pmol/g catalyst. While this is generally
viable, solid materials such as the TS and TPS materials are
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much better characterized by H, production in pmol/(h-m?) as
the irradiated area of catalyst is the crucial parameter (and not
the mass of catalyst); (iii) there are no standard procedures to
quantify the photocatalytic activity and experimental setups
show large variations in terms of, e.g., reactor design, feed
design, light source, irradiation window, and water/organic sol-
vent mixtures in the reactors [9].

Regardless of this, Silva et al. [24] reported that a higher
amount of AuNPs results in a lower H, yield, similar to the data
presented here. Chen et al. [23] demonstrated that a high
amount of AuNP leads to AuNP clusters, which promote the
recombination of electron—hole-pairs. The same studies also

show an effect of the irradiation wavelength.

Matsuoka et al. [31] deposited TiO, on a quartz glass plate. The
TiO; (columnar rutile) had a height of 1.2 um and was further
sputter-coated with Pt particles. The resulting composites pro-
duced 2760 mmol/(24 h'm?) of H, with a 500 W Xe lamp. This
is higher than the current materials, which produce
200 mmol/(24 h'm?) of H,. It must be noted, however, that
these lower numbers were achieved using a 300 W Xe lamp.
Moreover, the material used for these experiments (TPS_Aus g)
has only ca. 36% of the efficiency of the best material
(TPS_Au, 5). In addition, Matsuoka et al. used a rutile-based
material with a rutile bandgap of ca. 3.02 eV, whereas the cur-
rent materials are mainly anatase with a bandgap of 3.15 eV;
presumably this slightly larger band gap results is a somewhat
less effective use of the irradiated light compared to the exam-
ple by Matsuoka.

As a result, there are differences between these materials
making a quantitative comparison between the different ap-
proaches difficult. Nevertheless, TiO;-based composites are
highly promising and the current example further broadens the
pool of attractive and tunable photocatalysts for water splitting.
The performance of the current materials is comparable to other
photocatalysts, but they have the additional advantage that they
can easily be purified and recycled by simple washing.

Conclusion

We have successfully synthesized two new TiO;-silk hybrid
materials using B. mori silk as a renewable and versatile scaf-
fold. The hybrid materials have a complex architecture and are
efficient water splitting catalysts. The TPS-based materials are
better catalysts than the TS-based materials but more informa-
tion is necessary to better understand and to optimize these
systems. Although the current efficiency of the catalysts is rea-
sonable, the materials presented here are among the first models
of complex water splitting catalysts that are at least partly based

on renewable materials that can easily be recycled by simple
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washing, and are rather efficient at generating H,, one of the

most attractive green energy sources available today.

Supporting Information

Supporting Information File 1

Additional data. A comparison of the different hybrid
materials, and further analytic results like (STEM,
HRTEM, digital microscope images, XRD, binding
energies from XPS measurements and results from TGA
and elemental analysis) are shown in the supporting
information. Furthermore a comparison between H,
productions using simulated sunlight vs a xenon lamp and a
possible mechanism for photocatalytic water splitting is
also shown.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-9-21-S1.pdf]

Acknowledgements

We thank Prof. 1. Bald and Dr. J. Prinz (U Potsdam) for Raman
measurements, Dr. A. M. Schleicher (GFZ Potsdam) for XRD
measurements on wet samples, Prof. B. Smarsly (U Giessen) for
access to the Hg intrusion porosimetry, Y. Linde (U Potsdam)
for EA measurements, Dr. K. Tauer and U. Lubahn (MPI-KG)
for TGA measurements. Financial support by the Deutsche
Forschungsgemeinschaft (SPP 1569, grant TA571/11-1 and
11-2), the Fundagdo para a Ciéncia e Tecnologia (FCT)/
Deutscher Akademischer Austauschdienst (DAAD) Scientific
and Technological Cooperation project 2014-2015 (Ref: 6818),
the University of Potsdam, and the Fraunhofer-Institute for
Applied Polymer Research (FhI-IAP, Golm) is gratefully ac-
knowledged. Purchase of the K-Alpha+ instrument was finan-
cially supported by the Federal Ministry of Economics and
Technology on the basis of a decision by the German
Bundestag.

ORCID® iDs

Christian Kibel - https://orcid.org/0000-0001-5701-4006
Dorothée Vinga Szabé - https://orcid.org/0000-0002-5139-8771
Veroénica de Zea Bermudez - https://orcid.org/0000-0002-7577-4938

References

1. Scott, D. S. Back from the Future: To Plan the Best Way Nuclear Can
Get Us There. Nuclear Production of Hydrogen,; Organization for
Economic Co-operation and Development (OECD): Paris, France,
2004; p 11.

2. B. P. Company. BP Statistical Review of World Energy June 2016.
https://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-r

eview-2016/bp-statistical-review-of-world-energy-2016-full-report.pdf
(accessed Oct 24, 2016).

10.

1

-

12.

13.

14,

15.

16.

17.

18.

19.

20.

2

=

22.

23.

24,

25.

26.

27.

28.

Beilstein J. Nanotechnol. 2018, 9, 187-204.

. Organization for Economic Co-operation and Development (OECD).

Hydrogen and Fuel Cells; OECD Publishing: Paris, France, 2004.

. Schnurnberger, W.; Janen, H.; Wittstadt, U. Wasserspaltung mit

Strom und Wérme. FVS Themen; 2004; pp 50-59.

. Fujishima, A.; Honda, K. Nature 1972, 238, 37-38.

doi:10.1038/238037a0

. Kudo, A.; Miseki, Y. Chem. Soc. Rev. 2009, 38, 253-278.

doi:10.1039/B800489G

. Osterloh, F. E. Chem. Soc. Rev. 2013, 42, 2294-2320.

doi:10.1039/C2CS35266D

. Chen, X.; Shen, S.; Guo, L.; Mao, S. S. Chem. Rev. 2010, 110,

6503-6570. doi:10.1021/cr1001645

. Hisatomi, T.; Kubota, J.; Domen, K. Chem. Soc. Rev. 2014, 43,

7520-7535. doi:10.1039/C3CS60378D
Maeda, K.; Domen, K. J. Phys. Chem. Lett. 2010, 1, 2655-2661.
doi:10.1021/jz1007966

.Kudo, A. Catal. Surv. Asia 2003, 7, 31-38.

doi:10.1023/A:1023480507710

Youngblood, W. J.; Lee, S.-H. A.; Maeda, K.; Mallouk, T. E.

Acc. Chem. Res. 2009, 42, 1966—1973. doi:10.1021/ar9002398

Linic, S.; Christopher, P.; Ingram, D. B. Nat. Mater. 2011, 10, 911-921.
doi:10.1038/nmat3151

Mattsson, A.; Osterlund, L. J. Phys. Chem. C 2010, 114, 14121-14132.
doi:10.1021/jp103263n

Ruzimuradov, O.; Nurmanov, S.; Hojamberdiev, M.; Prasad, R. M.;
Gurlo, A.; Broetz, J.; Nakanishi, K.; Riedel, R. J. Eur. Ceram. Soc.
2014, 34, 809-816. doi:10.1016/j.jeurceramsoc.2013.10.009

Kato, H.; Kudo, A. J. Phys. Chem. B 2002, 106, 5029-5034.
doi:10.1021/jp0255482

Abe, R.; Sayama, K.; Sugihara, H. J. Phys. Chem. B 2005, 109,
16052-16061. doi:10.1021/jp052848I

Yu, J.; Qi, L.; Jaroniec, M. J. Phys. Chem. C 2010, 114, 13118-13125.
doi:10.1021/jp104488b

Ni, M.; Leung, M. K. H.; Leung, D. Y. C.; Sumathy, K.

Renewable Sustainable Energy Rev. 2007, 11, 401-425.
doi:10.1016/j.rser.2005.01.009

Khan, S. U. M.; Al-Shahry, M.; Ingler, W. B., Jr. Science 2002, 297,
2243-2245. doi:10.1126/science.1075035

.Primo, A.; Corma, A.; Garcia, H. Phys. Chem. Chem. Phys. 2011, 13,

886-910. doi:10.1039/COCP00917B

Gallo, A.; Marelli, M.; Psaro, R.; Gombac, V.; Montini, T.;
Fornasiero, P.; Pievo, R.; Santo, V. D. Green Chem. 2012, 14, 330.
doi:10.1039/C2GC16112E

Chen, J.-J.; Wu, J. C. S.; Wu, P. C,; Tsai, D. P. J. Phys. Chem. C 2011,
115, 210-216. doi:10.1021/jp1074048

Silva, C. G.; Juarez, R.; Marino, T.; Molinari, R.; Garcia, H.

J. Am. Chem. Soc. 2011, 133, 595-602. doi:10.1021/ja1086358
Gartner, F.; Losse, S.; Boddien, A.; Pohl, M.-M.; Denurra, S;
Junge, H.; Beller, M. ChemSusChem 2012, 5, 530-533.
doi:10.1002/cssc.201100281

Jose, D.; Sorensen, C. M.; Rayalu, S. S.; Shrestha, K. M,;
Klabunde, K. J. Int. J. Photoenergy 2013, 2013, 685614.
doi:10.1155/2013/685614

Zhang, J.; Jin, X.; Morales-Guzman, P. |.; Yu, X,; Liu, H.; Zhang, H.;
Razzari, L.; Claverie, J. P. ACS Nano 2016, 10, 4496—4503.
doi:10.1021/acsnano.6b00263

Seh, Z. W.; Liu, S.; Low, M.; Zhang, S.-Y.; Liu, Z.; Mlayah, A;;

Han, M.-Y. Adv. Mater. 2012, 24, 2310-2314.
doi:10.1002/adma.201104241

202


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-9-21-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-9-21-S1.pdf
https://orcid.org/0000-0001-5701-4006
https://orcid.org/0000-0002-5139-8771
https://orcid.org/0000-0002-7577-4938
https://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2016/bp-statistical-review-of-world-energy-2016-full-report.pdf
https://www.bp.com/content/dam/bp/pdf/energy-economics/statistical-review-2016/bp-statistical-review-of-world-energy-2016-full-report.pdf
https://doi.org/10.1038%2F238037a0
https://doi.org/10.1039%2FB800489G
https://doi.org/10.1039%2FC2CS35266D
https://doi.org/10.1021%2Fcr1001645
https://doi.org/10.1039%2FC3CS60378D
https://doi.org/10.1021%2Fjz1007966
https://doi.org/10.1023%2FA%3A1023480507710
https://doi.org/10.1021%2Far9002398
https://doi.org/10.1038%2Fnmat3151
https://doi.org/10.1021%2Fjp103263n
https://doi.org/10.1016%2Fj.jeurceramsoc.2013.10.009
https://doi.org/10.1021%2Fjp0255482
https://doi.org/10.1021%2Fjp052848l
https://doi.org/10.1021%2Fjp104488b
https://doi.org/10.1016%2Fj.rser.2005.01.009
https://doi.org/10.1126%2Fscience.1075035
https://doi.org/10.1039%2FC0CP00917B
https://doi.org/10.1039%2FC2GC16112E
https://doi.org/10.1021%2Fjp1074048
https://doi.org/10.1021%2Fja1086358
https://doi.org/10.1002%2Fcssc.201100281
https://doi.org/10.1155%2F2013%2F685614
https://doi.org/10.1021%2Facsnano.6b00263
https://doi.org/10.1002%2Fadma.201104241

29.Liu, E,; Kang, L.; Yang, Y.; Sun, T.; Hu, X;; Zhu, C.; Liu, H.; Wang, Q.;
Li, X.; Fan, J. Nanotechnology 2014, 25, 165401.
doi:10.1088/0957-4484/25/16/165401

30.Liu, E.; Fan, J.; Hu, X.; Hu, Y,; Li, H.; Tang, C.; Sun, L.; Wan, J.

J. Mater. Sci. 2015, 50, 2298-2305. doi:10.1007/s10853-014-8793-z

31.Matsuoka, M.; Kitano, M.; Takeuchi, M.; Anpo, M.; Thomas, J. M.
Top. Catal. 2005, 35, 305-310. doi:10.1007/s11244-005-3838-9

32. Goutailler, G.; Guillard, C.; Daniele, S.; Hubert-Pfalzgraf, L. G.

J. Mater. Chem. 2003, 13, 342-346. doi:10.1039/b208738c

33.Galkina, O. L.; Sycheva, A.; Blagodatskiy, A.; Kaptay, G.;

Katanaev, V. L.; Seisenbaeva, G. A.; Kessler, V. G.; Agafonov, A. V.
Surf. Coat. Technol. 2014, 253, 171-179.
doi:10.1016/j.surfcoat.2014.05.033

34.Galkina, O. L.; Ivanov, V. K.; Agafonov, A. V.; Seisenbaeva, G. A;;
Kessler, V. G. J. Mater. Chem. B 2015, 3, 1688—1698.
doi:10.1039/C4TB01823K

35.Daoud, W. A.; Xin, J. H. J. Sol-Gel Sci. Technol. 2004, 29, 25-29.
doi:10.1023/B:JSST.0000016134.19752.b4

36.Zheng, C.; Chen, G.; Qi, Z. Plasma Chem. Plasma Process. 2012, 32,
629-642. doi:10.1007/s11090-012-9350-7

37.Ude, A. U.; Eshkoor, R. A_; Zulkifili, R.; Ariffin, A. K.; Dzuraidah, A. W._;
Azhari, C. H. Mater. Des. 2014, 57, 298-305.
doi:10.1016/j.matdes.2013.12.052

38.Zhou, C.-Z.; Confalonieri, F.; Jacquet, M.; Perasso, R.; Li, Z.-G.;
Janin, J. Proteins: Struct., Funct., Genet. 2001, 44, 119-122.
doi:10.1002/prot. 1078

39. Dickerson, M. B.; Sandhage, K. H.; Naik, R. R. Chem. Rev. 2008, 108,
4935-4978. doi:10.1021/cr8002328

40. Durupthy, O.; Bill, J.; Aldinger, F. Cryst. Growth Des. 2007, 7,

2696-2704. doi:10.1021/cg060405g

.Kanie, K.; Sugimoto, T. Chem. Commun. 2004, 1584—1585.

doi:10.1039/B404220D

42.Dickerson, M. B.; Jones, S. E.; Cai, Y.; Ahmad, G.; Naik, R. R.;
Kréger, N.; Sandhage, K. H. Chem. Mater. 2008, 20, 1578—-1584.
doi:10.1021/cm071515t

43.Fang, Y.; Poulsen, N.; Dickerson, M. B.; Cai, Y.; Jones, S. E,;

Naik, R. R.; Kréger, N.; Sandhage, K. H.; Kroger, N.; Sandhage, K. H.
J. Mater. Chem. 2008, 18, 3871-3875. doi:10.1039/b806797j

44 Kroger, N.; Dickerson, M. B.; Ahmad, G.; Cai, Y.; Haluska, M. S;
Sandhage, K. H.; Poulsen, N.; Sheppard, V. C. Angew. Chem., Int. Ed.
2006, 45, 7239-7243. doi:10.1002/anie.200601871

45.Sewell, S. L.; Wright, D. W. Chem. Mater. 2006, 18, 3108-3113.
doi:10.1021/cm060342p

46.Puddu, V.; Slocik, J. M.; Naik, R. R.; Perry, C. C. Langmuir 2013, 29,
9464-9472. doi:10.1021/1a401777x

47.Huang, Y.; Chiang, C.-Y.; Lee, S. K.; Gao, Y.; Hu, E. L.; De Yoreo, J.;
Belcher, A. M. Nano Lett. 2005, 5, 1429-1434. doi:10.1021/nl050795d

48. Sarikaya, M.; Tamerler, C.; Jen, A. K.-Y,; Schulten, K.; Baneyx, F.
Nat. Mater. 2003, 2, 577-585. doi:10.1038/nmat964

49. Pérez-Rigueiro, J.; Elices, M.; Llorca, J.; Viney, C. J. Appl. Polym. Sci.
2001, 82, 1928-1935. doi:10.1002/app.2038

50.Hasegawa, G.; Kanamori, K.; Nakanishi, K.; Hanada, T.

J. Sol-Gel Sci. Technol. 2010, 53, 59-66.

doi:10.1007/s10971-009-2056-5

.Hasegawa, G.; Kanamori, K.; Nakanishi, K.; Hanada, T.

J. Am. Ceram. Soc. 2010, 93, 3110-3115.

doi:10.1111/.1551-2916.2010.03831.x

52. Ajisawa, A. J. Seric. Sci. Jpn. 1998, 67, 91-94.

4

RN

5

o

Beilstein J. Nanotechnol. 2018, 9, 187-204.

53.Parry, K. L.; Shard, A. G.; Short, R. D.; White, R. G.; Whittle, J. D;
Wright, A. Surf. Interface Anal. 2006, 38, 1497—-1504.
doi:10.1002/sia.2400

54.Scofield, J. H. J. Electron Spectrosc. Relat. Phenom. 1976, 8,
129-137. doi:10.1016/0368-2048(76)80015-1

55.Tanuma, S.; Powell, C. J.; Penn, D. R. Surf. Interface Anal. 1994, 21,
165-176. doi:10.1002/sia.740210302

56. Prinz, J.; Matkovi¢, A.; Pesic¢, J.; Gaji¢, R.; Bald, I. Small 2016, 12,
5458-5467. doi:10.1002/smll.201601908

57.Schwarze, M.; Stellmach, D.; Schréder, M.; Kailasam, K.; Reske, R.;
Thomas, A.; Schomacker, R. Phys. Chem. Chem. Phys. 2013, 15,
3466. doi:10.1039/c3cp50168j

58. Scherrer, P. Nachr. Ges. Wiss. Goettingen, Math.-Phys. KI. 1918, 2,
98-100.

59.Joseph, Y.; Besnard, |.; Rosenberger, M.; Guse, B.; Nothofer, H.-G.;
Wessels, J. M.; Wild, U.; Knop-Gericke, A.; Su, D.; Schlégl, R.;
Yasuda, A.; Vossmeyer, T. J. Phys. Chem. B 2003, 107, 7406-7413.
doi:10.1021/jp0304390

60. Conte, M.; Davies, C. J.; Morgan, D. J.; Davies, T. E.; Carley, A. F;
Johnston, P.; Hutchings, G. J. Catal. Sci. Technol. 2013, 3, 128-134.
doi:10.1039/C2CY20478A

61.Tunc, |.; Bruns, M.; Gliemann, H.; Grunze, M.; Koelsch, P.

Surf. Interface Anal. 2010, 42, 835-841. doi:10.1002/sia.3558

62.Qiu, B.; Zhou, Y.; Ma, Y.; Yang, X.; Sheng, W.; Xing, M.; Zhang, J.
Sci. Rep. 2015, 5, 8591. doi:10.1038/srep08591

63.Yan, J.; Wu, G.; Guan, N.; Li, L.; Li, Z.; Cao, X.

Phys. Chem. Chem. Phys. 2013, 15, 10978—-10988.
doi:10.1039/c3cp50927¢

64.Bruns, M.; Barth, C.; Briner, P.; Engin, S.; Grehl, T.; Howell, C.;
Koelsch, P.; MacK, P.; Nagel, P.; Trouillet, V.; Wedlich, D.; White, R. G.
Surf. Interface Anal. 2012, 44, 909-913. doi:10.1002/sia.4876

65. Tischer, T.; Goldmann, A. S.; Linkert, K.; Trouillet, V.; Bérner, H. G;
Barner-Kowollik, C. Adv. Funct. Mater. 2012, 22, 3853-3864.
doi:10.1002/adfm.201200266

66.Engin, S.; Trouillet, V.; Franz, C. M.; Welle, A.; Bruns, M.; Wedlich, D.
Langmuir 2010, 26, 6097—6101. doi:10.1021/1a904829y

67.Preuss, C. M.; Tischer, T.; Rodriguez-Emmenegger, C.; Zieger, M. M,;
Bruns, M.; Goldmann, A. S.; Barner-Kowollik, C. A. J. Mater. Chem. B
2014, 2, 36—40. doi:10.1039/C3TB21317J

68. Zydziak, N.; Preuss, C. M.; Winkler, V.; Bruns, M.; Hubner, C.;
Barner-Kowollik, C. Macromol. Rapid Commun. 2013, 34, 672—-680.
doi:10.1002/marc.201300025

69.Lock, E. H.; Petrovykh, D. Y.; Mack, P.; Carney, T.; White, R. G;
Walton, S. G.; Fernsler, R. F. Langmuir 2010, 26, 8857-8868.
doi:10.1021/1a9046337

70. Rodriguez-Emmenegger, C.; Preuss, C. M.; Yameen, B;

Pop-Georgievski, O.; Bachmann, M.; Mueller, J. O.; Bruns, M.;
Goldmann, A. S.; Bastmeyer, M.; Barner-Kowollik, C. Adv. Mater.
2013, 25, 6123-6127. doi:10.1002/adma.201302492

.Mai, T.; Wolski, K.; Puciul-Malinowska, A.; Kopyshev, A.; Graf, R,;

Bruns, M.; Zapotoczny, S.; Taubert, A. Biomacromolecules, in press.

72.Schliicker, S. Angew. Chem., Int. Ed. 2014, 53, 4756—4795.
doi:10.1002/anie.201205748

73.Haynes, C. L.; McFarland, A. D.; van Duyne, R. P. Anal. Chem. 2005,
77, 338A-346A.

74.0hsaka, T.; lzumi, F.; Fujiki, Y. J. Raman Spectrosc. 1978, 7, 321-324.
doi:10.1002/jrs.1250070606

7

N

203


https://doi.org/10.1088%2F0957-4484%2F25%2F16%2F165401
https://doi.org/10.1007%2Fs10853-014-8793-z
https://doi.org/10.1007%2Fs11244-005-3838-9
https://doi.org/10.1039%2Fb208738c
https://doi.org/10.1016%2Fj.surfcoat.2014.05.033
https://doi.org/10.1039%2FC4TB01823K
https://doi.org/10.1023%2FB%3AJSST.0000016134.19752.b4
https://doi.org/10.1007%2Fs11090-012-9350-7
https://doi.org/10.1016%2Fj.matdes.2013.12.052
https://doi.org/10.1002%2Fprot.1078
https://doi.org/10.1021%2Fcr8002328
https://doi.org/10.1021%2Fcg060405g
https://doi.org/10.1039%2FB404220D
https://doi.org/10.1021%2Fcm071515t
https://doi.org/10.1039%2Fb806797j
https://doi.org/10.1002%2Fanie.200601871
https://doi.org/10.1021%2Fcm060342p
https://doi.org/10.1021%2Fla401777x
https://doi.org/10.1021%2Fnl050795d
https://doi.org/10.1038%2Fnmat964
https://doi.org/10.1002%2Fapp.2038
https://doi.org/10.1007%2Fs10971-009-2056-5
https://doi.org/10.1111%2Fj.1551-2916.2010.03831.x
https://doi.org/10.1002%2Fsia.2400
https://doi.org/10.1016%2F0368-2048%2876%2980015-1
https://doi.org/10.1002%2Fsia.740210302
https://doi.org/10.1002%2Fsmll.201601908
https://doi.org/10.1039%2Fc3cp50168j
https://doi.org/10.1021%2Fjp030439o
https://doi.org/10.1039%2FC2CY20478A
https://doi.org/10.1002%2Fsia.3558
https://doi.org/10.1038%2Fsrep08591
https://doi.org/10.1039%2Fc3cp50927c
https://doi.org/10.1002%2Fsia.4876
https://doi.org/10.1002%2Fadfm.201200266
https://doi.org/10.1021%2Fla904829y
https://doi.org/10.1039%2FC3TB21317J
https://doi.org/10.1002%2Fmarc.201300025
https://doi.org/10.1021%2Fla9046337
https://doi.org/10.1002%2Fadma.201302492
https://doi.org/10.1002%2Fanie.201205748
https://doi.org/10.1002%2Fjrs.1250070606

Beilstein J. Nanotechnol. 2018, 9, 187-204.

75.Swamy, V.; Kuznetsov, A.; Dubrovinsky, L. S.; Caruso, R. A,;

Shchukin, D. G.; Muddle, B. C. License and Terms

Phys. Rev. B: Condens. Matter Mater. Phys. 2005, 71, 184302.

doi:10.1103/PhysRevB.71.184302 This is an Open Access article under the terms of the
76.Vasconcelos, D. C. L.; Costa, V. C.; Nunes, E. H. M.; Sabioni, A. C. S.; Creative Commons Attribution License

Gasparon, M.; Vasconcelos, W. L. Mater. Sci. Appl. 2011, 2,
1375-1382. doi:10.4236/msa.2011.210186

77.Buonsanti, R.; Carlino, E.; Giannini, C.; Altamura, D.; De Marco, L.;
Giannuzzi, R.; Manca, M.; Gigli, G.; Cozzoli, P. D. J. Am. Chem. Soc.
2011, 133, 19216-19239. doi:10.1021/ja208418z

78.Lu, Q.; Hu, X.; Wang, X.; Kluge, J. A;; Lu, S.; Cebe, P.; Kaplan, D. L. The license is subject to the Beilstein Journal of
Acta Biomater. 2010, 6, 1380—1387. doi:10.1016/j.actbio.2009.10.041 Nanotechnology terms and conditions:

79.Ming, J.; Zuo, B. J. Appl. Polym. Sci. 2012, 125, 2148-2154.
doi:10.1002/app.36354

80. Musi¢, S.; Goti¢, M.; lvanda, M.; Popovi¢, S.; Turkovi¢, A.; Trojko, R.;

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

(https://www.beilstein-journals.org/bjnano)

Sekulié, A.; Furié, K. Mater. Sci. Eng., B 1997, 47, 33-40. The definitive version of this article is the electronic one
doi:10.1016/S0921-5107(96)02041-7 which can be found at:
81.Zhang, H.; Magoshi, J.; Becker, M.; Chen, J. Y.; Matsunaga, R. d0i:10.3762/bjnano.9.21

J. Appl. Polym. Sci. 2002, 86, 1817—1820. doi:10.1002/app.11089

82.Rahal, R.; Daniele, S.; Hubert-Pfalzgraf, L. G.; Guyot-Ferréol, V.;
Tranchant, J.-F. Eur. J. Inorg. Chem. 2008, 6, 980-987.
doi:10.1002/ejic.200700971

83. Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.;
Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K. S. W. Pure Appl. Chem.
2015, 87, 1051-1069. doi:10.1515/pac-2014-1117

84.Brunauer, S.; Emmett, P. H.; Teller, E. J. Am. Chem. Soc. 1938, 60,
309-319. doi:10.1021/ja01269a023

85. Barrett, E. P.; Joyner, L. G.; Halenda, P. P. J. Am. Chem. Soc. 1951,
73, 373-380. doi:10.1021/ja01145a126

86. Dette, C.; Pérez-Osorio, M. A.; Kley, C. S.; Punke, P.; Patrick, C. E.;
Jacobson, P.; Giustino, F.; Jung, S. J.; Kern, K. Nano Lett. 2014, 14,
6533-6538. doi:10.1021/n1503131s

87.Jaeger, C. D.; Bard, A. J. J. Phys. Chem. 1979, 83, 3146-3152.
doi:10.1021/j100487a017

88.0ng, W. L,; Lim, Y.-F.; Ting Ong, J. L.; Ho, G. W. J. Mater. Chem. A
2015, 3, 6509-6516. doi:10.1039/C4TA06674J

89. Linsebigler, A. L.; Lu, G.; Yates, J. T., Jr. Chem. Rev. 1995, 95,
735-758. doi:10.1021/cr00035a013

90. Chen, X.; Mao, S. S. Chem. Rev. 2007, 107, 2891-2959.

doi:10.1021/cr0500535

.Mendez, V.; Caps, V.; Daniele, S. Chem. Commun. 2009, 3116-3118.

doi:10.1039/b902606a

92.Chou, T. P.; Zhang, Q.; Russo, B.; Fryxell, G. E.; Cao, G.
J. Phys. Chem. C 2007, 111, 6296-6302. doi:10.1021/jp068939f

9

=

204


https://doi.org/10.1103%2FPhysRevB.71.184302
https://doi.org/10.4236%2Fmsa.2011.210186
https://doi.org/10.1021%2Fja208418z
https://doi.org/10.1016%2Fj.actbio.2009.10.041
https://doi.org/10.1002%2Fapp.36354
https://doi.org/10.1016%2FS0921-5107%2896%2902041-7
https://doi.org/10.1002%2Fapp.11089
https://doi.org/10.1002%2Fejic.200700971
https://doi.org/10.1515%2Fpac-2014-1117
https://doi.org/10.1021%2Fja01269a023
https://doi.org/10.1021%2Fja01145a126
https://doi.org/10.1021%2Fnl503131s
https://doi.org/10.1021%2Fj100487a017
https://doi.org/10.1039%2FC4TA06674J
https://doi.org/10.1021%2Fcr00035a013
https://doi.org/10.1021%2Fcr0500535
https://doi.org/10.1039%2Fb902606a
https://doi.org/10.1021%2Fjp068939f
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.9.21

	Abstract
	Introduction
	Experimental
	Chemicals
	Synthesis
	Characterization

	Results
	Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	ORCID iDs
	References

