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Abstract
The carbonate-intercalated Co?>*-Al** layered double hydroxide (CO3?>/CoAl LDH) supported on activated
alumina, denoted as Al,Os, was successfully synthesized through the coprecipitation method. The resulting
X-ray diffraction profiles confirmed the formation of CO;>/CoAl LDH@AILOs, illustrating the integration
of the LDH structure with the support material. Upon calcination at 573 K under air, the LDH structure
underwent collapse, as evidenced by temperature-programmed synchrotron XRD and thermogravimetric-
differential thermal analysis, leading to the generation of Co3O4 nanoparticles, as indicated by Co K-edge
X-ray absorption near-edge structure spectra. When employed as a catalyst in the oxidative
dehydrogenation of 1-phenyl ethanol with molecular oxygen as the oxidant, our synthesized catalyst
exhibited superior catalytic activity, achieving a turnover number value of 10.6, thus highlighting its

potential in the catalytic process.
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1. Introduction

Layered double hydroxide (LDH), also known as anionic
clay or hydrotalcite like materials, is layered material consisting
of mixed of divalent and trivalent metal cations binding together
with edge sharing as a main layer structure similar to that of
brucite materials and anion in the interlayer space balancing the
charge. The general formula of LDH is given as
[M(I)1-M(1):(OH)2 (A" wn): mH20, where M(II) and M(III)

represented divalent and trivalent metal cation respectively, and
A" is inorganic or organic anion filling the interlayer space!™.
Various kinds of divalent metal cations can be introduced into the
layer structure of LDH to make the versatile application of LDH
as a catalyst*™® or an adsorbent”®. Many reports mentioned that
catalyst based LDH could be used as a catalyst for wide organic
transformation. In addition to that, metal oxide obtained from the

calcination of LDH precursor exhibited excellent catalytic activity



compared to commercially available and other synthesis
methods>'?. It brings to light that LDH as a catalyst precursor is
desired.

Transition metal oxide is a promising catalyst to replace
precious metal catalyst to have reported exhibiting good catalytic
performance''"!¥, However, transition metal oxide usually
possessed a big particle size and small surface area limiting their
application as a catalyst. Therefore, creating metal oxide with
excellent properties is a challenging task. To overcome that
challenge, various synthesis routes in obtaining transition metal
oxide have been developed to modify their properties and catalytic
performance'* 19, It was reported that transition metal oxide-
based catalyst can be prepared from LDH precursor after
calcination at desired temperature. It has large surface area, good
thermal stability, good metal dispersion and unique reduction
behavior, which is suitable to be applied as a catalyst®!%17,

Oxidation of alcohol is one of the crucial organic reactions to
produce aldehyde which is an important intermediate in
pharmaceuticals. The oxidative alcohol dehydrogenation
employed oxidants such as tert-butyl hydroperoxide
(TBHP)*!829 hydrogen peroxide (H202)*'"2%, air**2% and
molecular oxygen (02)?"3%. In recent years, O has gained
attention as an oxidant because it is a more environmentally
friendly route as it releases water as the only byproduct. However,
finding a suitable catalyst to utilize molecular oxygen as an
oxidant is one of the great challenges. Among the available
transition metal-based catalysts, Co3O4 is highly active for
oxidative alcohol dehydrogenation using molecular oxygen as an
oxidant. Furthermore, Co3Os4 in nanosized exhibited higher
activity compared to the bulk one because there are more
catalytically active sites available for the reaction to proceed??. To
create nanosized Co3Os, transition metal oxide precursor is
deposited onto the support materials such as, alumina®", MnO23?,
and SBA-1539.

Many reports have also shown that LDH nanosized can be
created by constructing LDH on the surface of support material.
Previously, we successfully synthesized CuAl LDH@a-ALOs by
simple coprecipitation of metal precursor in the presence of Al2O3
as support; followed by the calcination at 1073 K, CuAlO@o-
AlO3 exhibited excellent catalytic activity towards acceptorless
dehydrogenation of various alcohols®¥. In this report, the Co3O4
supported on activated A203, Co3AlOx@ALO3, was synthesized
via the carbonate-intercalated Co>*-Al*" layered double hydroxide
(CO3*/CosAl LDH) precursor supported on activated ALO3 by
coprecipitation method followed by calcination at 537 K. The
different Co-loading amounts were investigated on their catalytic
activity of aerobic alcohol oxidation using 1-phenyl ethanol as a
X-ray diffraction (XRD),
synchrotron X-ray diffraction (p-SXRD), thermogravimetric-
differential thermal analysis (TG-DTA), and Co K-edge X-ray
absorption near edge structure (XANES) were used to elucidate

model. temperature programmed

the structure of the catalyst.

2. Experimental
2.1 Catalyst preparation

The CO3*/Co3Al LDH was supported on activated ALO3
(denoted as AlLOs, purchased from FUJIFILM Wako Pure
Chemical Corporation) through the direct coprecipitation in the
presence of AlOs under the alkaline condition following the
previous report with some modifications®>3). The mixture of Co?*
and AI** (Co/Al molar ratio = 3) was prepared by dissolving
Co(NO3)2:6H20 (3 mmol) and AI(NO3)3-9H20 (1 mmol) in 50
mL of Milli-Q water. The mixture was slowly added using
peristaltic pump into the mixture of 100 mL of NaxCOs; (45
mmol/L) and 3 g of A2O3 at room temperature under a constant
stirring. The pH of mixture was controlled approximately at 9.5 by
adding aqueous NaOH (1 mol/L). Afterward, the resulted slurry
was heated at 333 K for an hour. The obtained pink suspension
was cooled down, filtered, washed with water, and dried at 333 K
overnight to obtain 0.91 CO3>/Co3Al LDH@ALOs. The Co
loading amount in the 0.91 CO3*/Co3Al LDH@ALO3: was
calculated at 0.91 mmol/g, confirmed by atomic absorption
spectroscopy (AAS) using Thermo Elemental SOLLAR S4 flame
atomic-absorption spectrometer equipped with a cobalt hollow
cathode lamp (240.73 nm, Hamamatsu photonics K.K.), atomizing
by air-acetylene flame as follows; the weight-measured solid
catalyst was dissolved in hot nitric acid and diluted, and remained
solid AlOs was separated by a simple centrifugation before
measurement of AAS. The 0.91 COs3?>/CosAl LDH@AILO3 was
calcined at 573 K for 2 h (heating rate was 10 K/min) under air
flow (flow rate was 3 L/min) and denoted as
0.98_Co3AlO0x@ALOs. The Co content in the
0.98_Co3AlOx@A203 was determined to be 0.98 mmol/g by AAS.
The 0.98_Co@Al203_Imp catalyst was also synthesized via a
simple impregnation method: stirring 2.94 mmol Co(NO3)2:6H20
and 3 g of AOs3 in 100 mL of distillated water, continue with
evaporation and calcination at 573 K for 2 h. For comparison,
2.50 and 1.41 mmol/g Co of CO3*/Co3Al LDH supported on
ALOs; was prepared by the similar procedure as
0.91 _CO3*/Co3Al LDH@ALO3 by changing the support amount
from 3 g to 1 and 2 g, respectively for 2.50 CO3>/CosAl
LDH@ALO; and 1.41 CO3*/CosAl LDH@AI:Os. The Co
content in the calcined Co3AlO:@ALOs derived from
2.50 CO3*/Co3Al LDH@ALOs and  1.41 _CO3*/CosAl
LDH@ALLO3; were also determined by AAS to 2.87 mmol/g
(2.87_Co3Al0:@AL0s3) and 1.59 mmol/g
(1.59_Co3AlO:@AL03), respectively. Unsupported CO32/CosAl
LDH was also prepared using a similar method without the
addition of Al203. The Co3AlOx catalyst was prepared by the same
calcination of CO3?>/CosAl LDH. The Co content in the
CO3%7/Co3Al LDH and Co3AlO. was 8.59 and 9.33 mmol/g.
2.2 Catalyst characterization



XRD was performed on the Rigaku MiniFlex 600 using
monochromatic Cu Ka radiation (4 = 0.15418 nm) generated at 40
kV and 15 mA and collected with D/teX Ultra 250 1D detector
recorded at 26 of 5 to 80 deg with divergence slit of 0.625°,
scattering slit of 1.25°, receiving slit of 0.30 mm, step width of
0.02°, and the scan speed of 10 deg/min. A #p-SXRD profile was
collected at BL02B2 of SPring-8 using multiple MYTHEN
detector. The X-ray wavelength with 0.078 nm (15.5 keV) was
used for this experiment. Homogeneous granularity powder of
0.91_COs?/CosAl LDH@ALOs3 was sealed in a quartz capillary
with an internal diameter of 0.3 mm. The sample was heated
proportionally in an electric furnace (10 K/min), and the
synchrotron XRD profiles were chalked up every 10 s. Cobalt K-
edge XANES spectra were recorded at room temperature in a
transmission mode at the facilities installed on the BL-12C station
of Photon Factory attached with a Si—(111) double crystal
monochromator. Data analysis was carried out with the Athena
XAS data processing program®”. TG-DTA was carried out using
Rigaku thermoplus EVO II TG-DTA TG28120 starting from
ambient temperature to 1173 K (heating rate: 10 K/min) under air
flow. Catalytic activity was determined using gas chromatography
(GC) with a flame ionization detector (FID) equipped with a
Shimadzu CPB20 wide-bore capillary column; length: 25 m,
internal diameter: 0.53 mm, and film thickness: 1 um. The injector
temperature was 493 K, while the initial and the final temperature
were 353 K and 473 K, respectively, with a 16 K/min heating rate.
2.3 Catalytic activity test

Prepared catalysts tested on the
dehydrogenation of 1-phenyl ethanol. Typically, 1-phenyl ethanol
(1 mmol), catalyst (0.05 g), and mesitylene (3 mL) as a solvent
were loaded into the Schlenk tube and connected with a condenser.
Molecular oxygen (0.1 MPa) was introduced into the reactor using
a balloon. The reaction was carried out at 433 K for 2 h. The
reaction mixture was collected and separated from catalyst using
centrifugation. Afterward, the reaction mixture in the liquid phase
was analyzed by GC using an internal standard technique to
determine the conversion based on 1-phenyl ethanol, the yield,
and the selectivity of acetophenone.

were oxidative

3. Results and Discussion
3.1 Catalyst preparation and characterization

The XRD analysis was conducted to confirm the formation
of LDH on the support and was compared with the unsupported
CO3?7/CosAl LDH, presented in Fig. 1. Unsupported CO3>/CosAl
LDH exhibited a typical XRD profile of the hydrotalcite-like
layered materials. Peaks attributed to LDH appeared at 26 of 11.3°,
23.2°,34.4°,59.2° and 60.4° which corresponded to (003), (006),
(012), (110), and (113) lattice planes (Fig. 1(a)). No other
impurities were found in the XRD profile. Similar peaks were
found in the XRD profile of 0.91 CO3?>/CosAl LDH@AILOs.
Other peaks assigned to AlOs at 20 = 14.5°, 28.2°, 38.3°, 42.5°,

45.4°, 48.9°, and 67.2° accompanied the LDH’s peaks were
observed in Figs. 1(b)-(d).
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Fig. 1 XRD profiles for (a) CO;*/Cos;Al LDH, (b)

2.50_0032_ICO3A| LDH@A|203, (C) 1.41_C032'/C03AI LDH@A'zOs,
(d) 0.91_ CO;2/CosAl LDH@AL,0;. (o: LDH, o: Al,0;)

It was noticed that as the cobalt amount decreased, the relative
peak intensity of LDH to that of Al2O3 decreased. The basal
spacing of the (003) lattice plane (dos3) of the unsupported
CO3?/Co3Al LDH was calculated to 0.779 nm using Bragg’s
equation, 2dsind = n/. In the case of the supported CosAl LDH,
the doos values were 0.768, 0.765, and 0.758 nm for 2.50, 1.41,
and 0.91 CO3*/Co3Al LDH@ALO3, respectively. We previously
reported that cobalt-aluminum LDH with different Co/Al molar
ratios had different values of doos; as the Co/Al molar ratio
increased, the doos value increased®®). The change of the doos value
of supported LDH close to the cobalt-aluminum LDH with the
ratio of 2 assumed due to the AO3 as the support was partially
involved in forming of lamellar structure of LDH?3-39),

Metal oxide can be obtained by simple calcination of LDH
precursor accordant with the M?' in the LDH structure**#D.
Figure 2(a) showed the XRD profiles of CO3>/Co3Al LDH after
calcination at 573 K (Co3AlOx). The calcination of the LDH
precursor under air caused the formation of metal oxide. It is well
known that XRD profile of Co3O4 is similar to that of CoAl,04*?.
Thus, it is hard to determine if the peaks belong to Co3Os or
CoAlLOs using XRD. As confirmed later by Co K-edge XANES
analysis, CoAl2O4 phase did not generate during this synthetic
protocol of catalyst. It is noticed that the layered structure of LDH
diminished, and the peaks corresponding to the Co3O4 appeared at
20 of 31.7° (220), 37.0° (311), and 45.0° (400). It confirmed that



Co3AlOx consists of Co3O4 with the crystallite size of 4.59 nm
calculated using the Debye-Scherrer equation based on the (311)
diffraction. The XRD profiles of Co3AlOx@ALOs are also
displayed in Figs. 2(b)-(d). The peaks of Co0304 in
Co3AlO:@AL03 can be hardly distinguished from Al2Os at 26 of
36-38°. It might be said that the highly dispersed and small size of
Co0304 species was formed after calcination at 573 K on the
surface of Al2Os.
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Fig. 2 XRD profiles for (a) CosAlO,, (b) 2.87_Co;AI0,@Al.Os, (c)
1.59_Co;AI0,@AI;0;, and (d) 0.98_Co3AIO,@AI;0;. (¢: Co;04, 0
AlLL0;)

To elucidate the structural change of the 0.91 CO3>/CosAl
LDH@ALO; during the calcination process, in-situ #p-SXRD
analysis was performed, and the result is displayed in Fig. 3. In
addition, TG-DTA data, obtained by the same heating rate, was
combined in the p-SXRD graph. In Fig. 3, strong and sharp peak
based on ALOs3 was observed at 7.3°. It observed the peak
assigned to the LDH around 5.9° started to collapse at 423 K and
completely disappeared at 548 K. The collapse in the LDH
layered structure was accompanied by the weight loss in the TG-
DTA profile. The first weight loss with endothermic reaction
started to occur at 353 K to 403 K corresponding to the loss of the
physically adsorbed water in the external structure of LDH>3?,
The second stage of weight loss with an endothermic peak around
453 K was caused by the removal of interlayer water and
intercalated carbonate ion. The dihydroxylation of the hydroxyl
groups in the cationic nanosheet of LDH structure took place from

504 K to 543 K*“Y. This stage was the main cause for the
collapse of the layered structure as shown in Fig. 3. These
findings suggested that the layered structure completely vanished
after the calcination at 573 K.
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Fig. 3 2D mapping of the in-situ tp-SXRD profile (A = 0.078 nm)
of 0.91_Co;Al LDH@AI,O; (heating rate: 10 K/min) combined
with the TG-DTA data.
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Fig. 4 Co K-edge spectra of (a) Co foil, (b) CoO, (c) CoAl;O,, (d)
Co(OH);, (e) Co;0i, (f) 0.91_CO;*/Cos;Al LDH@AIO;, (g)
0.98_Co;Al0@AIl,0;, and (h) recovered 0.98_Co;AlO0,@Al,O;
catalyst.



The cobalt species composition in the LDH precursor and oxide
form after the calcination at 573 K was further investigated using
Co K-edge XANES (Fig. 4). The peak shape of the parents
0.91_CO3>/Co3Al LDH@AI205 did not resemble to Co foil, CoO,
CoAlL04 (Figs. 4(a)-(c) and (f)), nor Co3O4 (Fig. 4(e)), but it
slightly matched with the peak shape of Co(OH): (Fig. 4(d)).
CoAl204 and Co0304 showed completely different peak shape and
the edge energy in the Co K-edge XANES (Figs. 4(c) and (e)).
The Co K-edge XANES spectrum of 0.98 Co3AlO.@AL0s (Fig.
4(g)) appeared like the peak shape and edge energy of Co304 (Fig.
4(e)). The CoAl204 was not found in the both XRD profile and Co
K-edge XANES spectrum of 0.98_Co3AlOx@ALOs3 due to the
low calcination temperature at 573 K.
3.2 Oxidative dehydrogenation of 1-phenyl ethanol

The catalytic activity of prepared CosAlIO@ALO; catalysts
in oxidative dehydrogenation of 1-phenyl ethanol (1) was
investigated using molecular oxygen as a sole oxidant (Table 1).
All the reactions gave selectivity of higher than 99% towards
acetophenone (2). The blank reaction was conducted in the
absence of catalyst for the oxidative dehydrogenation of 1,
resulting in the very poor 2 yield (4%) (entry 1). The unsupported
Co3AlO catalyst, which included excess Co amount in 0.05 g,
exhibited excellent 2 yield (89%) with the turnover number
(TON) value based on the cobalt amount is 1.9 (entry 3). By
supporting CO3?>7/Co3Al LDH on the surface of Al2O;3 followed by
the calcination at 573 K, the series of Co3AlOx@Al203 performed
the oxidative dehydrogenation of 1 with the gradual decrease in
the yield of 2 as the cobalt loading amounts decreased, while the
TON values increased (entries 4-6). The support, Al2O3, could
obtaine only 10% of 2 under the same reaction condition (entry 2).
It suggested that Co3Os that consisted in the Co3AlOx@ALO3
matrix acted as a catalytically active site for this oxidative alcohol
dehydrogenation. Different methods on supporting cobalt species
to the surface of Al2O3 were performed and the catalytic activity
was compared with the 0.98_Co3AlOx@A1203 derived from LDH
precursor supported on Al20s3. Physical mixture of the metal oxide
and the support material is the easiest way to produce the
supported materials. In recent years, impregnation method has
been widely applied to synthesis supported catalyst. As shown in
Table 1, 0.98_Co3AlOx@AlO3 catalyst outperformed other
supported catalysts prepared using impregnation method
(0.98 _Co@Al203_Imp) and the physical mixture (Co304+A1203)
(entries 6, 8 and 9). The crystallite sizes calculated from
Co0304(311) diffraction in the 0.98_Co@Al203 and Co304+AL203
were approximately 6.31 and 56.92 nm, respectively. It should be
noted that the Co3Os nanoparticles, obtained from the LDH
exhibited higher
performance compared to other Co-based support catalysts which
related to the high dispersion of Co3O4 on Al2O;3 surface. The
highest TON value was achieved after stretching the reaction for
24 h (entry 7).

precursor supported on AlO3, catalytic

Table 1. Aerobic alcohol oxidation over cobalt based catalyst.?

OH o
©)\ + 120, Co-based catalyst (0.05 g) @A +H,0
Mesitylene
1 (0.1 MPa) 2
Co® Yield® TON¢
Entry Catalyst
(mmol/g) (%) )
1 - - 4 -
2 AlLOs - 10 -
3 CosAlO 9.33 89 1.9
4 2.87_Co3;AlO0@ALLOs 2.87 51 3.6
5 1.59_CosAlO0,@AL04 1.59 34 43
6 0.98_Co3;AlO0@ALLO5 0.98 29 59
7¢ 0.98 Co3;AlO0@ALLOs 0.98 52 10.6
8 0.98_Co@ALO;_Imp 0.98 12 2.4
9f C0304 + ALOs 0.48 7 2.9

* Catalyst (0.05 g), 1-phenyl ethanol (1) (1 mmol), mesitylene (3
mL), O, (0.1 MPa), 433 K, 2 h. ® Loading amount, confirmed by
AAS. ¢ Determined by GC using an internal standard technique. ¢
Based on Co loading amount. ¢ Reaction time for 24 h. { Physical
mixture of 0.002 g of Co;0, (Co: 0.024 mmol) and 0.048 g of
ALO:s.

Our synthesized 0.98_Co3AlOx@ALO; catalyst, which was
obtained by the calcination of 0.91 CO3?>/CosAl LDH@AILOs at
573 K, showed the TON of 10.6 based on Co amount. These
calcination temperature or TON value was superior to those in
previous reports: Co/Al203 (TON = 14.7, calcination temperature
=723 K)*Y, C0304/MnO> (TON = 3.9, calcination temperature =
623 K)*?, and Co/SBA-15 (TON = 1.4, calcination temperature =
973 K)*¥.

To conduct the stability test of catalyst, the recovered catalyst
was collected. After catalytic reaction (entry 6), solid
0.98_Co3AlOx@AL2Os3 catalyst was filtered from the reaction
mixture, was washed using acetone several times and dried under
vacuum to obtain recovered 0.98 Co3AlO.@AlO3. A slight
decrease in the catalytic performance was observed. The 1% cycle
of recovered 0.98_Co3AlOx@Al203 transformed 21% of 1 into 2
with selectivity of higher than 99% towards 2. Treating the
recovered 0.98_Co3AlOx@AI203 catalyst in calcination at 573 K
for 2 h under air, however, the catalytic activity was like that of
the untreated recovered catalyst. This result suggested that
regeneration of catalytically active site was failed via
recalcination. The XRD profiles of the recovered
0.98_Co3AlO«@AL03 catalyst compared with the fresh one were
displayed in Fig. 5. No change of the peak profile was notably
observed between them indicating that Co3O4 was the main cobalt
species in the catalyst matrix of the recovered catalyst as same as
the fresh catalyst. The Co K-edge XANES was conducted to
further investigate the change of cobalt species in the recovered
catalyst. The peak shape and the edge energy of recovered



0.98_Co3AlOx@ALOs catalyst clearly resemble those of Co3O4
each other as the fresh 0.98_Co3AlOx@AlLO; (Figs. 4 (e, g-h)).
The oxidation state of the recovered catalyst, confirmed by the
edge energy in Co K-edge XANES, did not change after the
aerobic oxidation of 1. Although no change in Co K-edge XANES
spectrum was obseved, it can be speculated that partially and
irreversible reduction of Co species accompanied with
aggregation may take place during the catalytic reaction.
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Fig. 5 XRD profiles for (a) fresh 0.98_Co;AlO,@Al,O; and (b)
recovered 0.98_Co;AlO0,@Al.O; catalyst.

4. Conclusions

In this work, the carbonate-intercalated Co*"-AI** layered
double hydroxide (CO3?>/CosAl LDH) as a nanosized precursor
was carefully formed on the Al2Os through a direct coprecipitation
process. Subsequently, the Co30s nanocomposite, derived from
the mild calcination at 573 K of the 0.91 CO3>/CosAl
LDH@ALOs3, exhibited remarkable catalytic performance in the
oxidative dehydrogenation of 1-phenyl ethanol employing
molecular oxygen as the oxidant. Notably, when compared to the
unsupported CosAlO catalyst, the 0.98_CosAlIO@ALO;3 catalyst
demonstrated a significant enhanced performance, oxidizing 1-
phenyl ethanol into acetophenone with the TON value of 10.6
which was almost 5.6 times higher than the unsupported catalyst.
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