Photodegradation of dyes by a novel TiO,/u-RuO,/GNS
nanocatalyst derived from Ru/GNS after its use as catalyst in aerial

oxidation of primary alcohols (GNS = graphene nanosheets)
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ABSTRACT Ruthenium nanoparticles (RuNPs) supported on graphene nanosheets (GNS)
composite (Ru/GNS) was prepared by dry synthesis method and was used as a nanocatalyst for
the aerial oxidation of various primary alcohols. The Ru/GNS was highly efficient, selective,
stable and heterogeneous in nature. Owing to the high stability of the used catalyst (u-Ru/GNS),
it was further applied in a different catalytic system viz photocatalytic degradation, after suitable
modifications. We have obtained a novel TiO,/u-RuO,/GNS catalyst from u-Ru/GNS by sol-gel
method. The catalytic activity of TiO,/u-RuO,/GNS toward the photodegradation of methyl
orange (MO) and acridine orange (AQO) was found to be an excellent. Overall, the sustainable use
of these recyclable materials (Ru/GNS and TiO,/u-RuO,/GNS) could lead to economic and

environmental benefits.
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Introduction

Till date, several carbon materials (CMs) supported metal nanoparticles (MNPs) based
nanocomposites (MNPs/CMs) have been developed to catalyze a wide range of organic
transformations [1-3]. Notably, due to specific higher surface area and conductive nature, these
MNPs/CMs have played a most promising role as nanocatalysts in photocatalysis [4-6].
Particularly, among the CMs, due to the amazing physicochemical properties, graphene has been
receiving greater attention [7-13]. In fact, the MNPs/CMs are highly efficient, reusable, stable
and selective heterogeneous catalysts in various organic transformations [14, 15]. But the cost of
these hybrid materials is quite high. However, since the materials are stable and active even after
the catalytic reactions, they can be tuned to obtain a new active material for further applications.
Indeed, from an economical and environmental point of view, sustainable use of already existing
materials is very important. Several recycling techniques have been developed and discussed in
many review articles [16-18]. Very recently, Princaud and co-workers have highlighted the
importance of the recycling of carbon materials and their composites [19]. We have prepared
various MNPs/CMs composites which were used as nanocatalysts for various organic
transformations [20, 21, 8-10]. Among them, RuNPs supported on GNS composite (Ru/GNS)
showed a superior catalytic activity towards aerial oxidation of alcohols, mainly, secondary
alcohols [8]. Moreover, we found that the Ru/GNS is highly reusable, stable and easily tunable.
Hence, in this study, we have carried out more investigation on the Ru/GNS catalyst. At first, the
RuUu/GNS was used as a nanocatalyst for the aerial oxidation of primary alcohols. After this
catalytic reaction, the used catalyst (u-Ru/GNS) was redecorated with TiO, for photocatalytic
application. In fact, TiO, has a relatively high energy band gap and it needs high energy to get

excited [22]. RuO; may act as a co-catalyst and assist for the better photocatlytic activity of the



TiO; [22]. The MO and AO are very stable organic dyes which are extensively used in the
pigmentation of textile, leather, paper, cosmetic, ink, ceramic and food-processing products, and
high resistant to biodegradation [23-25]. To reduce the environmental problems caused by these
dyes, the degradation of such dye molecules into some simple non-toxic molecules is very
important. We therefore propose a method to fix this problem by a simple photocatalytic

degradation using a novel material (TiO,/u-RuO,/GNS) prepared from u-Ru/GNS.

Experimental

Materials and characterization

Graphene nanoplatelets (GNPs, purity: >99wt%, average thickness: 3 nm, layers: <5, diameter:
1-2 um) were purchased from Cheap tubes Inc., VT, US. H,SO,4 (98%) and HNO3 (70%) were
purchased from Wako pure chemicals, Japan. Ru(acac)s; (97%) and all other chemicals were
purchased from Aldrich and used as received.

The surface morphology of the prepared nanocatalysts was investigated by transmission
electron microscopy (TEM, JEM-2100 JEOL Japan) with accelerating voltage of 200 kV. The
weight percentage of metal NPs on GNS was confirmed by scanning electron microscopy-energy
dispersive spectrum [SEM-EDS, Hitachi (model-3000H)]. The chemical state of metal NPs in
nanocatalysts was investigated by using X-ray photoelectron spectrum (Kratos Axis-Ultra DLD
model instrument). Prior to the XPS analysis, the samples were irradiated under Mg Ka ray
source. In order to determine the conversion of the reactants, Gas chromatograms (GC) were
recorded using Shimadzu-2010 gas chromatograph. The GC was equipped with 5% diphenyl and
95% dimethyl siloxane, Restek-5 capillary column (0.32 mm dia, 60 m in length) and a flame

ionization detector (FID), and nitrogen gas was used as a carrier gas. The initial column



temperature was increased from 60 to 150°C at the rate of 10°C/min and then to 220°C at the rate
of 40°C/min. During the product analysis, the temperatures of the FID and injection port were
kept constant at 150 and 250°C, respectively. The specific surface area (BET method), specific
pore volume and average pore diameter (BJH method) of the sample were measured by N,
adsorption-desorption isotherms using Quantochrome Autosorb 1 sorption analyzer. Before the
measurements, the samples were outguessed at 250°C under vacuum (10-5 mbar) for 3 h. For the

photo degradation study, Hitachi U-3500 UV-visible spectrophotometer was used.

Preparation of RuU/GNS

The preparation of Ru/GNS was previously reported by us [8]. In a general procedure, initially,
the bi and few layered GNS were obtained from GNPs by a solution phase exfoliation method
using N-methylpyrrolidone as a solvent. Then the resultant GNS (0.5 g) were chemically treated
with a 3:1 volume ratio mixture of concentrated H,SO, and HNOs. The mixture was sonicated at
40°C for 3 h in an ultrasonic bath. After cooling to room temperature, the reaction mixture was
diluted with deionized water and then vacuum-filtered to obtain the functionalized GNS (f-GNS).
After that, 0.13 g of Ru(acac); was added into 0.5 g of f-GNS and mixed well by a mortar and
pestle under ambient condition. The homogeneous mixture of f-GNS and Ru(acac); was obtained
within 10-15 minutes. The impregnated Ru(acac); was thermally decomposed into metallic

RuNPs by calcination at 300°C for 3 h under argon atmosphere.

Aerial oxidation of primary alcohols

A 5.0 mg of Ru/GNS (0.036 mol% of Ru), substrate (1.0 mmol) and toulene (3 mL) were

refluxed at 110°C. The completion of the reaction was monitored by TLC. Once the reactions are



completed, the Ru/GNS was separated out from the reaction mixture by simple centrifugation
and the products and unconverted reactants were analyzed by GC without any purification.
Selectivity of the product for each reaction was also calculated. Finally, the separated
nanocatalyst (u-Ru/GNS) was washed well with diethyl ether, dried at 130°C for 3 h and was

used for the preparation of TiO,/u-RuO2/GNS.

Preparation of TiO,/u-RuO,/GNS

The preparation of TiO,/u-RuO,/GNS nanocatalyst was carried out using a sol-gel method [26].
In a typical procedure, 100 mg of u-Ru/GNS was mixed with 14 mL of isopropanol.
Simultaneously, another solution was prepared by dissolving titanium tetraisopropoxide (TTIP)
(100 mg) in 14 mL of isopropanol. Both the solutions were mixed immediately and added 10%
HCI (0.75 g), then stirred vigorously at room temperature for 2 h to obtain a homogeneous
solution. Further water was added for the complete hydrolysis of TTIP. The resultant precipitate
(TiO2/u-RuO2/GNS) was filtered and dried at 110°C overnight followed by calcination under N,

atmosphere at 450°C for 6 h.

Photocatalytic activity of TiO,/u-RuO,/GNS

In a typical procedure, 25 mg of TiO,/u-RuO,/GNS was added to 50 mL of 10 mg/L dye solution
(MO or AO). Then the solution mixture was magnetically stirred in the dark for 10 min to reach
adsorption equilibrium. Subsequently, the stirring was continued under UV (365 nm) light at
room temperature. At the given time intervals, 1.5 mL of dye solution was taken out and
centrifuged at 6000 rpm for 5 min to remove the residual TiO,/u-RuO,/GNS. The centrifuged

samples were immediately analyzed using UV-visible spectrophotometer.



Results and discussion

Characterization of Ru/GNS

The TEM images (Fig. 1) of Ru/GNS show that the ultra-fine RUNPs were homogeneously
attached on the surface of the GNS. The size of RUNPs was found to be 0.5-3.0 nm with a mean

diameter of 1.9 nm. The Ip/l¢ ratio of Ru/GNS was about four times higher than

Fig. 1 TEM images of Ru/GNS

that of acid treated GNS (f-GNS), and in comparison to the f-GNS, a positive shift in G band
(from 1570 to 1578 cm™) was observed in the Raman spectrum of Ru/GNS(Fig. S1), which
confirmed the attachment of RuUNPs on the surface of GNS. From the SEM-EDS analysis (Fig.
S2), the weight percentage of Ru in Ru/GNS was found to be 3.31 wt%. The XPS spectrum of
Ru/GNS (Fig. S3) showed BE for Ru 3ps, at 461.0 eV and Ru 3pi;, at 483.2 eV, which
correspond to the photoemission from metallic Ru. The Ru/GNS has a BET surface area of 83.3
m?g™ with a pore volume of 0.392 cm®g™ and a BJH desorption average pore diameter of 19 nm

which correspond to literature values [8].



Ru/GNS catalyzed aerial oxidation of alcohols

The optimized reaction conditions were adopted from our previously reported procedure [8].
Fortunately, under the optimized reaction conditions [alcohol (1 mmol), Ru/GNS (0.036 mol%),
toluene (3 mL), 110°C], benzyl alcohol gave the corresponding benzaldehyde in an excellent
yield of 95% (Table 1, entry 1) without any over oxidation. On the other hand, the cobalt-doped
birnessite (Co-Bir) catalytic system gave 84% of the same product from benzyl alcohol only after
24 h even under aerobic condition [27]. Similarly, benzyl alcohols containing substituents such
as —NO,, -OCH3; or —CHg; at para position were effectively oxidized to the corresponding
aldehydes in good to moderate yields without affecting the selectivity (Table 1, entries 2-4).
Nevertheless lesser selectivity (79%) was experienced with nickel oxide doped hydroxyapatite
(NiO-HAP) catalyst towards the oxidation of 4-nitrobenzyl alcohol [28]. It was found that
pyridin-4-ylmethanol was oxidized to its corresponding aldehyde in good yield of 79% (Table 1,
entry 5). It is worth mentioning that less reactive aliphatic alcohols were transformed to the
corresponding aldehydes in moderate to good yields, but the selectivity was excellent (Table 1,
entries 6-10). But RuO,/V,0s nanocatalyst took 31 h for the aerial oxidation of an aliphatic
alcohol (2-octanol) to get 83% conversion [29]. Similarly, aliphatic alcohol oxidation was very
meager in Ru(I11)/NMO catalytic system [30]. Likewise AuNPs supported Mg-Al-layered double
hydroxide (Au/LDH) aerobic oxidation system was inactive towards the conversion of 1-hexanol
to 1-hexanone [31]. In the transformation of cyclopropylmethanol to cyclopropanecarbaldehyde
(Table 1, entry 11), the present Ru/GNS system gave a good yield of 88% with 100% selectivity.
Interestingly, 65% of 2-(furan-2-yl)acetaldehyde was obtained from the oxidation of 2-(furan-2-
yl)ethanol (Table 1, entry 12). These results showed the effectiveness of the Ru/GNS catalyst

towards the oxidation of primary alcohols.



Table 1. Oxidation of alcohols?

RU/GNS (0.036 mol%)
R “OH - R

toluene, 110°C

O

time conv.” sel” vyield®
entry substrate product (h) %) (%) (%)
OH ~0
1 18 95 100 95 (89)°
OH ~o
2 18 82 100 82 (77)
O,N O,N
OH ~0
3 20 81 100 81(79)
H,CO H,CO
OH ~0
4 24 75 87 62 (54)
H3C H;C
= OH Z
5 N N 24 79 100 79 (76)
6 SoH ~"So 18 83 94 77
PN IO
7 OH e 22 85 100 85
N NP A P
8 OH o 22 82 100 82
NN TN T PN NN
9 OH SO 24 71 89 60
10 H,N" """ 0H HNT "0 24 97 100 97 (93)
11 V/\OH VAO 18 88 100 88
@O\/\ ( j
12 _ on A 20 77 88 65

#Reaction conditions: Substrate (1 mmol), Ru/GNS (0.036 mol%), toluene (3 mL), 110°C.

® Determined by GC analysis. ¢ Isolated yield is given in paranthesis.



Characterization of TiO,/u-RuO,/GNS

The TEM images [Fig. 2(a-c)] of TiO,/u-RuO,/GNS showed a small and homogeneously
dispersed RuO,NPs and TiO;NPs on GNS. The size of the RuO,NPs and TiO,NPs was found in
the range of 3-6 nm and 15-20 nm respectively. The SEM-EDS images and their corresponding
elemental mapping were recorded for TiO./u-RuO,/GNS [Fig. 3(a) and (b)]. The weight
percentage of Ru and Ti was found to be 2.19 and 12.19 respectively. The elemental mapping
confirmed that the TiO,NPs and RuO,NPs were distributed uniformly on the surface of GNS.
The XPS [Fig. 4(a-c)] and XRD [Fig. 5(a)] measurements were carried out to investigate the
chemical state of Ti. The BE of Ti 3py; at 464.5 eV and Ti 3ps, at 458.9 eV were ascribed due
to the photoemission from TiO, [32]. Moreover, two low intensity peaks centered at 465.8 and
460.2 eV were attributed to Ti-C bond formation. The BE of Ru 3ds/, at 208.8 eV, Ru 3p3., at
462.5 eV and Ru 3py, at 485.0 eV were attributed to the photoemission from RuO, (Ru*"). The
X-ray diffraction peaks observed at 25.2, 37.9, 47.8, 54.5 and 62.9° correspond to the typical
crystal faces (101), (004), (200), (105) and (211) of TiO,. These diffraction peaks matched well
with the crystal structure of the anatase TiO, [33, 34]. The calculated Raman intensity ratio
(ID/1G=0.1667) was higher in comparison to f-GNS (ID/IG=0.0909) [Fig. 5(b)], which evidently
revealed that the RuO,NPs and TiO,NPs interacted with GNS [8]. Besides, new peaks were

observed at 300-500 cm™ for TiO,/u-RuO,/GNS, which attributed to TiO,.
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Fig. 3 (a) SEM (inset) and EDS spectrum of TiO»/u-RuO,/GNS and (b) corresponding elemental

mapping observations of C, Ti, Ruand O
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Fig. 5 (a) XRD pattern and (b) Raman spectrum of TiO2/u-RuO,/GNS

Ti0O,/u-RuO,/GNS-catalyzed photodegradation of MO and AO

The UV-visible spectra of TiO2/u-RuO,/GNS revealed its semiconducting nature with a band gap
of 2.92 eV; this moderate band gap is capable enough to consider this as a photocatalyst. The
changes in the absorption spectra of the two dyes (MO and AQO) during the photocatalytic
process at different UV irradiation times are shown in Fig. 6. After TiO,/u-RuO,/GNS was
dispersed in the MO or AO aqueous solutions, the degradation of MO and AO was examined at
the characteristic absorption bands, 464 and 492 nm respectively. Initially, the aqueous solutions
were stirred under dark condition in order to obtain adsorption/desorption equilibrium and no
significant change in the UV-visible spectra of MO and AO was observed (Fig. 6). Whilst under
UV irradiation, the intensity of the absorption bands of MO and AO gradually decreased as a
function of increasing time, suggesting effective degradation of dye molecules in the presence of
UV light. In the present case, TiO,/u-RuO,/GNS completely degraded MO into colourless small
molecules after UV irradiation for 120 min which is a significant improvement when compared

to TiO,-graphene which has been reported to completely degrade MO after 225 min [35]. A



similar trend was observed with RuO,/TiO,/SiO, photocatalyst, but adequate degradation was
reported after 120 min even for 5 mg/L MO solution [36]. Likewise, in the photocatalytic
degradation of AO, the present photocatalytic system showed better activity (complete
degradation of AO after 12 h) when compared to TiO,NPs-catalyzed system (complete
degradation of AO after 24 h) [37]. Polymeric metalloporphyrins were also utilized as a
photocatalyst for the degradation of AO, however the system worked well only in the presence of
H,0, (0.4 g/L) under UV light [38]. Otherwise the pH of the solution should be adjusted to 3.0
for the effective decolorization of AO in aqueous solution by Fenton’s like reagent (Fe?* and
H,0,) [39]. As can be seen from Fig. S4 in the supporting information, we were even able to see
such degradation by our naked eyes at different time intervals. The TiO,/u-RuO,/GNS can
readily be recovered from the reaction mixture via simple filtration and showed good catalytic
efficiency even after recycling for three times. There may be three possible reasons for the fast
degradation of organic dyes by TiO,/u-RuO2/GNS: (1) GNS with high charge mobility can act as
excellent e— acceptor, is expected to enhance the interfacial e— transfer of RuO,/TiO,, (2) the
presence of co-catalyst RuO,, and (3) GNS with very high specific surface area can also enhance
the dispersion of catalysts (RuO,/TiO;) and permit greater photon absorption on the catalyst
surface, leading to the formation of more hydroxyl radicals (*OH) consequently increasing the

activity.
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Fig. 6 UV-visible spectrometric evidence for the photodegradation of (a) MO and (b) AO using

TiO,/u-RuO2/GNS under UV light at different time intervals

Plausible mechanism

A tentative mechanism is proposed for TiO,/u-RuO,/GNS-catalyzed photodegradation of MO
and AO, as shown in Fig. 7 and equations 1-5. Initially the photon of energy greater than or
equal to the band gap of TiO, (En, > Eg) was absorbed from the external UV light by the
electrons in the valance band of TiO, [TiO, (e',5)]. These energized electrons moved to the
conduction band of TiO; [TiO, (e'w)] and as a result holes were generated in the valance band
[TiO, (h*,;)]. Subsequently, these photoexcited electrons moved through the GNS layer and
utilized for the conversion of oxygen molecule (O,) to superoxide anion (O;). The high carrier
mobility of GNS played a vital role in transporting these electrons and thereby retarded the
electron-hole pair recombination. At the same time, the hole in the valance band of TiO; [TiO;
(h*,5)] was combined with an electron from RuO,. As a result a hole was generated in the co-

catalyst, RuO,, and thus preventing the electron-hole pair recombination further in TiO,. Then,



Fig. 7 Photocatalytic degradation of organic pollutants using TiO,/u-RuO,/GNS

these generated holes in RuO; produced hydroxyl radicals (*OH) by reacting with water. The
formed *OH radicals are strong oxidants which induced faster oxidation of MO or AO and

degradation of the intermediates.

TiO, + hv (E>Eg) — TiO, (€'cp+ h™,p) (1)
TiOz (€) + 02 — Oy (2)
TiO; (h*,5) »»» RuO, (h") 3)
RuO; (h") + H,0 — RuO; + HO* + H" (4)

HO-+ + Dye — Degradation products (5)



Conclusions

In summary, the Ru/GNS catalyst showed an excellent activity towards the aerial oxidation of
primary alcohols. Interestingly, a novel TiO,/u-RuO,/GNS catalyst was successfully prepared
from the u-Ru/GNS and TTIP. The merit of the TiO,/u-RuO2/GNS catalyst was realized from its
excellent photodegradation activity toward MO and AO. The TiO,/u-RuO,/GNS catalyst is
reusable and heterogeneous in nature. The sustainable use of the Ru/GNS and an excellent
photocatalytic activity of the TiO,/u-RuO,/GNS, make these materials economically and
environmentally feasible. Moreover, since Ru/GNS and TiO,/u-RuO,/GNS are highly versatile,

they can be applied in various fields.
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