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catalyst under visible light irradiation+
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An efficient photo-induced reduction of CO, using magnetically separable Ru-CoPc@TiO,@SiO,@FezO4

as a heterogeneous catalyst in which CoPc and Ru(bpy),phene complexes were attached to a solid

support via covalent attachment under visible light is described. The as-synthesized catalyst was charac-
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Photocatalytic reduction of CO, to valuable chemicals such as
methanol offers a promising way for clean, low cost and envir-
onmentally friendly production of fuels using solar energy.'
Over the past few decades, enormous efforts have been
devoted to the research of TiO, materials, which have been
established as promising photocatalysts due to their low cost,
low toxicity and versatility in terms of wide spread applications
in various fields ranging from photovoltaics and photocatalysis
to photo-/electrochromics and sensors.>® In spite of these
virtues, TiO, has some major drawbacks including absorption
of only a small fraction (<5%) in the UV region of the solar
spectrum and no absorption in the visible region. In addition,
when TiO, catalysts are exposed to UV light, electrons in the
uppermost valence band will jump to the conduction band
and create photogenerated electrons and holes in the conduc-
tion and valence band, respectively. These electron-hole pairs
on migration to the semiconductor surface interact with the
adsorbed reactant, leading to the reduction of carbon dioxide
to high value products.” However, in most instances, electrons
and holes simply recombine and quench before reaching the
catalyst surface, which is unfavourable for a photocatalytic
reaction. Thus, extensive efforts are being pursued to modify
the photo-physical properties of the TiO, photocatalyst for
enhancing the charge separation efficiency that would result
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terized by a series of techniques including FTIR, UV-Vis, XRD, SEM, TEM, etc. and subsequently tested for
the photocatalytic reduction of carbon dioxide using triethylamine as a sacrificial donor and water as a
reaction medium. The developed photocatalyst exhibited a significantly higher catalytic activity to give a
methanol yield of 2570.78 pmol per g cat after 48 h.

in a lower recombination rate. One of the elegant approaches
for the modification of titanium dioxide is the surface sensiti-
zation or functionalization with metal complexes. These
immobilized metal complexes can harvest visible light and
inject photogenerated electrons into the conduction band of
the titania.>® Furthermore, efficient recovery of these nano-
sized TiO, materials is still a challenge, which limits their
widespread application. Magnetic separation provides a very
convenient approach for the recovery and recycling of the
nanoparticles/composites by applying external magnetic fields.
Recently, a variety of magnetic supports (such as magnetite,
barium ferrite, SiO,@Fe;0, particles and so on) have been
employed as alternative catalyst supports for immobilizing
TiO,. These magnetic photocatalysts show not only an excel-
lent photocatalytic activity but also an efficient magnetic recov-
ery.”® On the other hand, chemical functionalization or
surface sensitization by using metal complexes especially
phthalocyanine complexes, which are inexpensive, highly
stable and can strongly absorb visible light will be a preferred
approach for developing an efficient visible light active photo-
catalyst for the reduction of carbon dioxide to high value pro-
ducts such as methane and methanol. In addition, facile
recovery and efficient recycling of the photocatalyst will make
the process more viable from both environmental and econo-
mical viewpoints.®

Hence the major objective of the present work was to
prepare a visible light active titania based nanocomposite
photocatalyst with additional ferromagnetic properties for
facile recovery and reuse. The objective was achieved via
chemical attachment of tetrasulfonated cobalt phthalocyanine
(CoPcS) to the TiO,@SiO,@Fe;0, nanocomposite by using
3-aminopropyl-trimethoxysilane (APTS) as a linker. Sub-
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sequently, the Co-PcS functionalized nanocomposites were
treated with Ru(bpy),phen-NH, to give magnetically separable
Ru-CoPc@TiO,@SiO,@Fe;0,. The developed photocatalyst
was found to be highly efficient visible light active, easily re-
coverable using an external magnet and recyclable for the
reduction of carbon dioxide to methanol using water as a
source of protons and triethylamine as a sacrificial donor.
Importantly, the coating of Fe;O, with a SiO, layer protected
the nanomagnetite surface from oxygen and provided an
improved stability towards oxidation.'® Furthermore, the
coating of SiO, provided plenty of -OH groups for efficient and
stable loading of TiO, on the surface. Furthermore, the layer of
SiO, between Fe;0, and TiO, acted as an insulator which inhi-
bits the recombination of photogenerated electrons and holes
at the surface of the magnetic nanoparticles. After the screen-
ing of homogeneous Ru-CoPcS, Ru(bpy),phen-NH,, CoPc-
(SO,NH,), and different combinations of heterogeneous cata-
lysts such as CoPc@TiO,@SiO,@Fe;0, and Ru@TiO,@SiO,@
Fe;0, and Ru-CoPc@TiO,@SiO,@Fe;0,, it was concluded that
the particular formulation of Ru-CoPc@TiO,@SiO,@Fe;0,
provided efficient electron transfer to activate and reduce CO,
to methanol under visible light.

Synthesis and characterization of the
catalyst

During the present study, magnetically separable TiO,@
SiO,@Fe;0, 1 support was prepared by following the pro-
cedure as given in the Experimental section. The prepared
material was found to be mesoporous as the mean pore dia-
meter (7.5811 nm) was found to be between 2 and 50 nm.""
The BET surface area and the total pore volume of the material
were found to be 58.01 m”> g~ " and 0.1099 cm® g™ respectively
(Fig. S1f). The surface of the magnetic composite 1 was then
functionalized by wusing 3-aminopropyl trimethoxysilane
(APTES) and subsequently treated with Ru-CoPcS complexes as
shown in Scheme 1

The crystallinity and structure of as-prepared Fe;0,4, TiO,@
SiO,@Fe;0,4 1 and Ru-CoPc@TiO,@SiO,@Fe;0, 6 were con-
firmed by XRD. As shown in Fig. 1, the peak position and rela-
tive intensity of Fe;O, (Fig. 1a) matches well with standard
powder diffraction data (JCPDS no. 74-2402), indicating the
phase purity of Fe;0,. Well-resolved diffraction peaks reveal
good crystallinity of 1 and 6 (Fig. 1b and c). In addition to all
diffraction peaks of Fe;0,, there are other four diffraction
peaks appearing at 26 = 25.3°, 37.8°, 47.3°, and 54.21° which
correspond to (101), (112), (200), and (211) planes of anatase
TiO, (JCPDS no. 21-1272), respectively. The reduction of Fe;O,
peaks also confirmed the successful coating of TiO, to
SiO,@Fe;0, composite. The XRD patterns of 6 (Fig. 1c)
revealed the characteristic peaks of Ru-CoPc complex units
(Fig. 1d), indicating that the crystallinity and morphology of
the catalyst were preserved during immobilization. Impor-
tantly, the diffractogram of the samples (Fig. 1c) clearly indi-
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Fig. 1 XRD of (a) FesOy4; (b) TiO,@SiO,@FesO4 1; (c) Ru-CoPc-TiO,@
SiO,@Fez0,4 6; and (d) Ru-CoPc complex.

cated the signals of Ru/CoPc complex (Fig. 1d), confirming the
higher loading of the complex to the photocatalyst support.
The morphologies of the synthesized samples were revealed
by SEM (Fig. 2) and TEM (Fig. 3). The Fe;0, crystallites are
ultrafine and connected tightly together to form spheres with
the particle size 300-500 nm (Fig. 2a). The egg-like structures
of SiO,@Fe;0, microspheres with a diameter of 1-2 pm are
shown in Fig. 2b. This indicated the successful coating of the
SiO, onto the Fe;O, nanoparticles. FE-SEM images of
the TiO,@Si0O,@Fe;0, 1 and Ru-CoPc@TiO,@SiO,@Fe;0, 6

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 FESEM images of (a) FezO4; (b) SiO,@FesO04; (c) TiO,@SiO@
Fes04 1; (d) Ru-CoPc@TiO,@SiO,@Fes04 6; (¢) EDX of 1; (f) EDX of
SiO,@FesOy4; (g) EDX of TiO,@SiO,@Fes0,; and (h) EDX of 6.

Fig. 3 TEM image: (a, b) Ru-CoPc@TiO,@SiO,@Fe;0,4 6; (c) SAED
pattern of 6.

composites are shown in Fig. 2c and d respectively. As shown
in Fig. 2c, a large number of SiO,@Fe;0, nanospheres are
encapsulated in the core of TiO, shell, forming the egg-like
structure, which provides a better surface for the immobiliz-
ation of the Ru/CoPc complex. The as-synthesized nanocompo-
sites 1 were composed completely of Fe, O, Si, and Ti as shown
in Fig. 2e. Incessant reduction of iron content after coating of

This journal is © The Royal Society of Chemistry 2015
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SiO, and TiO, revealed that the iron nanoparticles were suc-
cessfully coated. EDX analysis of 6 (Fig. 2h) showed the pres-
ence of Fe, Si, Ti, O, Ru and Co elements.

Further we used TEM to examine the structure and mor-
phology of 6 (Fig. 3). It is clearly indicated that particles in
catalyst 6 retain a spherical morphology, non-aggregation, and
a rough surface at all TiO, contents (Fig. 3a). Furthermore,
Fig. 3b indicates the uneven distribution of the Ru/CoPc
complex molecules to the nanocomposite support. Further-
more, rings in diffraction pattern in selected area electron
diffraction showed that the material was polycrystalline in
nature, suggesting that the crystallization of TiO, occurred
during calcinations.

FT-IR was used to characterize the composition and struc-
ture of the 1 and Ru-CoPc@TiO,@SiO,@Fe;0, composites 6
(Fig. 4). The FTIR spectrum of 1 (Fig. 4c) shows characteristic
peaks at 570 cm™" corresponding to the vibration of the Fe-O
functional group,"® at 800 cm™' corresponding to the sym-
metric vibration of Si-O-Si; and a broad peak at 621 cm™"
corresponding to the Ti-O-Ti."> The peaks at 1644 and
3434 em™' can be attributed to absorption by water and
hydroxyl groups.'® This surface hydroxylation is advantageous
for the photocatalytic activity of TiO,@SiO,@Fe;0, micro-
spheres because it provides a higher capacity for oxygen
adsorption.'® FTIR spectra of CoPc-Ru@TiO,@Si0,@Fe;0; 6
showed the additional peaks which are related to the phthalo-
cyanine and bipyridyl functional groups as shown in Fig. 4d.
As shown in Fig. 4d, all of the vibrational bands of the
Ru complex and the CoPc are not found in the composite,
which is probably due to the partial degradation upon
immobilization.
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Fig. 4 FTIR spectra of: (a) CoPcS; (b) Ru(bpy),phene-NH;; (c) TiO,@
SiO,@Fes04 1; (d) Ru-CoPc@TiO,@SiO,@FesO4 6 and expanded region
500 cm™ to 2000 cm™.
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Fig. 5 UV-Vis spectra of: (a) CoPcS; (b) CoPc@TiO,@SiO,@Fes0y; (c)
TiO,@SiO,@Fes04 and (d) Ru-CoPc@TiO,@SiO,@Fesz0, 6.

The UV-vis absorption spectra of the as-synthesized
samples are shown in Fig. 5. Absorption spectra of CoPcS and
Ru(bpy),phene-NH, complexes were taken in acetonitrile,
whereas absorption of TiO,@SiO,@Fe;0, and Ru-CoPc-
TiO,@SiO,@Fe;0, 6 were studied in the solid state. UV/Vis
absorption spectra of CoPcS shows two characteristic absorp-
tion bands eg at 300 nm (Soret band) and 670 nm
(Q band)'®" (Fig. 5a). It is observed that the TiO,@SiO,@Fe;0,
and Ru-CoPc@TiO,@SiO,@Fe;0, nanocomposites exhibit
remarkable absorbance in the visible region beyond 400 nm.
Absorption spectrum of 6 shows the characteristic Soret band of
CoPc near 350 nm, indicating the successful attachment of the
complexes to the support. The absorption band wavelength
shifted to the visible range when Ru-CoPcS complex units were
immobilized on the surface of TiO,@SiO,@Fe;0, (Fig. 5d).

The thermal stability of the catalyst was determined by ther-
mogravimetric analysis. The DT-TGA curve of the catalyst 6
indicated constant weight loss over the temperature range of
100-800 with a slight variance in its slope at two points
(Fig. 6). The first degradation was observed at 325 °C, probably
due to the breakdown of Ru complex unit. The second weight
loss was observed at 550 °C, which might be attributed to the
degradation of phthalocyanine unit.
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Fig. 6 DT-TGA curve of Ru-CoPc@TiO,@SiO,@FezO,4 6.
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Fig. 7 Magnetic separation of the catalyst 6 using an external magnetic
effect.

Magnetic separation provides a very convenient approach
for removing and recycling magnetic catalysts. The magnetism
of the catalyst 6 was tested in water by placing a magnet near
the glass bottle (Fig. 7). The dark brown particles were
attracted toward the magnet with time and completely separ-
ated after 5 min, leaving a clear solution. So the as-prepared
catalyst can be easily recovered by the influence of an external
magnet after the photocatalytic process.

The photocatalytic reduction of CO,

First of all we performed a blank experiment for the photo-
catalytic reduction of CO, by using triethylamine as a sacrifi-
cial donor and water as a reaction medium. The reaction did
not produce any organic product (Fig. 8). Next, we checked the
catalytic activity of the homogeneous Ru-CoPcS, Ru(bpy),phen-
NH, and CoPc(SO,NH,), under identical experimental con-
ditions (Fig. 8). The reactions were found to be very slow and
gave only a trace yield of methanol as determined by GC.
Further we tested the activity of synthesized heterogeneous
photocatalysts, i.e. Ru/CoPc@Fe;0,TiO,@Si0, and Ru-CoPc@
SiO,@Fe;0,. The results of these experiments are given in

2500 _® RuCoPc@TiO:@Si0:@Fe:0:

'\ CoPc@TiO:@Si0:@Fe:0«

<0 Ru-CoPcS
 Ru-CoPcS@SiO:@Fe:0«

2000 0 TiO:@Si0:@Fe:0+

44, Blank reaction

Methanol (micromol.g™-cat)

0 4 o-bbbitid 4 4 4 4
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Fig. 8 Methanol yield using (a) Ru/CoPc@TiO,@SiO,@FezO, 6; (b)

CoPc@TiO,@SiO,@Fez04 6; (c) Ru-CoPcS; (d) Ru-CoPcS@SiO,@Fez0y;
(e) TiO,@SiO,@Fes04; and (f) blank run.
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Fig. 8. Methanol yield was used to evaluate the performance of
the catalysts as it was obtained as the major reduction
product. Other products might have formed but in small quan-
tities and therefore could not be detected. According to the
procedure described in the Experimental section, the metha-
nol (MeOH) formation rate, Ryeon (umol per g cat) was calcu-
lated and plotted in Fig. 8 as a function of reaction. Among
the various catalysts studied, the catalyst 6 was found to be the
best and provided the highest yield of methanol under similar
reaction conditions. After illumination for 48 h in visible light
in the presence of triethylamine as a sacrificial donor, the
yield of methanol was found to be 2570.18, 1324.60 and
496.72 pmol g 'cat by using Ru-CoPc@TiO,@8Si0,/Fe;0,,
CoPc@TiO,@SiO,@Fe;0, and Ru-CoPc@SiO,/Fe;0, as cata-
lysts respectively. Furthermore, the presence of Ru-complex in
nanocomposite 6 exhibited a significant enhancement in the
yield of methanol. The superior catalytic activity due to the
presence of Ru and Co-complexes in catalyst 6 can be
explained as follows: the ruthenium’s singlet state because of
its higher energy and shorter lifetime of the excited state
(~0.385 to 0.421 ps) than CoPc (~170 to 245 ps), rapidly trans-
fers electrons to the conduction band of CoPc. On the other
hand, the excited state (S1) of CoPc has a higher energy and a
longer lifetime in comparison with the conduction band of
TiO,, so it efficiently transfers electrons to the conduction
band of TiO,, which is subsequently used for the reduction of
carbon dioxide."” " The possible mechanistic pathway for the
reaction is shown in Scheme 2.

The conversion of CO, to methanol was confirmed using
GC-FID, and "H NMR analysis (Fig. S41). Blank experiments, in
the absence of the photocatalyst as well as in the dark reaction,
showed that there was no organic product found for long
periods of CO, photoreduction. Further additional blank run
having all identical conditions (catalyst, solvent, irradiation,
and reaction time) except using N, instead of CO, did not give
any product, confirming that methanol was formed due to the
photoreduction of CO,.

To confirm the formation of methanol from CO,, isotopic
labelling experiment was performed by using *CO, instead of
2C0,. After photoreaction with *CO,, the generated methanol
gave a peak at m/z value 33 in GC-MS (Fig. S67), confirming
the origin of methanol from CO, photoreduction.

Better electron injection to

& conduction band of TiO, \,/iSiléhe Light

&
(CyHs)3N: Q§

(CIHS)!NO.%

$

<Low Life Time
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Rucomplex
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Scheme 2 Possible mechanism for the photoreduction of CO, to
methanol.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

—3— As synthesized catalyst
2500 -| —o— First run

—A— Second run

4 —¥—Third run
—O— Fourth Run

Methanol(micromol.g”-cat)

¥ T T T L T v T T T
0 10 20 30 40 50
Time (hrs)

Fig. 9 Recycling of the catalyst.

After completion of the reaction, the catalyst was easily
recovered by using an external magnet, washed with deionized
water and subsequently used for recycling experiment. The
recovered catalyst was used for the subsequent four runs
under identical experimental conditions. The results of these
recycling experiments are summarized in Fig. 9. Almost
similar yield of methanol in all cases confirmed the efficient
recycling and stability of the catalyst. Furthermore, ICP-AES
analysis of the recovered catalyst after four recycling runs gave
(Co-0.98 wt%; Ru-0.94 wt%) suggested that the negligible
leaching had occurred during the reaction.

Conclusions

In conclusion, we have developed novel and highly efficient
magnetic TiO,@SiO,@Fe;0, nanocomposites chemically
attached with CoPc and Ru-complexes for the photoreduction
of CO, to methanol. The presence of ruthenium bipyridyl moi-
eties exhibited remarkable enhancement in the catalytic activity
of 6 and yielded methanol in 2570.78 pmol per g cat under
visible light irradiation after 48 h. These conversion rates are
much higher than that of other formulated heterogeneous cata-
lysts such as TiO,@SiO,@Fe;0, and CoPc-TiO,@SiO,@Fe;0,.
Furthermore, covalent attachment of the complexes to the com-
posite support prevents leaching of active metal species during
the reaction. Moreover, the magnetic catalyst could easily be
separated by using an external magnet effect, which provides an
efficient and facile recovery of the catalyst with minimal loss.
We believe that the developed magnetic Ru-CoPc@TiO,@
SiO,@Fe;0, composite catalyst may open new avenues for
various potential applications in photo-catalysis.

Experimental section

UV-visible absorption spectra were collected with a Perkin
Elmer lambda-19 UV-VIS-NIR spectrophotometer using a
10 mm quartz cell. Fourier Transform Infrared Spectroscopy
(FT-IR) was conducted using a Perkin-Elmer spectrum RX-1 IR

Dalton Trans.
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spectrophotometer. High resolution transmission electron
microscopy (HR-TEM) of Fe;04@SiO,@TiO, Co/Pc composite
was executed using Phillips CM 200 operating at an accelera-
tion voltage of 200 kV. Scanning electron microscopy (SEM)
and Energy dispersive X-ray spectroscopy (EDX) were per-
formed using a Jeol Model JSM-6340F. For FE-SEM analysis
aqueous dispersions of Fe;O, based support and Ru-CoPc@
Fe;0,@Si0,/TiO, composite were deposited on glass slides,
while very dilute aqueous suspensions were deposited on
carbon coated copper grids for HR-TEM analysis. X-ray powder
diffraction (XRD) analyses were performed on a Bruker D8
Advance diffractometer at 40 kV and 40 mA with Cu K, radiation
(4 = 0.15418 nm). Thermogravimetric analyses (TGA) of these
samples were carried out using a thermal analyzer TA-SDT
Q-600. All samples were analyzed in the temperature range of 40
to 800 °C at a heating rate of 10 °C min~" under nitrogen flow.
The porous properties of Fe;0,@Si0,/TiO, support were exam-
ined using N, adsorption-desorption isotherms at 77 K and the
related data (surface area, Sper; pore volume, Vp; Micromeritics
ASAP2010) were calculated. The conversions and selectivity of
the products were determined by GC-FID (Varian CP-3800).
"H-NMR spectra of the Ru(bpy),phene-NH, and photoreaction
products were performed at 500 MHz by using a Bruker Avance-
II 500 MHz instrument in DMSO-ds. ICP-AES analysis was
carried out using an inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES, DRE, PS-3000UV, Leeman Labs,
USA). (Sample for ICP-AES was prepared by leaching out 0.01 g
of sample with conc. HNO; heated for 30 min and then volume
of the solution was made up to 10 mL).

Synthesis of iron nanoparticles™

Iron nanoparticles were synthesized by mixing ferrous chloride
and ferric chloride solution in alkaline aqueous medium by
following a literature procedure. In a typical experiment, 5.2 g
of FeCl; and 2.0 g of FeCl, were dissolved in 25 mL deoxyge-
nated water that contains 0.85 mL of 12.1 N HCI solution. The
resulting solution was then added dropwise to 1.5 M NaOH
(250 mL) with vigorous stirring. The isolated iron nanoparti-
cles were separated by using an external magnet and centrifu-
gation. The isolated product was thoroughly washed with
water and finally treated with 0.01 M HCIl (500 mL). The
product was centrifuged and dried for further use.

Preparation of SiO,@Fe;0, nanoparticles®*>*

The Fe;0, nanoparticles (2 g) were ultrasonicated for 1 h to
uniformly disperse in a mixture of water (5 mL) and ethanol
(45 mL). Concentrated ammonium hydroxide (10 mL) was
diluted with the above solution and tetraethylorthosilicate
(TEOS; 15 mL) was quickly added under vigorous stirring. The
solution was allowed to stir for 5 h. The product was collected
by centrifugation and washed with anhydrous ethanol three
times and dried.

Synthesis of nanocomposite®® 1

Titanium(wv) ethoxide (2 mL) was dissolved in 100 mL ethanol
and stirred for five minutes. The resulting SiO,@Fe;0, nano-
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composites (5 g) were re-dispersed in anhydrous ethanol
(50 mL) by using sonication. Subsequently, a solution as pre-
pared by dissolving titanium(v) ethoxide (2 mL) in ethanol
(100 mL) was introduced dropwise to the above mentioned
suspension of SiO,@Fe;0, nanocomposites, followed by
heating the solution at about 70 °C. The whole process was
performed under vigorous stirring. After 3 h, the resulting
dark brown precipitates were separated using an external
magnet and filtration. The resulting product was washed with
deionized water and ethanol five times and calcined at 500 °C
for 3 h under a nitrogen atmosphere.

Functionalization of TiO,@SiO,@Fe;0,4 by 3-aminopropyl
trimethoxysilane®® 2

TiO,@Si0,@Fe;0, nanocomposites (5 g) were taken in
toluene (50 mL) and 3-aminopropyl trimethoxysilane (4 mL)
was added. The resulting mixture was sonicated for five
minutes and then refluxed for 24 h. The isolated product was
collected by filtration and washed with ethanol and dried
under vacuum.

Immobilization of CoPcS>” complexes to chemically
functionalized TiO,@SiO,@Fe;0, support 4

3-Aminopropyl silylated nanocomposite 2 was taken in DMF
(20 mL) and cobalt phthalocyaninetetrasulfonyl chloride 3
(0.5 g), triethylamine (1 mL) were added. The resulting mixture
was refluxed for 24 h under a nitrogen atmosphere. The
product CoPc-TiO,@SiO,@Fe;0, nanocomposite 4 was col-
lected by filtration. The isolated material was thoroughly
washed with DMF until the color of the filtrate disappeared.
DMF was used for preventing the hydrolysis of SO,Cl groups
back to SO;0H groups.

Synthesis of Ru(bpy),Cl,-2H,0%®

2-2'Bipyridine (2.34 g, 15 mmol), RuCl;-3H,0 (1.95 g,
7.45 mmol) and lithium chloride (2.1 g, 50 mmol) were dis-
solved in DMF (20 mL) and refluxed for 8 h. The reaction
mixture was allowed to cool to room temperature, followed by
the addition of acetone (125 mL) slowly. The resulting mixture
was refrigerated at 0 °C for 12 h. The isolated product was fil-
tered using a membrane filter under vacuum. The product was
washed several times with deionized water and diethyl ether to
remove the impurities of unreacted substrates. Finally the
product was dried under vacuum and used for the subsequent
step. The synthesized complex was confirmed by 'H NMR
spectroscopy (Fig. S37).

Synthesis of [Ru(bpy),phene-NH,](PF),>**° 5

The resulting Ru(bpy),Cl,-2H,0 (1.453 g, 3 mmol) and 1,10
phenanthroline 5-amine (0.600 g, 3 mmol) in ethanol was
refluxed for 15 hours under a nitrogen atmosphere. The
mixture was filtered through a membrane filter paper to
remove the undissolved reactants. Then the saturated solution
of NH,PF; was added to the filtrate followed by placing
the resulting mixture in the refrigerator for 12 h. The isolated
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precipitate was collected by filtration under vacuum, washed
with cold water, diethyl ether and dried under vacuum.

Synthesis of the Ru-CoPc@TiO,@SiO,@Fe;0,4
nanocomposites 6

The resulting CoPcS immobilized TiO2@SiO2@Fe304 nano-
composites were taken in DMF and treated with Ru(bpy),-
phene-NH, (0.5 g). The resulting mixture was refluxed in the
dark for 24 h under a nitrogen atmosphere. The resulting
nanocomposite 6 was isolated with an external magnet and
washed with DMF, ethanol until the filtrate became colorless.
Finally the resulting material was dried under vacuum. The
analytical values of 6 were found to be C 4.916%; H 1.696%; N
1.305%. The loading of metal complexes in 6 was estimated by
ICP-AES analysis and weight% of Co and Ru were found to be
1.26% and 1.17% respectively.

Photocatalytic reduction of CO,

Photocatalytic experiment was performed in a 100 mL borosil
cylindrical vessel of 5 cm diameter. Photoirradiation was
carried out under visible light by using 20 watt white cold LED
flood light (Model no.-HP-FL-20W-F-Hope LED Opto-Electric
Co. Ltd, 1 > 400 nm). The whole spectrum of LED light was
used for illumination purpose. The intensity of the light at the
middle of vessel was found to be 78 W m™> as determined
using an intensity meter. The vessel was charged initially with
water (40 mL) and triethylamine (10 mL) and then the solution
was degassed by continuous purging of nitrogen for 15 min.
Then CO, was bubbled through the solution for at least
30 min to saturate the solution. As synthesized photocatalyst 6
(100 mg) was added to the above solution and the vessel was
closed tightly during the reaction and stirred vigorously to
prevent the sedimentation of the catalyst. Samples were col-
lected after every 2 h intervals with the help of a long needle
and the catalyst was removed using a syringe filter (2 nm
PTFE, 13 mm diameter). Quantitative determination was done
by using gas chromatography FID (Varian CP-3800, having
30 m long Stabilwax® w/Integra-Guard® column) at flow rate
0.5 mL min™%, injector temp., 250 °C, and FID detector temp.,
275 °C. A calibration curve was prepared for quantification and
confirmation of linear response of the GC-FID system,
Fig. S2.7

Blank reactions were conducted to ensure that methanol
production was due to the photo-reduction of CO,, and to
eliminate surrounding interference. One blank reaction was
carried out under visible light without the -catalyst, and
another was performed in the dark in the presence of catalyst
under identical experimental conditions. An additional blank
test was vis-illuminated with the catalyst filling N, rather than
CO,. No product was detected in the above three blank tests.
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