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Abstract: Hexamolybdenum (M) cluster-based compounds namelyMi@Br'sBrés and (TBARMogBr'sBr
(TBA = tetrabutylammonium ) were immobilized on graphene oxide (GO) nanosheets by takintpge\ct
the high lability of the apical bromide ions withygen-functionalities of GO nanosheets. The logadihMos
clusters on GO nanosheets was probed by Fourier-transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), high resolution transmission electron microscopy (HRTEM) and elemental
mapping analyses. The developed GQNMEZEBI'sBr?, and GO-(TBAYMogBr'sBr%, composites were then used
as heterogeneous photocatalysts for the reducti@®g under visible light irradiation. After 24 h visible light
illumination, the yield of methanol was found to b&44 and 1294 mol.g'cat for GO-CsMogBr'sBr?, and
GO-(TBA),MogBr'sBr% respectively. The quantum yields of methanol bing GO-CsMogBr'sBr3, and GO-
(TBA),MogBr'sBr’ as catalysts with reference to Mduster units presented in 0.1g amount of catalyst were
found to be 0.015 and 0.011, respectively. The obléanmobilized M@ clusters-based compounds on GO

nanosheets is discussed to understand the phddicataechanism of C@reduction into methanol.

Keywords: Graphene oxide;Mo cluster compound; photocatalysis; carbon dioxide reduction; rhethano



1.0 Introduction

Graphene oxide (GO), an oxidized form of graphepnayentionally served as a most established prectos

the preparation of reduced graphene oxide, chemically functionalized graphene and graphene-based
composites [1-2]. Owing to its rich surface chenyishigh specific surface area and various strattdefects,
GO has attracted large attention not only as a catalytic material, but also as an excellenichaedssupport
for heterogenization of various catalysts for efficient chemical transformations T8etfirst report on the
catalytic activity of GO was revealed by Bielawski et al. in 2010 for the oxidation of vatmi®k and the
hydration of various alkynes [5]. Then after, thetatytic performance of GO was expanded for various
chemical transformations, including oxidation oibth, sulphides and olefins, aza-Michael additibmmines

to activated alkenes, acetalization of aldehydes-opening polymerization of various cyclic lacésnand
lactams, Friedel-Crafts addition of indoles! t-unsaturated ketones, oxidative coupling of amioesines,
oxidative amidation of aromatic aldehydes, etc I§-The catalytic properties of GO have mainly origétht
from the presence of various oxygen functionaliied unpaired electrons in the GO scaffold anddty high
surface area [2-3Recently, Riedo et al have demonstrated that G®Dngetastable material, whose structure
and chemical functionalities evolve at room tempera[12]. Furthermore, an increase of temperandaces
gradual reduction of oxygen functionalities in the GO [II3]e ease of GO aging and reduction during
catalytic reactions under mild to high temperature raised the issue of recyclability of GO ifacathe
transformations [14].

Moreover, the high specific surface area, exceligspersibility in water/ polar solvents, presence of
plenty .of oxygen containing functional groups amdesal structural defects in GO scaffold providepsm
opportunities to serve as a nano-structured supfmrtheterogenization of catalytically active metal
complexes, organic functionalities, and transitioetal clusters for efficient chemical transformagd15-19].

In recent years, several methodologies have bdablisfied for immobilization of various nano-mat¢sion
the GO nanosheets, which include the use of bi-functional linkers, light-induced immaiilizatireduction

of metal salts in the presence of GO, etc [2,20-22]. In most of these approaches, the oxymeralitias and



structural defects in the GO scaffold function ashering sites for the immobilization of varioupés of
nanomaterials.

Molybdenum octahedral (Mpclusters with the general formula)zMo6Xi8Xae (A = CS, n-(C4Hg)4N"
and X = Br) exhibit photochemical and redox properties duelétocalization of valence electrons on the
metal centers [23-25]. The Malusters are face-capped by eight inner Iigand§) (Brough Mo-BF bonds
having covalent dominant character, and are adhdilip bonded to six apical ligands @Bthrough Mo-Bf
linkage having strong ionic character. The dissolution of these clusters afforgRrd]* anionic units,
where the MgBr's core constitutes a rigid block that can be funetlmed by exchange / replacement of Br
located at the apical position of the cluster. Qo their remarkable structural and photo-physical properties,
A,MogX'gX% cluster-based compounds provide immense poter@iahdénoarchitectonic and photocatalytic
applications [26]. Recently, Boukherroub et al. dn@emonstrated that nanocomposites of Miesters, gold
nanoparticles and GO exhibited very high photogtitaBctivity for the degradation of rhodamine B under
visible light irradiation. In these photocatalydtse Ma; cluster absorbs the incident photons and initiltes
photocatalytic process [24]. The Molusters as homogeneous catalyst could also afford photo-reduction of
CO; into methanol induced by visible light. However, teed of sacrificial donor and non-recyclability of
these clusters make the catalytic process expefisiye
Due to the rising concentration of g¢@nd the depletion of fossil fuel reserves, thereonsiderable interest in
the development of alternative energy sources [B8@onversion of C@into hydrocarbon fuels utilizing the
abundant solar energy can provide a viable soldtioboth problems simultaneously [31-32]. In tregard, a
number of heterogeneous catalysts including metales, sulphides, nitrides and oxynitrides havenbee
investigated for C@reduction, albeit lower quantum yields and poor selectivities are the major drawbacks
[33-35].Molecular catalysis, particularly, based on traositmetal complexes, such as rhenium(l) bipyridine,
ruthenium(ll) polypyridine carbonyl, cobalt (I)isbipyridine, and cobalt (Ill) macrocycles in coméaiion
with a photosensitizer have been considered toigfe rerformance photocatalysts for £e@duction with
relatively high quantum yield and high selectivitfyproducts [36-39]. However, the homogeneous eatund
non-recycling ability of these catalysts make thienpractical from economical as well as environmenta

viewpoints. This problem can be overcome by ancigothese complexes to photoactive supports, whith n



only provides facile recovery of the catalyst, also photoactive support and complex may work
synergistically for better electron transfer to {@0-41]. In a recent report, we have demonstrated the
photocatalytic activity of Mg clusters for the photoreduction of €@sing triethylamine as the sacrificial
agent [27]. However, non-recycling ability of thegbocatalyst and need of sacrificial donor (triddinyine)

are the major drawbacks of the developed methodeihieCsMoﬁBrigBraa and (TBALMoeBrigBr""G cluster-
based compounds are systematically immobilized on GO nanosheets by taking advantage ofuebité nat
the apical bromide ions and oxygen-functionalité$SO nanosheets. The developed GOMgBr'sBr?, and
GO-(TBA),MogBr'sBr?, composites were then used as heterogeneous pladyststfor the reduction of GO

into methanol (Figure 1).

Fig. 1: A schematic illustration of (a) GO nanosheet decorated with various oxygen fafitésn(b) immobilization of

CsMogBr'sBrés / (TBA)ZMoﬁBr‘SBraG clusters on the GO nanosheets, and (c) molecufactsre of M@ cluster
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representing position of inner and apical ligands and HRTEM image of GO loaded with assidlesBEBrey/

(TBA),MogBr'sBr% clusters.

2.0Experimental

2.1  Catalyst preparation

2.1.1 Preparation of GO-GMogBr'sBré, / GO-(TBAYMogBr'sBr?, Composite Materials

The GO, used as a nanostructured support materahfmobilization of M@ clusters, was prepared in
two steps using graphite powder as a precursotiallyi, graphite powder was oxidized into graphite
oxide using a mixture of ¥$0,, NaNO; and KMnQ, as strong oxidants and then the oxidized product
was washed with yD,, HNO; and ample of water in the subsequent order. Insdwond step, graphite
oxide was exfoliated into GO using ultrasonic profbbe exfoliated product was then centrifuged at
5000 rpm for 15 min to yield two distinct phasen: @pper phase containing dispersible fine sheets of
GO and a lower deposited semi-solid phase. The fiiaetion of GO nanosheets was then used for
loading of Mg clusters. The QMoeBrigBras / (TBA)ZMogBrigBr% cluster-based compounds were
synthesized according to a previously reported @dace [42-43]. In brief, initially, MgBr,, cluster-
based binary bromide was prepared by the reacti@rowith molybdenum powder at 750 "C. Then an
excision reaction was performed between a stoichtamamount of MoBrand CsBr at 850 "C for two
days. Afterwards, the preparedzﬂmeBrigBr% was dissolved in dry acetone, filtrated and restalfized

in pure form. (TBA)MogBr'sBr’; was obtained by precipitation after addition afrabutyl ammonium
bromide in a 50:50 water: ethanol solution onMegBrigBrae,

In order to immobilize the synthesized Molusters on GO nanosheets, 49 mg oiMIs;BrigBr% or
(TBA),MogBI'sBr’ clusters were separately dispersed in a mixtungatér and ethanol (100 and 50 mL,
respectively). In the subsequent step, a 50 mL Of dgueous dispersion (2.24 mg/mL) was gradually
added into the dispersion of Molusters and the mixture was stirred for 48 hoatm temperature. This
was followed by filtration of the reaction mixtummder vacuum line using membrane filter. Duringthi
process, the freely suspended QMGeBrigBrae / (TBA)ZMosBrigBrae clusters passed through the
membrane. The filtrate cake, composed of immohilikéos; clusters on GO nanosheets was washed five
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times with ethanol to afford the final product, GI3,MogBr'sBr?, or GO-(TBALMOoeBI'sBr?,. Finally,
the product was dried in an oven for chemical atdicsural characterizations and then used for
photocatalytic reduction of COFigure 1 shows the schematic illustrations of ®@; clusters and
immobilized clusters on the GO nanosheets.
2.2 Chemical and Structural Characterizations of ((;QMoﬁBrigBr""x / GO-(TBA)MosBrigBrax
Composite Materials
Fourier transform infrared (FTIR) spectra of GO, Jdtusters and their composites were recorded on a
Thermo-Nicolet 8700 Research spectrophotometerrfibeScientific) with a resolution of 4 ¢ X-ray
photoelectron spectroscopy (XPS, JPS-9010TRX, JEWML measurements were carried out using thin
films of GO, GO-C@I\/IosBrigBr"j‘X and GO-(TBA)MoeBrigBrax samples. The XPS measurements were
executed using a MdKline as the X-ray source. The peak-fitting of thés spectra was performed by
using a GaussiantLorentzian function after perfagnia Shirley background correction.
Thermogravimetric analyses (TGA) were recorded dheamal analyzer (Diamond, PerkinElmer). All
samples were analyzed in the temperature rang&-658 "C under a steady flow of nitrogen. The high
resolution microscopic features of GO, GOZMSGBI'igBI’aX and GO—(TBA)MoeBriSBra‘X samples were
examined on high resolution transmission electraorescope (HRTEM) by drop casting their ethanol
solutions on the TEM grids. Field emission scanng&lgctron microscopy (FESEM) analyses were
carried out using an‘FEI Quanta 200 F. The elemelisé&ribution in the developed composite materials
was recorded by using energy dispersive spectran(e2S) coupled with FESEM. UV/Vis spectra were
measured.on a Hitachi U-2900 UV/Vis spectrometehwipath length of 1 cm using quartz cuvettes.
2.3 Photocatalytic Reduction of GO
Photocatalytic reduction of GOwas carried out using GO-@80¢Br'sBré, and GO-(TBAYMogBr'sBré,
composites as the photocatalysts. The experimesits performed in borosil cylindrical vessel (100)nof 5
cm diameter. Photo-irradiation was carried out undble light by using 20 W white cold LED flodayht
(model no. HP-FL-20W-F-Hope LED Opto-Electric Catd.). The intensity of the light at vessel was
measured by intensity meter and was found to b#Vi#s”. The vessel was charged initially with water (10

mL) and DMF (40 mL), and then the solution was dsgd by continuous purging of nitrogen for 15 min.



Subsequently, COwas bubbled through the solution for at least 30 ta saturate the solution, then GO-
CsZMoaBrigBraX or GO-(TBA)ZMoeBrigBr‘E‘X catalyst (100 mg) was added to the above-descebkdion. The
vessel was tightly closed during the photocatalygiaction and stirred continuously by a magneiicisg
bar to prevent sedimentation of the catalyst. Semplere collected every 2 h by using a needle,thad
catalyst was removed by filtration (0.2 #m PTFE,m& diameter). Quantitative determination of reacti
product was achieved by using GC-FID (Varian CP3B9Q@sing CP Sil 24CB LOW BLEED/MS column,
flow rate: 0.5 mL.mift, injector temperature: 250 "C, FID detector terapene: 275 "C). A calibration curve
was generated for quantification and for confirmatiof linear response of the GC-FID system. Further
confirmation of methanol production was done by IEP(Shimadzu UFLC, by using Oyster BDS Premium
C18 250X4.6mm, &m column, mobile phase acetonitrile: acetone (658&w rate: 0.5 mL/min at 205 nm).
Blank reactions were conducted to ensure that metharoduction was due to the photo-reduction of,CO
and to eliminate surrounding interference. For die¢ermination of gaseous products, <10 sample was
withdrawn and analyzed with the help of GC-TCD &@-FID (Agilent 7890A GC system) equipped with
RGA (refinery gas analyzer) capillary column; floate (H: 35 mL/min, air: 350 mL/min, makeup flow: 27
mL/min, for TCD reference flow: 45.mL/min, Heliunhofv: 2mL/min), injector temperature: 220"C, TCD

detector temperature and FID detector temperaR2@:C.

3.0 Results and discussion
3.1 Synthesis and characterization of catalyst
The chemical and structural features of GO andcamposites i.e. GO—(;;I\szloeBrigBr""X and GO-
(TBA)ZMoﬁBrigBraX were thoroughly characterized by FTIR, XPS, TG-DTARTEM, EDX and UV-Vis
analyses. The FTIR spectrum of GO (Figure 2) exdibistrong characteristics vibrational bands at9341
1732, 1622, 1373, 1263 and 1064 Gnwhich are attributed to O-H stretch, C=0 stretd}) bending modes
and C=C stretch, O-H bending and C-O stretch, respectively. The strong intensities of theseienatmled
the presence of ample hydroxyl, epoxy, carboxyi@ibonyl, phenolic, etc. functional groups in th® G
scaffold. The CNOeBrigBrax has no vibrational signature, except a strong lzrib20 crit, attributed to the

bending mode of adsorbed water molecules in thetelwwompound (Figure 2a).



In contrast, (TBAYMogBr'sBr’ showed strong characteristic vibrational modethérange of 3000-2800 ¢m
! attributed to the C-H stretches of methylene mrethy! groups (Figure 2b). Furthermore, strong ations
at 1466 and 1383 cMmassociated with C-H bending modes revealed theepoe of butyl chains in the
(TBA)ZMosBrigBras clustersThe appearance of C-H vibrations in the GO—(TBAQGBrigBrXacomposite (inset
of Figure 2b) suggested the loading of (Taﬂy)ﬁBrigBr% on the GO nanosheets. Both GO;MesBrigBrax
and GO-(TBAYMogBr'sBr? composites exhibited the characteristic vibratiohexygen functionalities of GO,
indicating that most of oxygen functionalities weeenained intact and presented in both GGMogBr'sBré,
and GO-(TBA)MogBr'sBr?, composites. In order to probe the chemical states lausible interaction

between the Mgclusters and GO, all samples were thoroughly dteraed by XPS.
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(TBA)ZMosBrigBrae composite reveals the loading of (TBMpeBriBBrae clusters on the GO nanosheets.
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regions for (TBAYMogBr'sBré,and GO-(TBA)MogBr'sBr?, composites.

XPS analyses of GO, GO-,§]S\A;06BrisBr‘*‘X and GO-(TBA)MoeBrigBrf"X samples were carried out to elucidate
the quantitative estimation along with chemicalrdes in the GO and Moclusters (Figures 3 and 4). The
high-resolution C 1s spectrum of GO exhibited aer@pped double peak structure with small tailighér
binding energy attributed to different types of ggp containing functional groups in the GO scaffdltde
peak-fitting of C 1s spectrum of GO can be decamedl into five chemically-shifted components (FigGa).
The C 1s peak centered at 284.9 eV as a major auenp@f GO scaffold is attributed to C-C/C-H carbon

The peak at relatively lower binding energy (28é\) is due to C=C carbon and suggests the presaince
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unoxidized domains of §arbon. Three additional overlapped componen286t8, 288.6 and 289.5 eV are
assigned to the hydroxyl/epoxide (C-OH/C-O-C), casd (C=0) and carboxyl (COOH) functional groups,
respectively [44-45]. Figure 3 indicates that &lakacteristic peaks of C 1s spectra remained intden Mg
clusters were immobilized on the GO nanosheetsnansignificant changes were observed. Furthernibee,
loading of Mg clusters onto GO nanosheets was deduced by appearance of additional peaks at 724.5, 229.3
and 70.2 eV attributed to Cs 3d, Mo 3d and Br 8dpectively (Figure 4). The Mo 3d peaks at 2298282.4
eV are due to the split components of;8dnd 3d,;, respectively and revealed the Mo(ll) oxidatioatst
[24,46]. The positions of Mo 3¢ and 3d, components in the GO—g\ﬂoeBrigBrax and GO-
(TBA),MogBr'sBr?, are comparable to those obtained for their pures Musters These results suggest that
the cluster core I\/kBrig remained intact during cluster immobilization e GO nanosheets. The Cs 3d peaks
at 724.5 and 739 eV are attributed to the split moments of 3¢, and 3d,;, respectively and indicate the
presence of Cs(l) in the GO-BAoeBr'sBré, composite (Figure 4a). The Cs s3dpeak couldn©t appear
explicitly, as it was diminished by nearby strongak of O (KVV) as shown in Figure S1 (Electronic
supporting information).

The internal core of the octahedral Madusters consists of eight Mo-Bronds and the remaining six Ere
placed on apical position through Mo2Rronds having strong ionic character. These aicaunctionalities
are prone to interact with other chemical functliies and facilitate their immobilization onto &bkupports.
The XPS spectra of Mccluster compounds and their immobilized composE&sCsMogBr'sBr, and GO-
(TBA),MogBr'sBri are shown in Figure 4c-d. The Br 3d peak ingMluisters is composed of two components
at 70.2 and 68.6-eV, which are attributed to cawhlebonded inner Br atoms (Brand apical bromide ions
(Br® of Mos clusters, respectively [47-48]. The Br 3d spectrh ®0-CsMogBr'sBré, and GO-
(TBA),;MogBr'sBré, composites (Figure 4c-d) showed that the peak coemoat 68.6 eV, attributed to Br
ligands, is almost diminished, demonstrating thmiahation of BF ligands. This suggests the reaction ot &r
Mog clusters with hydroxyl / oxygen carrying functiorgroups of GO nanosheets. As a resultg Maosters
immobilized on the GO nanosheets by covalent liekaigd Bf are eliminated during immobilization process.
The atomic % of Mo and Br components in both (TMeBrigBr% cluster and GO-(TBAQMOGBI’igBraX

composites were calculated based on XPS studytarrdine the interaction between the (TEM)»BBrigBr%
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cluster and GO nanosheets. The experimental ratio of Br/Mo = 2.6 in §VBABr'sBr% cluster agrees with
the theoretical value (2.33). After immobilizatioh (TBA)zMOGBrigBraG cluster, the ratio of Br/Mo decreased
to 1.6, which is closer to the expected value (Lf88a BI/Mo cluster core. Recently, Sutherland et al. have
further demonstrated that labile terminal nitrougye at apical position in Melusters were eliminated during
their chemical attachment to solid supports [49].

UV/Vis absorption spectra of gl\ﬂoeBrigBr% and (TBA)ZMoeBrigBrae in acetonitrile exhibited sharp
peaks at 242 and 243 nm due to the inter ligantsitian and small humps at 386 nm and 380 nm duketo
metal-to-ligand charge-transfer (MLCT) transitionmespectively (Figure S2a,b). For GO, a charadieris
absorption band at 227 nm dues& * transition of discrete units of §garbon conjugated network and a
small hump at 300 nm due t& * of carbonyl groups were observed. ImmobilizatafriViog clusters to GO
enhanced the overall absorption pattern as showigimre S2.

In order to confirm the visible light absorptione walculated the band gap of GOM@s¢Br'sBr%; cluster, GO-
CssMogBr'sBré, composite, (TBAMog Br'gBr cluster and GO-(TBAMog Br'gBré, composite with the help
of Tauc plot as shown in Figure S3. The band gdpevéor GO was found to be 2.90 eV was in well
agreement with the reported literature [50]. Fo;_sMIs;BrigBrae and (TBA)ZMoeBrigBrae clusters compounds,
two band gap values were obtained; the 4.07 eV4ab@l eV were due to the interligand transitionslevthe
2.40 eV and 2.47 eV were ascribed to the MLCT itamss, respectively. After immobilization of Malusters
on GO, the band gap values significantly decredse.9 and 1.5 eV for GO-@€ogBr'sBr% and GO-
(TBA),Mog Br'sBr? composite, respectively.

The thermal behaviour of GO, Mealusters and their composites were examined bynibgravimetric
analysis (TGA). GO showed two characteristic major weight losses in the range of 50+110 "C and 170+240 "C,
owing to evaporation of trapped water moleculesthrdmal decomposition of labile oxygen functiotias in
GO scaffold, respectively (Figure 5). The,Ks¢Br'sBr’ cluster is found to be thermally stable upto 500 "C
whereas (TBAMogBr'sBr% cluster has significant mass loss about 27 % inrémge of 320-390 "C with
maximum loss at 368 "C, most likely due to theried decomposition of TBA units (Figurg)b However,
GO-(TBA)QMOGBI’igBraX composite showed 4.5 % weight loss (due to TBAsuaitd oxygen functionalities of

GO) in the range of 295-375 "C with maximum los840"C (Figure k). Plausibly, the presence of residual
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oxygen functionalities in the GO-(TBA),MogBr'sBr?, composite has facilitated the decomposition of TBA
units in supported compasite comparatively at lower temperature. Based on the TGA results, the calculated

weight loss dueto the supported TBA cluster units was found to be 1.6 %.

Fig 5 TG-DTA pattens of (a) GO, Cs;MoBr'gBrés cluster and GO-Cs;MogBr'sBr?, composte; (b) GO,
(TBA),MogBr'sBr’ cluster ard GO-(TBA),MosBr'sBr?, composte over the temperature range of 30-550 "C under nitrogen

flow.

The nano-gructura featuresof GO and its compositeswith Mog clusters were examined by HRTEM.
Figure 6a shows plenty of wrinkle and folded regions in the HRTEM image of GO scaffolds. These features
are attributed to the §p° carbons which are linked to oxygen functiondities in the basa plane ard various
structural defects. Significant structural changes are observed when Mog clusters were immobilized on GO
nanoshees (Figure 6b-c). The Mog clusiers areuniformly distributed over the GO surface and they are senas
dark grey feaures in the range of 2-10 nm. The hydrodynamic diameter of Cs,M OeBrigBrae clustes is reported
to be 2.5 nm by dynamic light scttering (DLS) method, whereas the aystallographic duger unit size of these
clusters is 1.1 nm [25]. The larger size of immobilized Mog cluste's on GO nanosheets along with their
undefined structure suggest that the Mog clusters areimmobili zed on the GO not only assingle unit of each

cluster, but dsoin form of aggregates composed of 2-7 units. Usudly, theseMog clustas gglomerate because
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