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ABSTRACT

For most of the catalytic reactions dealing wittbleometals, a replacement of pure
noble metals with hybrid noble metal-nanomateriatsnanocomposites is a well-
stablished strategy for reducing the cost of thalgtc process. The application of this
strategy is challenging and of interest for thesstfic community. In this context, we
report the design of Pd-anchored mesoporous cdlyditoxide nanoring composites
which, used as catalysts, can efficiently catalgzeuki C-C coupling reactions with
excellent activity, versatility and selectivity dtethe strong synergetic effect standing
from its structure and composition. Hybrid systeb@sed on mesoporous Co(QH)
nanoparticles and Pd are able to reach up to 88%wecsion of iodobenzene and 37%
yield of the biphenyl product at 24 h. Additionallyhe photocatalytic performance of
the hybrid system has been investigated in sekeatiidation of benzylalcohol and
organic dye degradation. This nanostructured nateras able to selectively photo-
oxidize benzyl alcohol to benzaldehyde under LEBhtli with moderate catalytic
activity (turnover numbers and and turnover fregies were of 4.62 and 0.78'h
respectively with 95% selectivity). In addition etistudied hybrid system was able to
degrade methylene blue in water with good perfolgeana a photocatalytic reaction by
irradiation with UV light and LED light (the kineti constant for a first order



degradation was 1.03-10 st and 1.24-18
s', respectively). Thus, our preliminary catalytisukts show that these nanomaterials,
based on Co(OH)nanoparticles with low content of noble-metal, gmemising

candidates for their potential use in differentusitial catalytic applications.
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1. Introduction

Systems based on noble metals (such as Pt, Pdaretone of the most active
materials with good catalytic performance and hextensively been used for different
catalytic reactions ranging from organic processesh as C-C couplings, carbonylation
or oxidation reactions[1-9] to inorganic processash as water splitting [10,11].

The main problem regarding the use of noble metakt catalysts is the high
price and low abundance of some of the metals, lwbanfines their applications. In
order to solve the problems associated with theofiseble metals in some important
reactions, in recent years a different strategy besen developed by depositing or by
doping with noble metals into the structure of naarticles (NPs).

Although considerable efforts have been carried toutreduce the cost of
fabrication and to improve the resistance to deattin in oxidation reactions and the
development of other non-noble-metal catalysts aioimtg abundant elements has
increased over the past decade [12-17], the suppardble metal on nanostructured
materials is still the most widely used strateggaialysis.

Nowadays, the loading of noble metal nanopartictesarried out via two
different methods: a) directly during the synthefcocess of the supporting
nanomaterial [18—-21], b) by post-synthesis proceslun the surface of NPs or metal
ions with a noble-metal precursor [4,22—29].

In this context, the presence of noble metals ay®nanomaterials acting as
supporting systems can enhance the catalytic pe&ioce of the materials, by providing
them with higher active surface, enhancing thelgttanteractions. Therefore, a high
number of research groups have already reportelieston the support of noble-metal
ions [30—34] or metal nanoparticles [31,35-39] ohtgh-surface nanomaterials for

various applications.



An exhaustive study of the literature indicated thathe best of our knowledge,
there is not an established chemical method avaikabload noble-metals (especially
Pd) on mesoporous Co(OHNPs. This encouraged us to study more in detail th
potential functionalization with nobel metal ions panoparticles of this kind of
nanostructured Co(OHk)as well as the potential synergistic effect ahbmetals.

Thus, this work reports an easy, efficient and eff&ctive two-step process for
the synthesis of palladium-loaded Co(QHYPs. The first step is the controlled
synthesis of mesoporous nanorings of Co(O¥Ps with an hexagonal morphology and
subsequently the functionalization with Pd ionstloa surface of Co(OH)NPs by the
reduction reaction of an organometallic Pd(Il) pmsor at mild temperature.

The resultant nanohybrids were used for tlagalytic study of Suzuki C-C
coupling reactions and the catalytic results shoveedjood performance of the
synthesized hybrid materials with high conversi@is110 °C in the reactions of
lodobenzene or bromobenzene and phenylboronic &eidddition, the synthesized
materials were tested as catalysts in the selectweéation of aromatic alcohols to
aldehydes, as this is a current challenge of trematal industry. Furthermore, the
synthesized materials have been tested in the fhadation of benzyl alcohol as a
model reaction, observing a good catalytic actiahd selectivity in the formation of
benzaldehyde. Finally, the synthesized nanohylwele also used as photocatalyst in
the decomposition of an organic dye such as matbhyidue (MB) under LED and UV
light irradiation, as a model of a water decontaation reaction (as MB is widely used
as dye in cosmetics, food industries, pharmacduaié polymeric process and is found

in waste waters of those industries).

2. Experimental part

2.1. Preparation of Co(OH), nanoparticles

Mesoporous hexagonal cobalt hydroxide NPs wereagpeepthrough a chemical
precipitation method following similar proceduresthose described by our group [13].
An amount of cobalt precursor (Cofivas added in a three-necked flask and with
vigorous stirring dissolved into pure,® at room temperature. In a subsequent step, a

certain amount of NaOH solution was slowly pounei the above-mentioned solution



with intense stirring, in which the pH was contedlland maintained around 9.0 and an
aqueous solution of 30%,8, was quickly added to the solution.

After the completion of the precipitation reactidhe NPs were separated from
the solution by centrifugation, and finally heatadan oven at 120 C for about three

hours.

2.1.1. Characterization

For the preparation of TEM samples, a drop of @esasion containing the final
NPs was casted on a copper TEM grid coated witlaraarphous C film. The TEM
measurement was conducted using a Philips CM12osuope working at 120 kV. The
XRD experiments were carried out using a Philipa/1730a (commercig)-20 X-ray
diffractometer). The measurement was conductedTawkh the characteristic & X-

ray lines of Cu.

2.2. Preparation of the hybrid materials Co(OH),-Pd-1
2.2.1. Synthesis of the Pd precur sor

8.6 mmol (1.53 g) of Pdgwas dissolved in concentrated (35%) HCI (6 mL)eTh
resultant mixture was diluted with 150 mL of ethibawod filtered through a filter paper.
The filter paper and the brown residue were wadimade with 10 mL of ethanol.
Subsequently, 20.4 mmol (2.5 mL) of 1,5-cyclooctadi was added to the PdCI
solution with stirring. The color of this solutiamhanged immediately from brown to
orange and then a yellow-orange solid precipitalda: solution stirred for additional
20 minutes and filtered. The yellow-orange preatgdl was washed with diethylether
(3 - 10 mL). Finally, the product was dried ovehignder vacuum to give about 16.2
mmol (2.29 g) of [PdG(cod)] (yield: 96%).

2.2.2. Preparation of hybrid Pd-Co(OH), systems

Functionalization ofCo(OH), was carried out using the Pd precursor [R@CH)]
andCo(OH), following a general procedure described previobsiyur research group
[40-43]. Briefly, 50 mg ofCo(OH), and 4.2 mg of [Pd@lcod)] (to give a theoretical
loading of Pd about 1% wt.) were added to a Schileible and dried in vacuum for
about one hour at RT. Subsequently, 50 mL of digistimamide (DMF) was added to
this solution under an inert atmosphere. The métwas then heated to 110 °C and

stirred for three additional hours. The product wasn separated by filtration and



washed twice with 10 mL of DMF and 10 mL of diettyler. The hybrid product
Co(OH),-Pd-1 was dried under vacuum at RT for about 12 hoursnwove the trace of

solvents.

2.3. Studying the catalytic performance in Suzuki C-C coupling reactions

The catalytic studied was carried out on the reacof phenylboronic acid and
iodobenzene or bromobenzene. Two different temperat70 and 110 °C were tested
and the reaction mixture was 95:5 DMF:water inphesence of KCO; as a base. The
catalytic study was performed at different reactiones (6, 24 and 48 hours). The
experiments were carried out under the same condiin order to compare the results
and facilitate a subsequent analysis. The reactogr® conducted using bromo- or
iodobenzene as limiting reagent and the molar tagitoveen the boronic acid and the
halide was 1.2:1. Additionally, the molar ratio ween the KCO; base and the halide
was 2:1. The amount of catalyst in all cases was@0To achieve higher final catalytic
performance all reactions were conducted using sksgh solvents and under inert

atmosphere [44].

X B(OH),
K,CO,
¥ s

Co(OH),-Pd-1

X=Br, I
Scheme 1. C-C coupling reaction catalyzed Bp(OH),-Pd-1

Briefly, a 0.02 M solution of 1-bromobenzene orotiebenzene in a mixture of
degassed solvents (DMFR:@ 95:5) was added under, tmosphere to a Schlenk tube.
In a parallel step, another Schlenk flask was dilwith 7.3 mg (0.060 mmol)
phenylboronic acid, and &£O; (13.8 mg, 0.100 mmol) and Pd catalyst (20 mg of
Co(OH),-Pd-1, 0.2 mg of Pd, 1.87-T0mmol Pd, 3.7% mol Pd in the reaction). To
remove adsorbed water from the solids and oxygem fthe reaction atmosphere 3
times vacuum/plcycles (10 min/1 min) were conducted.

Later, 0.05 mmol (2.5 mL) of the solution 0.02 M &fiodobenzene or 1-
bromobenzene were transferred under nitrogen t&théenk flask containing the solid
product. Subsequently, the solution heated to #sredd temperature (110 or 70 °C)
with a condenser. Solution was then stirred fa246and 48 hours. In the next step, the



mixture was cooled to RT and filtered with a nyfdter (0.22 um). Finally, the product
was analyzed with a GC-FID instrument (Perkin-EIn@@€ Clarus 580) using a
Velocity® column (dimethylpolysiloxane, 30 m, 0.88m, 1.00 um) and a temperature
program (Fig. 1) with an injection temperature dD2C and a detector temperature of
300 °C.

300
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Fig. 1. Temperature program for GC quantification of gataland photocatalytic products

2.4. Photocatalytic study
2.4.1. Benzyl alcohol oxidation in the absence of light

Co(OH), NPs were used as heterogeneous catalysts foixitiation of benzyl
alcohol in regular catalytic conditions (in the abse of light) and under LED or UV
light, in order to clarify their photocatalytic awcdtalytic performance and its selectivity
in the formation of benzaldehyde.

In a normal catalytic reaction, 48.1 mmol (5 mL)ba&nzyl alcohol, 19.6 mmol
(2.00 mL) of HO; solution in HO 30 % (w/w) and 25 mg of catalyst were mixed under
N, atmosphere in a Schlenk tube. The mixture waredtiat 110 °C for 6 hours. Later,
the reaction product was filtered with a nylonefil{0.45 um) and the solid product was
analysed by GC-FID (Perkin-Elmer GC Clarus 580) hwa Velocity® column
(dimethylpolysiloxane, 30 m, 0.25 mm, 1.00 um) stireate the conversion efficiency



to benzaldehyde, using the temperature ramp of IFighe injection temperature was

240 °C and the detector temperature was 300 °C.

2.4.2. Benzyl alcohol photo-oxidation under UV light
The reaction was carried out using the same pratesgibed in 2.4.1 but at RT
and using a UV lamp of 60 W and 360 nm (Scheme 2b)

2.4.3. Benzyl alcohol photo-oxidation under LED light
The reaction was carried out using the same pratesgibed in 2.4.1 but at RT
and using a LED lamp of 60 W (6000 K) (Scheme 2c)

HO O H

H,0, /100°C

solvent-free
a)
Co(OH),

HO 360nm O H

60 W

H202 / rt
solvent-free

b)
Co(OH),

HO LED light O H
60 W

H,0O, /1t
solvent-free
é

Co(OH),

)
Scheme 2. Studied catalytic and photocatalytic oxidatiorbefzylalcohol to benzaldehyde

2.4.4. Methylene blue (M B) photodegradation under UV-light
MB photodegradation experiments were carried oateurJV-light, 15 mg of
the Co(OH) NPs was added to 50 mL of a 0.02 mM MB solutiohe Teaction was

carried out in a black box with a UV lamp (365 nB§W) as light source. Before



irradiation, the studied suspensions containingphetocatalyst and MB were stirred
for 1 h in the dark to reach the adsorption/desampequilibrium. Subsequently, the
suspensions were exposed to UV-light for a maxinefi® hours. The decomposition of
MB was monitored by measuring the absorbance (evddyymin) with a UV-
spectrophotometer (Jena Analytik) at 660 nm wawgler{(absorbance maximum of
MB). The experiments were carried out in duplicatel the absorbance measured in

triplicate.

2.4.5. Methylene blue photodegradation under LED light

MB photodegradation experiments were carried outguthe same conditions
described in the section 2.4.4 with a visible LEp (4.5 W, 6000 K, AS-Schwabe
42411) as the radiation source. The reaction tirae %6 h and the experiments were
conducted in duplicate and the absorbance measntemigiplicate.

3. Results and discussion

3.1. Physical characterization of NPs

Thickness 1742 nm }
Edges 546 nm ' ¢

¥

» ’\?_bh
bl ™
J 200 nm |

Fig. 2. a) TEM image off-Co(OH), NPs and b) detail of the hexagonal nanoringsudiog data of the

thickness and edges.

A morphological analysis of the nanostructure @& $iynthesized Co(ORNPs
was studied by TEM. As previously reported by orougp [13] and observed in Fig. 2,
the Co(OH) NPspresent an hexagonal nanoring morphology. In audita few rod-
like NPs could also be observed in the TEM imagbiclv means that some of the
synthesized NPs stand on the side of the hexagamalrings.



Interlayer spacing of the as-synthesized NPs wss etharacterized (Fig. 2b inset) to
confirm, as previously reported by our group, tihespnce off form (nota) [13]. The
measured interlayer lattice spacing was about G2 vhich fit well to crystal plane of
(100) inB-Co(OH), structure.

The crystalline structure and phase of the as-sgibd Co(OH) NPs was also
characterized by XRD (Fig. 3). Diffraction peaks revein agreement with those
observed fop-Co(OH) NPs (JCPDS file no. 30-443). There were no addtiphases
observed in the XRD pattern, indicating a high éegof purity of the obtained
crystalline phase. The pattern of Co(@QMNPs gave signals ab 20, 39, 50, 65 and 92°
assigned to Miller indices (001), (102), (002),X1Land (200), respectively.

350
300
250
200

150

Relative Intensity (a.u.)

100

50

0 T T T T 1
20 40 60 80 100

Position (20)

Fig. 3. Powder X-ray diffractogram ¢f- Co(OH), NPs

The N, adsorption—desorption measurements (Fig. 4) gavgpa IV isotherm
(according to IUPAC classification) with a consiaele hysteresis loop, which confirms
the mesoporous nature of the studied NPs. The RIeTific surface area of the NPs
determined from the isotherm was ca. 21%5gth To estimate the pore size distribution
of the sample a BJH approach was used, observatghbh mean pore diameter of the
NPs was ca. 4.8 nm, which is also in agreement thémature of the prepared NPs as a

mesoporous solid material [13].
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Fig. 4. Nitrogen adsorption—desorption isotherm of theapesous3-Co(OH), nanorings in STP
condition (left) and BJH pore-size distributiontbé mesoporou8-Co(OH), nanorings (right)

3.2. Preparation of Co(OH),-Pd-1

A hybrid material based on Co(OHnd palladium was prepared by the reaction of the
nanostructured@o(OH), with [PdCh(cod)] in DMF for 3 hours. This reaction allowed
the formation of a hybrid material formed by supgpdrPd, obtained probably by the
reduction of [PdGlcod)], as described previously by our group foheotsupport
materials such as titanium oxide, silica or alunongraphene oxide [40-43,45].

3.3. Catalytic study of Co(OH),-Pd-1 in Suzuki C-C coupling reactions

Noble metals (especially Pd) can effectively caal{-C cross-coupling reactions. In
this context, Suzuki-Miyaura process is one ofrtiast widely studied reaction for the
synthesis of biphenyl products. To evaluate thalgtt performance of the hybrid
catalyst, we usedCo(OH),-Pd-1 in two different Suzuki C-C coupling reactions,
namely, 1-bromobenzene with phenylboronic acid afdodobenzene with
phenylboronic acid (Scheme 1). For this kind ottees, we had already observed that
the most interesting temperatures to explore wlrarntl 110 °C using &O; as base
and mixture of DMF/HO (95:5) as solvent [45]. In order to determine elielution of
the reaction kinetics, the conversion and yieldsewmonitored at different reaction
time intervals of 6, 24 and 48 hours.

Table 1. Halide conversions and Ph-Ph yields in C-C cogpli@actions using 1-bromobenzene or 1-

iodobenzene and phenylboronic acid catalyze@&{OH),-Pd-1.

) Halide TOF ]
Time T ] TON . ) Ph-Ph yield
conversion ) conversion Halide
conversion (molar %)
(h) (°C) (molar %) (h™

10



6 20 53 8.9 9.1
24 70 66 176 7.4 Br 21
48 70 187 3.9 23

6 21 56 9.4 8.3
24 110 71 189 7.9 Br 24
48 72 193 4.0 26
6 25 67 11 12
24 70 78 209 8.7 I 32
48 80 214 4.5 36
6 29 78 13 14
24 110 82 219 9.1 I 35
48 88 235 4.9 37

The obtained results of the C-C coupling reactiaresgiven in Table 1 and Fig. 5. The

catalytic study shows that the highest conversweie found at 110 °C. In this context,

the hybrid catalystCo(OH),-Pd-1 was able to reach up to 88% conversion of

lodobenzene and 37% vyield of the biphenyl produ@4ah, while the conversion and

yield slightly decreased to 72% and 26% in the cdsbe use of bromobenzene. These

results are comparable, if not somewhat betten thase obtained for other supported

systems based on graphite, graphene oxide, aa sitid Pd nanoparticles [4,40,45].

Conversion (%)
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——110°C |

0

Time (h)

40 50

Fig. 5. Change of conversion with time in the reactiorldfromobenzene or 1-iodobenzene and

phenylboronic acid catalyzed &Bo(OH)»-Pd-1 at 70 °C or 110 °C.



3.4. Catalytic and photocatalytic study of Co(OH),-Pd-1 in benzyl alcohol oxidation

For the production of high valuable organic raw enals at industrial scale, the
selective oxidation of alkylaromatics is a crugmint. The development of catalytic
oxidation systems in the nanoscale range under mwyiathesis conditions, is an
attractive research field. Therefore, the inteneghis field of research arises not only
because of its importance in academic researchalsat because of its potential
industrial application. For example, the selective oxidation benzyl alcohol to
benzaldehyde has remarkable importance in thedoddcosmetic industry.

Thus, the catalytic study was focused on the sekcixidation of benzyl alcohol as a
model process to investigate the catalytic perforeeaof Co(OH),-Pd-1 in oxidation
reactions. The catalytic activity @o(OH),-Pd-1 in oxidation was studied with 4,

as a green oxidant agent for the oxidation of bemiyohol. Normally, HO, is a
greener oxidant than some other organic agents asICFBHP. Hydrogen peroxide is
cheaper than most of the organic oxidants andaitsiful environmental effect is much
lower. Furthermore, the reactions were carriediouhe absence of solvent, using the
benzyl alcohol as the reaction medium. In additioygrogen peroxide was chosen as
oxidant reagent because it is a better oxidant wisémg inorganic materials, due to its
high mobility onto the materials surface.

At these conditions after 6 h at room temperattire,reaction usin@€o(OH),-Pd-1 as
catalyst did only give traces of benzaldehyde. fidsetion temperature was, therefore,
increased to 110 °C in order to force the catalgtadation, however, only the
formation of traces of benzaldehyde resulting framery low conversion of benzyl
alcohol, was again observed.

However, considering the interesting photocatalytroperties of Co(OH)in water
photo-oxidation [46], and that several nanostriedusxides functionalized with Pd are
very active in catalytic oxidation of alcohols [48}, we tested the photocatalytic
benzyl alcohol oxidation by using Co(O#fd-1 under UV and LED light (Table 2).
The results show that, under UV light (360 nm) $k&ectivity towards benzaldehyde is
higher than 99% but the conversion is not very N of 0.81 and TOF of 0.13%
However, the photocatalytic activity increased whesimg LED light (with the same
potency of 60 W, the TON is 4.62 and TOF 0.79.WNevertheless, when using LED
light, the selectivity towards benzaldehyde sliglitbcreases to 95%. This phenomenon

may rely on a slightly different, less selectiveeahanism of photo-oxidation which

12



may be promoted by the use of different light searand, therefore, different activation

environment [50].

Table 2. Catalytic and photocatalytic results of the oxiolatof benzyl alcohol in 6 hours of reaction with
Co(OH),-Pd-1 as catalyst.

) TON TOF Selectivity to
T Light TON TOF
(benzyl (benzyl benzaldehyde
(°C) source (benzaldehyde) (benzaldehyde h™)
benzoate)  benzoate, h?) (%)
none
. uv 0.81 0.1 3.4.18 5.7-10" >99
r
LED 4.6 0.8 0.28 0.1 95

3.5. Photocatalytic degradation of methylene blue with Co(OH),-Pd-1

Additionally, the photocatalytic activity of the rshesized NPs was investigated in
organic dye decomposition. At this photodegradagaperiment, MB was taken as a
model of water contaminant. To reach the adsorgiesorption equilibrium, in a first
step, the mixture of the solution of MB in waterdabo(OH),-Pd-1 was stirred in the
dark for one hour. Later, the degradation was stligvith a 36W UV lamp (365 nm)
irradiation for 2 hours. Fig. 6 shows the resuttat tconfirm that the decomposition of
MB rules with a first order kinetics. Thereforeetlapparent rate constant for the
decompositionk, s*) was estimated from the regression curve of IngC¥€ the time

of irradiation. The value df for Co(OH),-Pd-1 was 1.03- 18 s™.

13
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Fig. 6. Kinetic study of the MB degradation I3o(OH),-Pd-1 during 2 h under UV light (36 W).

Finally, a photocatalytic degradation experimenhgsisible LED source (4.5 W) for
16 h was carried out (Fig. 7). The results show tihea degradation of MB was slower
than when using UV light, the kinetic constant (forfirst order degradation) was
calculated from the degradation curve and its valae 1.2410° s'. In this case, the
change of UV light to LED light did not lead to antrease of the photoactivity but to a
considerable decrease. It is important to note ttiiatexperiment was designed for the
same consumption of W-h (4.5 W for 16 hours) timetihé case of UV light (36 W for 2
hours) in order to compare the final photoactivitythis context, the differences in the
photocatalytic degradation activity may probablytdé¢he extension of time in the LED
degradation, which increases the possibility theom&ination of electron-hole pair,
precluding the decomposition process and decreashegefore, the photocatalytic

performance.

14
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Fig. 7. Kinetic study of the MB degradation by Co(QHJPs during 16 h under LED light (4.5 W).

4. Conclusions

Herein we have provided a promising and faciletsgy for the preparation and
functionalization with a simple doping of the maéwith 1% Pd nanopatrticles, of NPs
with mesoporous structure of hexagonal nanoringsiiberent catalytic reactions. In
this study we have demonstrated the high versatilft the nanostructured system,
which is able to selectively photooxidize benzytddlol to benzaldehyde under LED
and UV lights and to degrade methylene blue in watg a photocatalytic reaction.
This could be attributed to the unique mesoporauscire and the effect of the
multiple active catalytic sites. In addition, thgbhid system catalyzed Suzuki cross-
coupling reactions, confirming that these cobalduh materials may be further
explored in other catalytic and photocatalytic teexs for improving their potential
applicability in other industrial processes. Thiaidy also confirmed that such
mesoporous hexagonal nanorings of Co(OiHay be helpful in the future treatment of
environmental problems such as water purificationhigh value organic materials
production. Future work of our group will now becfsed on the use and determination
of the optimal properties for the catalytic appiica of other systems based on other

cheaper metals such as copper.
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Nanosystems were able to degrade organic dyes in water with good performance.
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