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Oxidation of Benzyl Alcohol Using Cobalt Oxide Supported

Inside and Outside Hollow Carbon Spheres

Pumza Mente,”™ " Victor Mashindi,” Tumelo N. Phaahlamohlaka,™ Thabo N. Monyatsi,"”

Roy P. Forbes,™ and Neil J. Coville*® "]

Cobalt oxide nanoparticles (6 nm) supported both inside and
outside of hollow carbon spheres (HCSs) were synthesized by
using two different polymer templates. The oxidation of benzyl
alcohol was used as a model reaction to evaluate the catalysts.
PXRD studies indicated that the Co oxidation state varied for
the different catalysts due to reduction of the Co by the carbon,
and a metal oxidation step prior to the benzyl alcohol oxidation

1. Introduction

The catalytic performance and efficiency of a material is
evaluated based on its activity, selectivity and stability."’ Many
catalysts are placed on a support to enhance the metal particle
surface concentration, and the catalyst support material is thus
an important factor that influences catalytic efficiency.”” Catalyst
support materials include titania, alumina, silica, tungsten oxide,
and carbon.®¥ Metal oxide supports have the advantage that
they can be used at high temperatures but have the
disadvantage of forming strong interactions with metal nano-
particles, leading to reduced catalytic activity via the formation
of metal-support compounds, which are not catalytically
active.”! In contrast, carbon supports are relatively chemically
inert, and therefore do not form strong metal-to-support
interactions.” Many carbon based supports that have been
used in catalytic reactions include nanofibers, nanotubes,
spheres, hollow spheres, nanodiamonds, graphene and carbon
black.”™ In this study focus will be placed on using hollow
carbon spheres (HCSs) as a support and to study the effect of
placing a catalyst (Co,0,) either inside or outside a HCS.

HCSs have found applications in many fields such as
catalysis, gas storage, electrocatalysis, as templates for the
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enhanced the catalytic activity. The metal loading influenced
the catalytic efficiency, and the activity decreased with increas-
ing metal loading, possibly due to pore filling effects. The
catalysts showed similar activity and selectivity (to benzalde-
hyde) whether placed inside or outside the HCS (63 % selectivity
at 50% conversion). No poisoning was observed due to product
build up in the HCS.

synthesis of other hollow spheres, electrode materials for
lithium ion batteries and water purification."*"'? They find use
in all these applications because they have unique and
desirable structural characteristics that include a high surface
area, low density, a mesoporous shell, uniform particle size,
narrow pore size distribution and a relatively high oxidation
stability."*"'*! The catalytically active materials can be supported
either inside and/or outside of the HCSs. By varying the shell
porosity, access to/from the HCS interior by reactants/products
can be modified. Numerous studies that have been reported in
which metals have been placed outside a HCS revealed that the
carbon acts as a classical carbon support.®'** Fewer studies
have been reported in which a metal catalyst has been placed
inside the HCSs; these studies include reports on Pt, Pd, Cu, Co,
Au and alloys as catalysts.”' Comparative studies in which
metals have been placed both inside and outside HCSs are rare.
In this study we have supported Co oxide nanoparticles both
inside and outside HCSs and wish to compare their different
catalytic activities/selectivities.

The catalytic oxidation of benzyl alcohol to benzaldehyde
was used in this study as a model reaction to evaluate these
new Co catalysts. The oxidation of alcohols to the correspond-
ing carbonyl compounds (aldehyde, ketones, carboxylic acids)
has been widely investigated and reported in literature.?*®
These oxidation reactions produce starting materials for the
production of important organic compounds that are used for
the synthesis of various industrial and consumer products.®**"
Benzaldehyde is useful in the production of pharmaceuticals,
pesticides, perfumes, dyes and aromatic compounds.®>** Differ-
ent oxidizing agents have been used for the oxidation of benzyl
alcohol, including the use of hydrogen peroxide, manganese
dioxide, permanganate and dichromate.®*” Catalytic oxidation,
using air or molecular oxygen in the presence of a heteroge-
neous catalyst, is a more environmentally friendly approach and
this oxidant has also shown good efficiency.**** Many current
methods for the oxidation of benzyl alcohol can suffer
disadvantages, such as long reaction times and Ilow
efficiencies.®”

618 © 2021 The Authors. Published by Wiley-VCH GmbH


http://orcid.org/0000-0003-1023-4698
http://orcid.org/0000-0001-9030-9631
http://orcid.org/0000-0003-1174-5078
http://orcid.org/0000-0002-7597-8113
http://orcid.org/0000-0001-6737-7775
http://orcid.org/0000-0001-5370-1386
https://doi.org/10.1002/open.202000312

Full Papers
ChemistryOpen

doi.org/10.1002/0pen.202000312

Chemistry
Europe

European Chemical
Societies Publishing

—

Wi

\

7

7
W

2,

WY
_

|

<

7

-

e

_

7

-

N

7

Particle diameter | nm —

O

.

\
-

6 1
Particle diameter | nm ——=

\

o

N
L= -
5 6 7 8 9

Particle diameter / nm

RN s e

8

Figure 1. TEM micrographs (a,b,c) and particle size distribution curves (d,e,f) of (a,d) 59%€Co,0,/HCSs, (b,e) 10%Co,0,/HCSs and (c,f) 15%Co,0,/HCSs.

Oxidation of simple small-chain alcohols is normally easy
and straightforward. However, the oxidation of complex
molecules is usually complicated by the production of un-
wanted carboxylic acid compounds that may cause catalyst
deactivation.®’*™*" The oxidation of benzyl alcohol to benzalde-
hyde usually leads to the formation of benzoic acid, benzyl
benzoate and toluene as by-products.”**® Therefore, the ideal
catalyst for this reaction is one that will selectively produce
benzaldehyde in large amounts. Noble metal catalysts such as
Pt, Pd, Au, Rh, Ir and Ru have been investigated for this process
and good activity and selectivity have been achieved.®'?®
However, these metals are expensive and, in some cases,
require the use of promoters such as NaOH and K,CO; to
control the selectivity during the reaction.”*? Non-noble
metals like Co, Ni, Fe and Cu are relatively cheaper alternatives
that have also been used without the use of promoters and can
provide high selectivity."® These catalysts, however, suffer from
low activity®*® and therefore there is still a need for the
development of efficient heterogeneous catalysts for the
oxidation of benzyl alcohol to benzaldehyde. This can be
achieved through manipulation of the material properties by
tuning the metal particle size and support material properties
such as surface area, porosity and electronic structure. In this
study Co oxide nanoparticles were supported either inside or
outside HCSs viz. Co,0,@HCSs and Co,0,/HCSs, respectively.
The Co,0,@HCSs catalysts were synthesized by using two
different types of templates, polystyrene (PS) and the co-
polymer, PS-b-poly(acrylic acid) containing 12 % acrylic acid (PS-
b-PAA;;) and were named Co,0,@HCSs_PS and Co,0,@HCSs_
PS-b-PAA,,, respectively.*” Catalysts with different Co loadings,
different Co sizes and different Co oxidation states were
studied.

ChemistryOpen 2021, 10, 618-626 www.chemistryopen.org

2. Results and Discussion
2.1. Catalyst Characterization

Figure 1 shows TEM images and particle size distribution curves
for the Co,0, nanoparticles supported outside the HCSs (Co,0,/
HCSs). The nanoparticles are well dispersed on the surface of
the HCSs with small particle sizes of 6.2 nm, 5.2 nm and 5.4 nm
for the 5%, 10% and 15% metal loaded catalysts, respectively.
The synthesis and characterization of Co,0, nanoparticles
loaded inside the HCSs (5, 10 and 15% Co,0,@HCSs) were
described previously." The catalyst properties (particle sizes,
Co loadings and BET surface area, pore size and pore volumes)
are summarized in Table 1. The particle sizes for the Co,0,/HCSs
are comparable to the values reported for the Co,0,@HCSs
catalysts (Table 1“¥). The measured internal diameters of the
Co,0,/HCSs were 263, 311 and 271 nm for the 5%, 10% and

Table 1. Summary of catalyst properties (Co diameter, Co loading and BET
surface area).

e TEM PXRD Co/ Cos0,/ SAYY/ pD®/  pVi/
d®/nm d®/nm [YAG [(VAC) ngfw nm Cmsgfw
A9 6.1 12.7 4.6 6.3 612 4.8 0.57
BY 6.1 6.6 46 6.3 506 4.7 0.45
C 6.2 6.8 6.0 8.2 540 5.0 0.67
D9 38 18.1 121 170 316 7.0 0.47
E9 6.0 >4 110 150 479 5.0 0.46
F 5.2 75 9.5 129 530 4.7 0.63
GY 44 18.7 164 225 388 5.1 0.41
HM 56 >4 143 196 536 45 0.43
| 5.4 6.3 130 175 498 5.2 0.51

[a] Catalysts A) 5%Co,0,@HCSs_PS, B) 5%Co,0,@HCSs_PS-b-PAA,,, C) 5%
Co0,0,/HCSs, D) 10%Co,0,@HCSs_PS, E) 10%Co0,0,@HCSs_PS-b-PAA,,, F)
10%Co0,0,/HCSs, G) 15%Co,0,@HCSs_PS, H)15%Co@HCSs_ PS-b-PAA,,
and 1)15%Co/HCSs. [b] Particle diameter. [c] Determined by TGA. [d] BET
surface area. [e] Pore diameter. [f] Pore volume. [g] Data taken from
reference [44]. [h] Characterizations for this catalyst are contained in
supplementary Figures S1-S3 in the Supporting Information.

619 © 2021 The Authors. Published by Wiley-VCH GmbH
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15% catalysts, respectively. The HCS shell thicknesses were
found to be 19, 23 and 19 nm for the 5%, 10% and 15%
catalysts, respectively. These internal diameters and shell thick-
ness are comparable to the values observed for the metal
loaded Co,0,@HCSs catalysts.*” The similarities in these proper-
ties allows for a comparison of the effect of the Co location on
the benzyl alcohol oxidation reaction.

The PXRD patterns of the Co,0,/HCSs catalysts are reported
in Figure 2. The broad peaks observed between ~8.4° and ~14°
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Figure 2. PXRD patterns of (a) 5%Co,0,/HCSs, (b) 10%Co,0,/HCSs and (c)
15%Co,0,/HCSs.
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Figure 3. BET isotherms (A) and pore size distribution curves (B) of (a) 5%
Co,0,/HCSs, (b) 10%Co,0,/HCSs and (c) 15%Co,0,/HCSs.
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for the 5%, 10% and 15% catalysts, are due to the presence of
amorphous carbon.”” The Co crystallite sizes were calculated
using the Scherrer equation by integrating the main Co,0, peak
in the corresponding PXRD diffractograms (Figure 2) are
reported in Table 1. The calculated crystallite sizes were 6.8 nm,
75nm and 63 nm for the 5%, 10% and 15% catalysts,
respectively.

The amorphous carbon was expected as it has been
previously observed with carbon prepared from resorcinol-
formaldehyde.” The spectra show the presence of mainly
Co;0, for the 5% and 10% catalysts. However, the PXRD of the
5% catalyst also indicates the possible presence of a small
amount of CoO. The 15% catalyst contained mainly fcc Co and
Co0. The PXRD peak positions are summarized on Tables S1, S2
and S3. The PXRD patterns of the Co,0,@HCSs were previously
reported and also showed the presence of a mixture of Co;0,,
CoO and Co nanoparticles (Tables S1-S3 in the Supporting
Information).? It is clear that the reduction of the Co was
affected by the Co loading (see below).

Figure 3 shows the BET isotherms (A) and pore size
distribution curves (B) of the Co,0,/HCSs catalysts. The
adsorption-desorption curves are characteristic of a combina-
tion of type IV and type | isotherms, which indicate the
presence of mesopores and some micropores.”” The pore size
distribution curves further confirm the presence of micropores
and mesopores, as shown by the high volume of pores with
diameters less than 2 nm.

The BET surface areas, pore volumes and pore diameters of
all catalysts are reported on Table 1. The surface areas of the
5%, 10% and 15%Co,0/HCSs catalysts were 540, 530 and
498 m*g™", respectively. Similar pore diameters (5.0, 4.7 and
5.2nm) and pore volumes (0.67, 0.63 and 0.51 m’g™") were
reported for the 5%, 10% and 15%Co,0/HCSs catalysts,
respectively. The N, adsorption-desorption properties of the
Co,0,/HCSs were comparable to the properties reported for the
Co,0,@HCSs catalysts (Table 1%4).

The TGA and derivative TGA curves of the Co,O/HCSs
catalysts are reported in Figure 4. The TGA curves (4A) were
used to estimate the content of Co;0, present in the catalysts.
The Co;0, contents were 8.2, 12.9 and 17.5% for the 5, 10 and
15% Co,0/HCSs catalysts, respectively (Table 1) and thus the
corresponding Co metal contents (6.0, 9.5 and 13.0%) were
close to the loadings used in the synthesis. The estimated metal
loadings of all the catalysts are reported in Table 1, and the
expected trends can be seen for 5%, 10% and 15 % catalysts.

An oxidation peak (blue circle, Figure 4) can be observed for
the 15% catalyst at ~240°C (onset=190°C) indicating oxida-
tion of Co to CoO and Co,0,. The result is expected as the PXRD
of the 15% catalyst indicated the presence of mainly Co.

The derivative TGA curves (4B) show a relatively higher
decomposition temperature for the 5% catalyst relative to the
10% and 15% catalysts. This was expected as the carbon
decomposition temperature is influenced by the presence of
metal nanoparticles. Deconvoluted curves indicated the pres-
ence of possibly 3 decomposition maxima for the 5% (326, 363
and 414°C), 10% (288, 314 and 344°C) and 15% (284, 337 and
413°C) Co,O/HCSs catalysts. The position and breadth of the

620 © 2021 The Authors. Published by Wiley-VCH GmbH
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peaks is due to the catalytic effect of the oxidation of the HCS
carbon by Co. The higher loading of Co led to the peaks for the
10% and 15% loaded catalysts being observed at lower
oxidation temperatures than for the 5% loaded HCSs. Impor-
tantly, all the catalysts showed comparable thermal stability
and they were all stable at the temperature (110°C) used in the
catalytic oxidation reactions.

2.2. Catalyst Activity: Oxidation of Benzyl Alcohol

The new materials were studied as catalysts by using a model
reaction: the conversion of benzyl alcohol into benzaldehyde
using molecular oxygen as the oxidant. The same amount of
reactants, solvents and the same gas flow rates were used in all
reactions. The activity was investigated by comparing metal
loading as well as the effect of supporting the metal nano-
particles inside or outside HCSs at similar Co loadings. The
catalysts were also calcined at 200°C for 2 h (4 h for the 15%
loaded catalysts) in 5%0,/He and the catalytic activity before
and after calcination was recorded. This was required since the
Co was heated to 600°C under an inert atmosphere to
polymerize the RF and at these temperatures the carbon can
reduce the Co (see below). Furthermore, the use of a PAA
functionalized template in the synthesis of the Co,0,@HCSs
catalysts resulted in different Co oxidation states. The activity

ChemistryOpen 2021, 10, 618-626 www.chemistryopen.org
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Figure 6. Conversion of benzyl alcohol and selectivity towards benzaldehyde
over the calcined catalysts (a) 5%Co,0,@HCSs_PS, (b) 5%Co,0,@HCSs_PS-b-
PAA12, (c) 5%Co,0,/HCSs, (d) 10%Co,0,@HCSs_PS, (e) 10%Co,0,@HCSs_PS-
b-PAA12, (f) 10%Co,0,/HCSs, (g) 15%Co,0,@HCSs_PS, (h) 15%Co,0,@HCSs_
PS-b-PAA12 and (i) 15%Co,0,/HCSs.

Table 2. Conversion, selectivity and catalyst activity of all the catalysts after
8 h of reaction.
Catalyst BALc BALd Activity/
Conv.”  Select  moleom9 o
5%Co,0,@HCSs_PS 358 86.1 2.99
59%C0,0,@HCSs_PS-b-PAA,, 5.2 100 0.43
5%Co,0,/HCSs 40.8 82.0 261
#C-59%C0,0,@HCSs_PS 475 76.7 3.96
¥IC-5%Co,0,@HCSs_PS-b-PAA,, 483 737 4.03
#C-596C0,0,/HCSs 50.0 63.1 3.20
10%Co,0,@HCSs_PS 415 78.2 1.31
10%C0,0,@HCSs_PS-b-PAA, 25 100 0.09
10%Co,0,/HCSs 299 87.0 1.21
#IC-10%C0,0,@HCSs_PS 424 75.6 1.34
FlC-10%C0,0,@HCSs_PS-b-PAA,,  27.8 90.4 0.97
#C-10%Co0,0,/HCSs 253 91.1 1.02
15%Co0,0,@HCSs_PS 53.0 61.3 1.24
15%C0,0,@HCSs_PS-b-PAA, 28 100 0.05
15%Co,0,/HCSs 1.1 100 0.03
#C-159%C0,0,@HCSs_PS 309 71.3 072
IC-15%C0,0,@HCSs_PS-b-PAA,, 463 78.8 1.25
#C-159%Co0,0,/HCSs 48.1 73.9 142
[a] Catalysts calcined at 200°C for 2 h in 5%0,/He. [b] Benzyl alcohol
conversion. [c] Benzaldehyde selectivity.

621 © 2021 The Authors. Published by Wiley-VCH GmbH
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activity at 110°C after 8 h, at atmospheric pressure for reactions
performed after catalyst calcination. The data allowed for an
exploration of the factors responsible for the variation in
catalyst activity.

2.2.1. Effect of Cobalt Oxidation State

Since the catalysts had Co with different oxidation states (see

PXRD data in Figure 2 and Tables S1, S2 and S3"“*), the catalysts

were also all calcined at 200°C for 2 h (or 4 h). The calcination

was performed at a low temperature to ensure that there was
no catalytic conversion of the HCSs to CO, in the presence of air

(see TGA, Figure 3). As expected, this resulted in improved

catalyst activity for most of the catalysts (Table 2). This arises

since Co;0, is the required form of the catalysts for the
oxidation reaction. In a study by Cordoba and co-workers®" it
was observed (after determining Co®*/Co®" ratios using XPS)
that an activation period was required for the catalysts to
convert from Co** to Co’* in the oxidation of benzyl alcohol.
They further reported that Co®" was responsible for the
catalytic activity while the Co®" was non-active and therefore
required activation. In another study by Xie etal.® it was
reported that both Co’" and Co®" were responsible for the
catalytic CO oxidation to CO,. They reported a mechanism
based on theoretical studies, showing that CO molecules adsorb

on the Co®" sites, and CO, forms by reaction of CO with an O-

atom from the Co®" sites. Therefore, the Co>™ was responsible

for the surface adsorption of CO, while Co®*" provided O-atoms.

The presence of Co;0, is therefore responsible for catalytic

efficiency of cobalt-based catalysts as it contains both Co®* and

Co’" sites.

The Co oxidation state varied with the type of support used.
i) The conversion for the 5%Co,0,/HCSs catalyst increased

from 40.8% to 50% after calcination while the 10%Co,0,/

HCSs decreased marginally from 29.9% to 25.3% (Table 2).

Both these catalysts thus showed small changes with

calcination consistent with a dominance of Co;0, in the

uncalcined catalysts (Figure 2, TablesS1 and S2 in the

Supporting Information). This is expected. However, the 15%

Co,0,/HCSs catalyst showed a large improvement in con-

version after calcination (1.1% to 48.1%) and was consistent

with the presence of Co metal in the sample (as seen in the

PXRD spectrum in Figure 2) prior to calcination.

The TEM images and particle size distributions of the 5%
and 10%Co,0,/HCSs after 8 h of benzyl alcohol oxidation were
recorded (Figure S8) and the particle diameters are summarized
on Table S4. The TEM data showed no clear evidence of any
catalyst sintering after reaction. The measured particle diame-
ters were 5.2 nm for both catalysts and the initial diameters
were 6.2 and 5.2 nm, for the 5% and 10% catalysts, respec-
tively.

i) The PXRD data for the 5%Co0,0,@HCSs_PS indicated that the
catalyst prior to calcination consisted mainly of Co,0,** and
thus showed limited improvement after calcination (35.8%
to 47.5%, Table 2). Initial analysis of the 10% and 15%
Co,0,@HCSs_PS catalysts however showed that they con-

ChemistryOpen 2021, 10, 618-626 www.chemistryopen.org

sisted mainly of fcc and hcp Co and CoO (Table 52**) due to

the reduction of Co by carbon, and that the particle had

sintered in the synthesis reaction. Oxidation to Co,0, readily
occurred, and these catalysts showed unexpected high
conversions and the conversion only increased marginally

(41.5% to 42.4%) for the 10% catalyst after calcination, and

even decreased for the 15% catalyst (53% to 30.9%) after

calcination.

The TEM images of the 5%, 10% and 15%Co,0,@HCSs_PS
catalysts after 24 h of reaction are reported in Figure S4 and the
particle diameters are summarized in Table S4 in the Supporting
Information. There is no observable evidence of further particle
sintering in the TEM images taken after 24 h catalytic reaction.
The average particle diameters measured from the TEM images
are 5.3 nm, 40 nm and 42 nm compared to the initial diameters
of 6.1, 38 and 44 nm for the 5%, 10% and 15% catalysts,
respectively. The TEM images of the 15%Co,0,@HCSs_PS
catalyst after the catalytic oxidation reaction showed formation
of small hollow spheres within the HCSs (Figures S4 and S5 in
the Supporting Information) and the diameter of these small
hollow particles was determined to be 45 nm (Table S4 in the
Supporting Information). The observation relates to the change
in morphology of large Co and Co,0, particles as they
interconvert.” The oxidation of supported metal Co nano-
particles to generate hollow CoOx particles (the Kirkendall
effect) is well known in Co catalysed reactions.”**® It is
presumed that this new morphology is related to the decreased
activity.

iii) Large changes in activity occurred for the PS-b-PAA,,
catalysts after calcination. Here, the conversion improved
from 5.2% and 2.5% to conversions of 48.3% and 27.8%
after calcination, for the 5 and 10% Co loaded catalysts,
respectively. The PXRD data (Figure S7) indicated that most
of the Co and CoO initially seen in the uncalcined catalyst,
was converted to Co;0, species after calcination but even
here some fcc Co was still present. A longer calcination time
or higher calcination temperature may be required for the
10%Co,0,@HCSs_PS-b-PAA,, catalyst to convert all Co to
Co;0, to improve the catalytic activity even further. The
15% catalyst was calcined for 4h and an improved
conversion was also observed (from 2.8% to 46.3%),
consistent with the high metal loading in this catalyst. The
TEM images and particle size distributions of the reacted
5%, 10% and 15% PS-b-PAA,, catalysts after 24 h of
reaction can be found in Figure S6 and the particle
diameters are summarized in Table S4. The measured
particles diameters were 5.0 nm, 5.2 nm and 8.9 nm for the
5%, 10% and 15% catalysts, respectively. The initial
particles diameters were 6.1 nm, 6.0 nm and 5.6 nm, there-
fore there is no observed growth for the 5% and 10%
catalysts. However, the 15% catalysts showed modest
growth after 24 h of reaction.

The Co oxidation state therefore played the key role in the
reaction, consistent with known studies.®'***" The results reflect
differences in the composition of the catalysts with regards to
the quantity of Co, Co’* and Co*" in the initial catalysts. Our
studies above confirm the importance of the high oxidation

622 © 2021 The Authors. Published by Wiley-VCH GmbH
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state required for Co to be used as a catalyst in the benzyl
alcohol reaction. No sintering of the Co was observed post
reaction even after the calcination steps. Thus, the Co,0,
reduction by carbon during catalyst synthesis needs to be
counteracted by a subsequent calcination process, to convert
the Co to Co;0,.

2.2.2. Effect of Cobalt Metal Loading

The Co catalyst synthesis procedures used in this study
generally gave Co particle sizes between 6-8 nm on both the
inside and outside of the HCSs which allowed for a comparative
study The effect of metal loading on a per gram basis for the
three calcined catalysts is summarized in Figure 4. This shows
the data as a function of Co metal loading, with loading
determined from the TGA data. The data show that the
(mols,,./g 'c,) of the three Co catalysts decreased with metal
loading from 5% to 10% and then stayed approximately the
same from 10% to 15%. In general, the particle sizes from the

TEM analysis were between 5-6 nm for most of the catalysts

indicating that this was not due to a particle size effect. The

exceptions were the 10%Co,0,@HCSs_PS and 15%

Co,0,@HCSs_PS catalysts that had particles larger than 35 nm.

Thus, only the effect of metal loading on the Co,0,@HCSs_PS-b-

PAA,, and Co,0,/HCS catalysts was evaluated in more detail.

i) The conversion for the as synthesized 5% to 15%
Co,0,@HCSs_PS-b-PAA,, catalysts increased slowly but at
the same rate, i.e. the reactant conversion did not increase
with the amount of Co. This could be associated with pore
blockage since the surface area/pore volume of the catalysts
decreased as the Co content increased (Table 1). After
calcination the conversion data for the three catalysts had
increased due to conversion of the Co to Co;0,, as discussed
above.

i) The Co,0,/HCS catalysts, before calcination, gave data that
related to the Co oxidation state. After calcination the 5%
and 10% catalysts did not show substantial changes while
the 15% catalysts did, as discussed above. Again, the key
finding is that the activity did not change with Co loading
suggesting that under the reaction conditions diffusion
control limits the reaction.

The Co2p XPS spectra of the catalysts is reported in
Figure S9 and the BE's are summarized in Table S5. The peaks
were assigned with reference to the NIST database,*? as well as
other literature studies.*"*** The 15%Co/HCSs catalyst con-
tained Co’*, confirmed by the presence of the Co2p,, and
Co2p,,, and BE’s of 780.0 eV and 795.6 eV, respectively. This was
further confirmed by the corresponding strong satellite peaks
at 785.4eV and 802.7 eV. These satellite peaks are usually
weaker for Co;0,, therefore the strong intensity suggests that
they are due to CoO and that the sample contained mainly
Co0. The surface of metal nanoparticles is prone to surface
oxidation, and therefore the oxide phase was observed by XPS.
The Co metal observed in the PXRD data arose since this data
was recorded soon after the catalyst synthesis, and prior to
substantial oxidation of the Co nanoparticles observed by XPS
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data at a later time. The absence of Co’" in this sample explains
the low catalytic activity of this material before calcination
(1.1% conversion, Table 2). The XPS spectra of the calcined 15%
Co/HCSs catalyst (Figure S9b) showed the presence of Co;0,,
indicating that the catalyst was successfully oxidized. The
finding was confirmed by the presence of the Co2p3/2 and
Co2p1/2 peaks at BE's of 778.0 and 7953eV, and the
corresponding satellite peaks at 785.0 and 801.6 eV, respec-
tively. A small amount of CoO could still be present, but, due to
the complex nature of the XPS spectra of the two Co oxides
and the similar BE's of Co and Co;0,, a quantitative analysis and
assignment of the two oxide phases was not possible. The
catalytic activity of this calcined catalyst improved, giving a
conversion of 48.1 % (Table 2), due to the presence of Co;0,.

The corresponding XPS spectra showing the survey, and
high resolution O1s, N1s and C1s spectra for the 15%Co/HCSs
and calcined Co/HCSs are reported on Figure S10. The atomic
percentages of the different elements are summarized in
Tables S6 and S7.

2.2.3. Effect of the Co Nanoparticles Placed Inside or Outside
the HCSs

Figure 6 shows the conversion and selectivity plots of the

calcined catalysts and the following can be observed:

i) At 5% catalyst loading the reaction rates for the calcined
catalysts are seen to be similar for all three catalysts, As the
Co particle sizes are all about 6 nm this implies that Co
placed either inside or outside the HCSs gave the same rate
data. This implies that under the reaction conditions used,
reactant diffusion to the catalyst surface is similar.

ii) The two 10% loaded catalysts with similar particle sizes ((e)
10%Co,0,@HCSs_PS-b-PAA,,, (f) 10%Co,0,/HCSs) followed
different trends. The 10%Co,0,/HCSs catalyst revealed a
normal initial reaction but the catalyst deactivated after ca.
4h. In contrast, the 10%Co,0,@HCSs_PS-b-PAA,, data
showed that the catalyst had to overcome an initial barrier
before the rate became similar to that for the 10%
Co,0,@HCSs_PS catalyst. The reasons for this effect are not
presently understood.

i) At 15% loading the Co,0,/HCSs and Co,0,@HCSs catalyst
reactions gave similar final conversion and activity data.
Given that these catalysts had similar properties in terms of
metal particle size and BET surface areas, it can be deduced
that the reaction rates and activity was independent of the
location of the metal particles under the reaction con-
ditions.

In summary, it was found that under the reaction conditions
used, the placement of the Co on either side of the HCS shell
gives very similar activities for the reaction.

2.2.4. Catalyst Selectivity

All the catalysts showed similar selectivity data (Figure 6) and a
selectivity to the benzaldehyde (above 709%) that decreased
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with time. Thus, the product selectivity did not appear to be
affected by whether the Co was placed inside or outside the
HCS.

The finding has implications for the use of these catalysts to
discriminate between reactants that can enter the HCS and
those that are too large. The use of Co,0,@HCSs should allow
for the preferential oxidation of small reactants and the rates
should be the same as observed for oxidation using Co,0,/
HCSs.

The product reacted further with the catalyst with time and
consequently reduced the required product yield by producing
secondary products. The common secondary products for this
reaction include benzoic acid, toluene, benzene, benzyl ether
and benzyl benzoate® and these were all observed in the
product GC traces, building up with time. These types of
secondary products are known to poison the catalyst.?**" A
GC-FID spectrum is reported on Figure S10 and the trace
products can be observed. The products also appear to have
the same effect on the Co, in the three different catalysts. The
general observation was that the selectivity towards benzalde-
hyde showed a gradual decrease as the reaction progressed
irrespective of the location of the Co. The data are consistent
with findings from other studies,***® and suggests that no extra
poisoning of the catalyst occurs if secondary products are
formed inside the HCS. A comparison of the results from this
study have been made with other literature studies on the
reaction (Table S10 in the Supporting Information). The range
of variable conditions (Co loading/solvent/T etc.) make a
comparison with, and between, these studies difficult.

2.2.5. Catalyst Recycling

Figure 7 shows the activity and selectivity of the recycled 5%
Co/HCS catalyst. Catalyst recycling was achieved by washing
the used catalyst with ethanol using magnetic stirring followed
by vacuum filtration. The washed catalyst was dried in a 100°C
oven for 4 hours and reused for the oxidation of benzyl alcohol.
To ensure minimal losses in mass during the cycles, an initial
catalyst mass of 200 mg was used. Losses of approximately
30mg per cycle occurred. These losses were accurately
measured and subtracted when calculating the catalytic activity
for each cycle. The catalytic activity showed an increase with
recycling and this could be due to the oxidation of the catalyst
by oxygen during recycling, therefore making it more active.
The by-products which could poison the catalyst were success-
fully washed off with ethanol. The selectivity is still above 90%
even after 5 cycles and indicates that the catalyst is quite stable
and re-useable.

The 5%Co@HCSs_PS-b-PAA12 and 10%CO@HCSS_PS-b-
PAA12 catalysts could not be recycled. Several methods were
used in attempts to regenerate the catalysts and re-activate the
active sites. The catalyst was washed several times with DMF,
and no benzyl alcohol conversion could be observed. Washing
with ethanol also did not give any activity. In another attempt,
the washed catalyst was calcined in air at 200°C for 1 h. This
also did not give recovery of the activity. The catalyst was then
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Figure 7. (a) Activity and (b) selectivity towards benzaldehyde during 5
cycles of benzyl alcohol oxidation with 5%Co/HCSs.

characterized by TEM, surface analysis and TGA, to understand
why there was no activity when attempting to recycle the
catalyst. TEM did not show any particle growth, and this was
expected as the reaction was done under mild reaction
conditions.

Table S8 shows the surface area analysis of the two reacted
catalyst. A significant loss in BET surface area occurred for both
catalysts. However, the loss was more pronounced for the
Co@HCSs catalyst. The Co/HCSs catalyst only lost 50% of the
BET SA and the Co@HCSs catalyst lost almost 70 %. A significant
loss in micropore SA was noted, suggesting a blockage of small
pores. The fresh catalyst had a high micropore SA, which was
almost 50% of the total SA. It is not understood why the Co/
HCSs catalyst had a relatively smaller degree of pore blockage
than the Co@HCSs catalyst. The corresponding BET isotherms
are reported on Figure S13 in the Supporting Information. The
isotherms are typical of a material with type IV pore structures
and are an indication of the presence of mesopores. The fresh
catalysts contained a combination of Type | and type IV pore
structures. The BET isotherms further confirm the possibility of a
blockage of the small pores by possible carbon build-up. The
pore size distribution curves can be found in Figure S14 in the
Supporting Information. It is evident that there is a high volume
of pores with ~4 nm diameter. The fresh catalysts contained a
high volume of pores less than 2 nm, which are micropores. The
catalysts still contain some micropores, in smaller volumes
compared to the fresh catalyst. Figure S15 in the Supporting
Information shows the TGA and DTGA curves of the recycled
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catalyst. An initial weight loss of about 20% can be observed
for both catalysts, with an onset at 200 °C. This could be due to
the loss of the reaction products that could not be properly
washed off from the catalysts. The Co@HCSs catalyst was
calcined at 200°C in an attempt to remove products that could
be trapped on the catalyst. However, no recovery of the activity
of the catalyst was observed. It is interesting that both catalysts
have a similar weight loss at the same temperature, but the Co/
HCSs catalyst showed the least loss in BET SA.

3. Conclusion

The Co,0,@HCSs and Co,0,/HCSs catalysts showed similar
activity towards the oxidation of benzyl alcohol (~50%
conversion) and produced benzyl alcohol in good yields (>
70%). TEM analysis of the reacted catalysts revealed that all the
catalysts showed resistance to metal sintering even after 24 h of
reaction. The carbon support was found to reduce the Co,0,
species and to convert the Co and CoO to Co;0, via calcination
to increase the benzyl alcohol conversion. An increase in metal
loading led to a decrease in catalyst efficiency and this was
seen to be related to a lowered surface area due to pore
blockage by the metal. The catalysts inside and outside the
HCSs showed very similar activity and selectivity, indicating that
the location of the metal on the HCS, under our reaction
conditions, was not important for this reaction.

Experimental Section

Materials

Styrene, acrylic acid, polyvinylpyrrolidone (PVP, MW 40 000),
resorcinol, formaldehyde solution (37 %), cetyltrimethylammonium
bromide (CTAB), cobalt nitrate hexahydrate, hydrazine hydrate (78-
82%) and benzyl alcohol were all purchased from Sigma Aldrich
and used as received. Ammonia solution (25%, Fluka), potassium
persulfate (Eimer and Amend), ethanol (98%, MK Labs) and N,N-
dimethylformamide (Merck) were also used as received. Distilled
water was used for all experiments and washings. Oxygen
(technical grade) was purchased from Afrox.

Synthesis of Polymer Spheres (PSs)

Polystyrene spheres (PS) (d =350 nm) and the co-polymer, polystyr-
ene-b-poly (acrylic acid) with 12% PAA (PS-b-PAA,,) (d=343 nm)
were made as described previously (see®” and supplementary
section).

Synthesis of Co,0, Inside HCSs (Co,0, @HCSs)

The synthesis of 5% Co0,@HCSs, 10% Co,0,@HCSs and 15%
Co,0,@HCSs were made as described previously using PSSs and PS-
b-PAA,, templates (see”” and Supplementary section). The syn-
thesis of the corresponding Co,0,/PS and resorcinol-formaldehyde

(RF) covered Co,0,/PS (RF/Co,0,/PS) were also made as indicated
in.[4

ChemistryOpen 2021, 10, 618-626 www.chemistryopen.org

Synthesis of Co,0, Outside HCSs (Co,0,/HCSs)

The RF/PS composites were synthesized using the method reported
above by making use of PS instead of a Co,0,/PS composite. The
RF/PS composite (2 g) was dispersed in 50 mL distilled water and
28 mL ethanol by ultrasonication and 0.07 g of cobalt nitrate
hexahydrate was added to the mixture while stirring. After 5
minutes (or until all the cobalt salt dissolved), 3.3 mL of 2M
hydrazine hydrate was added slowly (dropwise), and the reaction
continued for 12 h, at room temperature. The mixture was filtered
by vacuum filtration and the product (CoxOy/RF/PS) was washed
with water, dried in the oven at 60°C for 12 h, crushed with a
mortar and pestle and stored in a glass sample vial. The dry product
was annealed to produce 5%Co,0,/HCSs. Two and three times the
amount of cobalt nitrate hexahydrate and hydrazine hydrate were
used to synthesize 10%Co,0,/HCSs and 15%Co,0,/HCSs, respec-
tively.

Catalyst Calcination

The catalysts were calcined by placing ~70mg of the as-
synthesized catalyst in-between two plugs of quartz wool, inside a
glass tube reactor. The reactor was placed inside a vertical furnace
and heated to 200°C at a rate of 5°C/min, under 5%0,/He flowing
at 20 mL/min and kept isothermal for 2 h. Thereafter the catalyst
was cooled to room temperature. The 15% metal loaded catalysts
were calcined for 4 h to ensure a complete conversion of Co and
CoO to Co50,.

Characterization Techniques

TEM analysis was done on a Tecnai Spirit (T12) operating at 120 kV.
The samples were dispersed in ethanol by ultrasonication and then
loaded on to a lacey carbon copper grid. TEM metal particle sizes
were determined using Mipar image analysis software. More than
400 nanoparticles were measured on the TEM images. Thermal
analysis was done using a Perkin Elmer TGA 6000 thermogravimet-
ric analyser using high purity nitrogen and air at a heating rate of
10°C/min and gas flow rate of 10 mL/min. PXRD was performed on
a Bruker D2 Phaser with Cu radiation. The PXRD metal particle sizes
were determined using Eva diffraction software by applying the
Scherrer equation on the most prominent peaks from the
corresponding PXRD diffractograms. A Micromeritics Tristar 3000
surface area and porosity analyser operating at —195°C was used
to determine the surface are and porosity of the materials. The
samples (100 mg) were degassed at 150°C for 12 h, under flowing
nitrogen. The XPS measurements were carried out using a Thermo
Scientific ESCALAB 250Xi spectrometer with a Monochromatic Al
Ko source (1486.7 eV) operating with an X-ray power of 300 W, X-
ray spot size of 900 um, low resolution pass energy of 100 eV, high
resolution pass energy of 20 eV and a pressure of 10~® mBar.

Catalytic Reactions

Catalyst (50 mg) was added to a 100 mL 3-neck round bottom flask
fitted with a reflux condenser, gas inlet and a rubber septa. N,N-
dimethylformamide (DMF, 25mL) and benzyl alcohol (2 mL,
19.2 mmol) were added to the flask and the reaction was heated to
110°C under 40 mL/min O2 flow and a constant stirring rate. The
reaction was continued for 8 h, during which time 0.5 mL aliquots
were sampled every hour and analysed by gas chromatography
with an FID, using a capillary column (Phenomenex Zebrox, 30 m x
0.53 mm) and N2 as the carrier gas. The products were also
analysed with a GC-MS. All the variables were kept constant for the
different reactions.
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