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Cobalt-based core@shell catalysts for guaiacol
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sacrificial modulator of the interaction between
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In this work, four cobalt-based catalysts were obtained using two routes of preparation which differed in
the expected degree of interaction with the silica matrix, using salicylic acid as a sacrificial modifier
during the synthesis to modulate the interaction between the cobalt phase and the silica support due to
its complexing properties. The catalysts were tested for the hydroconversion of guaiacol at 300 °C and
5 MPa of H,, with clear differences between each procedure. It is found that the synthesis route has a
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deep impact on the catalytic activity, with the catalysts prepared using a one-pot route being less active
and having an increased selectivity to cyclohexane. In contrast, the ones prepared using a two-step
process have increased yield towards phenol and cyclohexanol under the conditions used herein.
Salicylic acid increases the catalytic activity in comparison to the untreated material for both families of
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Introduction

There is an increasing concern about the consequences of the
rising levels of atmospheric CO, caused by fossil oil consump-
tion, with climate change caused by global warming being the
most noticeable. An option to lessen our dependence on oil is
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materials, without changing the observed selectivity between samples with the same preparation.

to use the residues of the agroindustry as a substitute feedstock
for some of the growing demands of the transportation and
chemical industries. A rather mature approach for converting
agroindustry residues using a fast pyrolysis process, which trans-
forms those residues into a liquid called bio-oil. However, the
bio-oil thus obtained requires further upgrading, due to its low
chemical stability, low heating value, and corrosiveness, requir-
ing a hydrodeoxygenation (HDO) process' ™ for its further use.
There have been many studies with various catalytic systems
for this upgrading process. Among them, alumina-supported
CoMoS and NiMosS catalysts, used in the oil hydrodesulfuriza-
tion process, have been extensively studied. While those cata-
lysts are quite active, they tend to deactivate in the presence of
nitrogen-containing compounds, high amounts of water, or
due to sulfide loss from the active phase.”® Still, some for-
mulations based on supported CoMoS and NiMoS phases over
zirconia are stable under 100 ppm of H,S in the feed, with a
high yield of benzenoid products®'® with either pure guaiacol
or a mixed feed of guaiacol and straight run gas oil (SRGO)."
Considering these limitations, catalysts like supported metals,
metal phosphides, or carbides have been studied. For example,
Ni,P over SiO, allows for the obtention of phenol and benzene
from the hydrotreating of guaiacol,'* and in more acidic sup-
port it leads to the obtention of catechol."® Mo,C supported
over Mxene nano sheets leads to the obtention of phenol and
methyl anisole'* or phenolic compounds when supported over
activated carbon.'® Systems based in either Ni or Ir supported
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on ZrO, show high selectivity towards cyclohexanol coupled
with gasification of guaiacol as methane and ethane.'® Rh-
based catalysts supported on zirconia yield mainly
cyclohexane,'”'® while a Ru-based catalyst produces cyclohex-
anol as the major product of the HDO of guaiacol.’® Finally,
systems supported over activated carbon containing a mixture
of Pd and Re allow benzene and cyclohexene to be obtained in
high yields from the hydroconversion of guaiacol,”® and a ReOx
catalyst has also exhibited yields of BTX up to 30% in the
conversion of guaiacol over different supports and metal
loadings.*!

Core@shell materials based on non-noble metals are good
options for converting guaiacol or other biomass-derived model
compounds since the presence of the shell allows for increased
stability and a certain extent of tunability of the catalysts’
activity. For example, using a MOF shell over Pd for the
conversion of vanillin to produce creosol,”” or the use of MOF
as the precursor of the shell with a ZnO/Co for the same
reaction®® have been disclosed. Also, the conversion of vanillin
to 2-methoxy-4-methyl phenol in ethanol using a Ni2P-based
system with a yolk structure has been described.>® Finally,
catalytic systems for the conversion of glucose to 5-
hydroxymethylfurfural with a magnetic core® and the conver-
sion of octanoic acid to alkanes in the presence of a hollow@Ni/
ZrO, system have been reported.>®

The usage of organic or inorganic modifiers as a tool for
tuning the activity of catalysts has been explored in the for-
mulation of hydrotreating catalysts, including sulfur-
containing additives as well as polyhydroxy alcohols, used as
promoting agents for the activation procedure, protectors
towards loss of active phase®” and dispersion agents for the
reactivation of CoMo sulfide-based catalysts.>® Furthermore,
the usage of carboxylic acids as selectivity-tuning agents for
aerobic ammoxidation®® as well as modifiers of supports like
alumina®® also uses phosphonic acids for tuning of Pt and Pd-
based catalysts for the conversion of benzyl alcohol and
vanillin.*'**> However, the potential of such additives is still
underexplored, especially their usage as sacrificial templates
for tuning the active phase. Herein, two different families of
catalysts based on Co were prepared using a one-pot or a two-
step approach, with or without salicylic acid as a sacrificial
modifier. Their catalytic performance was studied using the
hydrodeoxygenation of guaiacol as a bio-oil model compound,
and the results suggest that this approach could enable the
obtention of catalysts with fine-tuned activity and selectivity.

Experimental section
Synthesis of the catalysts

The procedure was partially adapted from 33,*7¢ using tetra-

ethyl orthosilicate (TEOS, Sigma 98,0%) as the silica source; all
procedures were carried out in the fume hood. The materials
used for the synthesis were used as received from the chemical
supplier, except salicylic acid which was purified by recrystalli-
zation in a mixture of ethanol and deionized water. Briefly, a
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solution of Co*" in deionized water at 0.1 mole L' was
precipitated with concentrated ammonia. The obtained solid
was separated, washed thrice with deionized water, and dried.
The green solid was then calcined and used to prepare the
core@shell materials using the two-step route. The calcined
material was suspended using ultrasound in a mixture of
ethanol, water, and concentrated ammonia (80:20:3 by
volume). The suspension was heated to 60 °C, and then the
TEOS (Co:Si 1:1.2 mole: mole) dissolved in ethanol was added
to the suspension with stirring and kept at 60 °C for 4 hours.
The solids were centrifuged, washed with water and ethanol,
and air-dried overnight. The materials thus prepared were then
calcined in air at 250 °C (ramp 10 °C min~') for 2 hours per
gram of material; afterward, the material was heated to 550 °C
under a 100 mL min " flow of pure hydrogen and kept at this
temperature for 2 hours. Finally, the sample was passivated in a
liquid nitrogen/isopropanol slurry with a flow of 60 mL min~"
of 5% O, in N, for 90 minutes for storage. The material was
identified as Co@Si0,-2S. The modified catalyst was prepared
by treating the calcined cobalt oxide with a small amount of
aqueous Co”>* (1 mL per gram of cobalt oxide of a 1% by weight
solution of Co(NOj),-6H,0, Merck, 99%) for 1 hour. Then,
salicylic acid (Co:salicylic acid 1:0.064 mole: mole) dissolved
in 10 mL of ethanol was added to this mixture, and it was left to
equilibrate overnight before creating a suspension via ultra-
sound and TEOS treatment. The catalyst was identified as
Co@Si0,-SA-2S.

Two other catalysts, Co@SiO,-1S and Co@SiO,-SA-1S were
synthesized using a one-pot route. The cobalt precursor was
dissolved in a mixture of deionized water and ethanol (8:2 by
volume) and then the concentrated ammonia (25%, Loba
Chemie) was added to precipitate the hydroxide. The obtained
solid was suspended in the mother liquor by ultrasound for
30 minutes. The suspension was heated to 60 °C and the TEOS
(1:1.2 Co: Si mole to mole) dissolved in ethanol was added and
left to react for 4 hours. The precursor thus obtained was
calcined in air at 250 °C (ramp 10 °C min~') for 2 hours per
gram of material; afterward, the material was heated to 550 °C
under a 100 mL min~" flow of pure hydrogen and kept at said
temperature reduced at 550 °C for 2 hours. Finally, the sample
was passivated in a liquid nitrogen/isopropanol slurry with a
flow of 60 mL min~* of 5% O, in N, for 90 minutes for storage.
The modification with salicylic acid was achieved by adding the
desired amount of the acid (Co:Si 1:0.064 mole: mole) to the
precipitated mixture and allowing it to stand overnight before
the treatment with ultrasound.

Characterization of the catalysts

The nitrogen adsorption-desorption isotherms, TPR-H,, TPD-
NH;, and chemisorption of CO were measured using Micro-
meritics 3Flex equipment. For the TPR-H, and TPD-NH;, MS
signals of relevant compounds were measured.

N,-physisorption

Before analysis, the samples were degassed under vacuum at
90 °C for 30 minutes to remove water and held at 300 °C for

New J. Chem., 2024, 48,14056-14066 | 14057
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4 hours. The physisorption isotherms were measured at the
temperature of the liquid nitrogen using N, as the adsorbate.
The Sppr estimation was done in the range P/P, from 0.05 to
0.25 and the pore volume was determined at P/P, = 0.99.

CO chemisorption analysis

The samples were evacuated at 110 °C for 30 minutes, reduced
at 550 °C under flowing H, (60.0 mL min ") for 90 minutes, and
then allowed to reach the analysis temperature (35 °C) before
the analysis. Then, the CO was admitted in 50.0 mm Hg
increments from 0 to 450 mm Hg to obtain a first isotherm.
Afterwards, vacuum was applied, and a second isotherm was
measured using the same dosing. The CO uptake was deter-
mined from the difference between the first and second iso-
therms, fitted between 100 to 450 mm Hg.

TPR-H, analysis

The sample was first treated with 5% H, in an Ar mixture, with
a flow of 100 mL min~ ' at 50 °C for 30 minutes. After this
treatment, the baseline was allowed to stabilize and the TPR-H,
analysis was carried out using a 5% H, in Ar mixture, with a
flow of 100 mL min~" and a heating ramp of 10 °C min~" up to
1050 °C. The effluent was analyzed using a TCD detector and a
mass spectrometer.

TPD-NH; analysis

The samples were degassed under flowing He (50 mL min ") with
a heating ramp of 10 °C min™" up to a final temperature of 200 °C
for 30 minutes. Then, the samples were cooled to 100 °C under He
and a flow of NH; (40 mL min~") was passed over the sample for
15 minutes. The weakly adsorbed species were removed by
flowing He (100 mL min~") until a stable baseline was obtained.
Then the sample was heated at a rate of 10 °C min~" up to 500 °C,
and the TCD and MS signals were recorded.

Transmission electronic microscopy (TEM)

The TEM images were acquired using a JEOL JEM-1200 EX II, by
dispersing the sample in either ethanol or acetone and putting
a drop on a graphite-covered copper grid for analysis.

XPS spectra measurement

XPS spectra were collected with a SPECS GmbH with UHV
system, energy analyzer PHOIBOS 150 9MCD under a non-
monochromatic X-ray source of Mg (200W, 1253.6¢eV) for the
Co@Si0,-2S and Co@SiO,-SA-2S. For the samples, Co@SiO,-1S
and Co@Si0,-SA-1S, a KRATOS ultra DLD with an Al monochro-
matic source (225 W, 1486.6 eV) was used for the measurement.
The spectral data for each sample were analyzed using CASA XPS
software. The binding energy (BE) was referenced to the C 1s
peak at 284.6 eV. The equipment error in the energy determina-
tions is less than 0.01 eV. The resulting spectra were deconvo-
luted and fitted to a mix of Gaussian and Lorentzian curves.

FTIR-ATR spectra

The samples were dried at 80 °C overnight and kept in a
nitrogen box until analyzed. The FTIR-ATR spectra were

14058 | New J. Chem., 2024, 48, 14056-14066

View Article Online

Paper

collected with an Agilent Cary 630 FTIR spectrometer equipped
with an ATR accessory; the range of measure was from 650 to

4000 cm ™! with a resolution of 4 cm ™.

XRD diffractometry

The powder X-ray diffractograms were acquired using a Bruker
D8 Advance diffractometer with a LYNXEYE-XE-T detector from
2 theta from 4.0° to 80.0° and electron discrimination of 0.18-
0.25 V with 4 = 0.154 nm; the phase identification was achieved
by comparison against the PDF-4+ 2021 database with the
DIFFRAC EVA software.

Elemental analysis

The samples were digested with a mixture of HF and HNO;,
evaporated to dryness, and redissolved with a HNO; H,SO,
mixture. The total cobalt content was measured using ICP-OES
in a Jobin Yvon “Activa” apparatus, with a measuring wave-
length 4 = 228.62 nm.

Catalytic activity tests

In a 100 mL stainless steel vessel (Reactor PARR 4646) 100 mg
of catalyst was added, and a solution of 1.7 g of guaiacol
(MERCK, 99%) in 32 g of n-dodecane (MERCK, 99%) with
hexadecane (Aldrich, 99%) as an internal standard for quanti-
fication of products by GC. The reactor was closed, purged with
N2 for 15 minutes, closed, and heated to 300 °C. At this
temperature, hydrogen gas (INDURA; 99.999%) was charged
to a pressure of 50 bar, and liquid samples were collected at
definite intervals. The samples were analyzed by GC, using a
Shimadzu 2030 GC system equipped with an autosampler, a
capillary column (Perkin-Elmer Elite 1, 0.53 mm ID, 30 m
length, and dimethylpolysiloxane as stationary phase), nitrogen
as a carrier gas and FID detector. The volume analyzed for each
sample was 1 pL.

The conversion and yield of a product are determined using
the following expressions:

([GUAJ,—[GUA})
[GUA],

% Conversion = x 100 1)

[Products];
[GUA] + S [Products])

% Yield = ( 100 2
where [GUA], is the initial measured concentration of guaiacol
and [GUA]; is the measured concentration of guaiacol at time i.

The initial rate of reaction, rays, and TOF were determined
according to the following formulas:

b x molegua
0
=__ 3
F'Gua freoMont (3)
0
TOF = —SUA_ (4)
moleco

where b is the slope of the conversion of guaiacol in the
function of time expressed as s~', obtained from the catalytic
activity tests below 30% of conversion, molegy, is the initial
mole of guaiacol added, frc, is the mass fraction of cobalt in the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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catalyst and moleco is the amount of CO chemisorbed per gram
of catalyst.

Results and discussion

Characterization of materials

Table 1 summarizes the textural properties of the prepared materi-
als, and Fig. S1 (ESIt) shows the nitrogen adsorption-desorption
isotherms of the catalysts reported. The main feature for all the
samples is the characteristic Type IV isotherm linked to the
presence of mesoporous materials, and all of them exhibit the same
type of hysteresis, an H3 loop, that is related to plate-like particles or
to a network of macropores partially filled with nitrogen.*” For the
Co@8Si0,-2S catalyst, the Sger diminished in comparison with the
parent oxide nanoparticle, as shown by the data in Table 1. From
the method of obtention of the precursor for the two-step approach,
the porosity could be attributed to the interstitial voids between
nonporous oxide particles, in concordance with reports of similar
systems involving cobalt oxide phases.*®*° Thus, the lowering of the
surface is caused by the growth of the silica shell over those particles
that reduce the interparticle space. Linked to this, the formed silica
layer has a different pore structure, leading to the difference
observed in the isotherms. However, for the Co@SiO,-SA-2S catalyst,
there is a slight increment of the surface area in comparison with
the parent oxide, as well as a slightly bigger pore volume in
comparison with the untreated catalyst.

Regarding the catalysts Co@SiO,-1S and Co@SiO,-SA-1S,
there is an increased surface area compared to the catalysts
prepared using the two-step route, and the one with the highest
surface area is the salicylic acid sample, Co@SiO,-SA-1S. In this
case, the presence of the hydrated cobalt hydroxide leads to the
formation of a gel where water is occluded inside the bulk of
the sample. This leads to an increment in the porosity after the
thermal treatment due to the loss of water, with the subsequent
increase in the pore volume. In contrast, the use of salicylic acid
in the Co@Si0,-SA-1S material leads to a rise in the surface area
linked with a diminished pore volume. Thus, the formation of a
layer of adsorbed acid over the surface of the hydrated hydro-
xide leads to a local hydrophobic environment due to the
presence of the aromatic ring moiety; this enhances the
cross-linking between the silica oligomer,**™** leading to a
more compact silica matrix, with fewer pores.

Table 1 Textural properties of the synthesized catalysts and a cobalt
oxide sample as the reference

Sper (M g~' Pore volume® (cm® g~! Pore diameter

Material cat) cat) (nm)
CoO“ 114 0.833 17.2
Co@Si0,-2S 96 0.313 5.7
Co@Si0,-SA- 127 0.320 6.4
28

Co@Si0,-1S 151 0.881 5.6
Co@Si0,-SA- 171 0.663 12.8

1S

“ As reference, cobalt oxide precursor for the 25 family. ? At a relative
pressure of 0.99.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 1 TPR-H, profiles of the prepared catalysts; TCD signal normalized
per gram of cobalt in the samples.

The normalized TCD signal for the temperature-programmed
reduction with H, (TPR-H,) profiles is shown in Fig. 1, and the
MS signal spectra are included in the ESIt (Fig. S2). For the
Co@SiO,-SA-2S material, there is a low-temperature signal
linked to the production of CO, and H,O from the decomposi-
tion of remnants of the salicylic acid used.** Afterward, there
is a smaller signal related to the formation of Co;0, from the
CoO(OH) species, then a sharp signal related to the reduction of
Co;0, and CoO species to Co around 300 °C.** Finally, the
reduction of Co>" species with strong interaction with the silica
shell appears as a broad signal around 700 °C.*>*® In the
Co@Si0,-2S catalyst, there are two signals, one centered around
230 °C and the other at around 690 °C. The signal at low
temperature has been related to the reduction of CoO(OH) to
Co0;0, *® according to eqn (1), with subsequent reduction to CoO
and Co. The broad high-temperature signal is related to Co®" as a
cobalt silicate species.*>*

6CoO(OH) + H, — 2C030, + 4H,0 (5)

For the materials prepared using the one-pot procedure, there
is a higher proportion of strong-interacting silica-cobalt species,
with a more intense signal around 700 °C for both materials.
Thus, the one-pot approach increases the interactions between
the silica matrix and the cobalt phase; adding salicylic acid
reduces this interaction, reflected as a lower reduction tempera-
ture for the peak at around 700 °C, independently of the
preparation method. Finally, the degree of reduction was deter-
mined for the Co@SiO,-2S and Co@SiO,-SA-2S samples; the
calculations and data are given in Table S1 (ESIt); it is observed
that the salicylic acid treatment enhanced the reducibility, since
for the Co@Si0,-2S, the reducibility was around 10%, whereas,
for the Co@Si0,-SA-2S sample, it raised to 60%.

To analyze the changes in the morphology, the obtained
catalysts were observed using TEM, and the results are shown
in Fig. 1. Fig. 2A and B show the materials prepared using a
one-step route, where the morphology obtained is a mixture of
quasi-spherical particles and needle-like particles. Herein the

New J. Chem., 2024, 48, 14056-14066 | 14059
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formation of strong interacting cobalt species, similar to cobalt
silicate species is expected due to a higher interaction between
the silica precursor oligomers and the Co>* and Co(OH),
species, a situation reported for similar reaction systems.*®*°
For the salicylic acid catalyst, the needle-like structures are
blurred, pointing to an impaired formation of the cobalt
silicate by the presence of the salicylic acid. Fig. 2C and D
show the images of the catalysts prepared using a two-step
procedure, and the presence of a distinct silica shell covering
the cobalt phase for the catalysts prepared using the two-step
route is clear. The catalyst Co@SiO,-2S-SA shows a slight
separation between the cobalt phase and the silica shell; this
space is derived from the layer of salicylic acid over the oxide
nanoparticles that inhibits the coverage of the cobalt core by
the silica. This layer is destroyed during the thermal treatment
leaving behind a void, raising the surface area and pore volume,
as observed in the data from Table 1.

Table 2 shows the data obtained for the cobalt and oxygen
species from the XPS measurements, and fitted spectra are
given in Fig. 3. Treatment with salicylic acid increases the
percentage of Co° species on the surface of the Co@Si0,-SA-
2S material (Fig. 3A) compared to the Co@SiO,-2S sample
(Fig. 3B). There is a significant shift of the BE for the Co>"
signal in the Co@SiO,-SA-2S catalyst, coupled with a lowering
of its 0,,/Co”" ratio, indicative of a deficiency of oxygen species

b
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on the surface of the catalyst. The displacement towards higher
BE has been associated with the formation of vacancies in
bimetallic CoNi systems®® and enhanced activity. However,
there is no measurable presence of surface Co° species for
the catalysts prepared using the one-step route, and only the
Co*" signal is observed (Fig. 3C and D). This indicates the
presence of hardly reducible cobalt species, presumably cobalt
silicates, which is supported by the TPR-H, profiles, where the
most pronounced signal was the peak related to such silicate
species.

Regarding the O 1s data, the materials obtained using the
two-step route exhibit the presence of metallic oxide and silica
oxygen species, as seen in Fig. S3 and S4 (ESIf). For the
materials prepared using the one-step procedure, there is no
presence of metallic oxide species; in the Co@SiO,-1S material
(Fig. S5, ESIt), only the silica oxygen species related to silicate
species in a non-bridging structure are detected.”’* For the
Co@Si0,-SA-1S sample (Fig. S6, ESIT), there is another signal at
around 534 eV; related to oxygen atoms of the silica matrix,”'
and the presence of this signal indicates that the salicylic acid
treatment induces local structure modifications of the silica in
the proximity of the cobalt phase. It might be possible to argue
that this signal is related to carbonate or hydroxy species;
however, considering the carbon content in the catalyst, below
0.03%, it is dubious that CO;>~ species are relevant. For the

&

Fig. 2 TEM images of Co@SiO,-1S (A) and Co@SiO,-SA-1S (B) catalysts Co@SiO,-2S (C) and Co@SiO,-SA-2S (D) catalysts.
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Table 2 Surface composition derived from XPS spectra

Cobalt species BE, eV Oxygen species O 1s BE, eV

Catalyst Co° 2p;,  CO*" 2ps,  CoOx Sio,
Co@Si0,-28  778.7 (41) 780.4 (59) 529.7 (15)  532.1 (85)
Co@Si0,-SA-2S 779.2 (51) 781.2 (49) 529.8 (7) 531.9 (93)
Co@Si0,-18 N.D. 781.3 N.D. 531.8
Co@8Si0,-SA-1S N.D. 781.3 N.D. 531.8/534.1

hydroxyl species, the absence of the Si-OH signal around
950 cm™"** in the catalysts’ samples, rules out the presence
of this group; thus, the signal around 534 eV could be related to a
Si—0 bond, due to the increased electronegativity of the sp>
oxygen. Additional evidence of the modification of the inter-
action between the core and the silica matrix lies in the Si 2s
spectra of the samples. In those spectra, there is a two-
component signal for the catalyst Co@SiO,-SA-1S (Fig. S7, ESIT),
and only one for the Co@SiO,-1S catalyst (Fig. S8, ESIT). This
supports the perturbation of the formation of Si-O-Co species by
using salicylic acid, observed in the TPR-H, profiles as a shift of
the peak to lower temperature for the Co@SiO,-SA-1S.

The XRD diffractograms of the prepared catalysts are dis-
played in Fig. 4A. The main features are the peaks at around
2 Theta = 36, 42, 44, and 76 degrees. The signal at 36° is linked
to CoO for the catalysts prepared using the two-step route. In
the case of the catalysts made using a one-pot procedure, there
is an additional contribution at around 33° that could be
related to cobalt silicate-like species. Thus, the precipitated
cobalt hydroxide reacts with the silica oligomers to produce
some cobalt silicate. At 42°, the reflection for the (200) plane of
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CoO is responsible for this peak, and at 44° the presence of Co
is indicated by the reflection due to the (111) plane, while the
peak at 77° is caused by the reflection of the (220) plane.
Rietveld’s refinement of the XRD patterns allows for better
quantification and identification of the different phases pre-
sent in the material, derived from the Rietveld analysis, where
both the hcp and fec phases of Co were detected. The samples
treated with salicylic acid showed an increment of the hcp
phase of around 60% compared to the untreated sample, which
is an interesting feature, pointing to a potential effect of this
modifier over the activity of the materials. The analyzed dif-
fractograms are included in the ESI,{ with each assigned phase
indicated (Fig. S9, ESIT). The results from Rietveld’s analysis are
coherent with the TPR-H, results, where the catalysts prepared
using a two-step route show typical signals for the reduction of
cobalt oxides, whereas, for the ones prepared using a one-step
route, there is no signal of cobalt oxides in the TPR-H, analysis.

Further information is obtained from the FTIR spectra,
shown in Fig. 4B from 1525 to 650 cm ', with the spectrum
of a silica sample prepared without salicylic acid. The most
relevant features are the bands at around 800 cm ™" due to the
symmetric stretch of the Si-O-Si bond and the signal around
1100 cm™', associated with the Si-O asymmetric stretching
mode. This latter signal is highly sensitive to modifications in
the silica matrix and can give qualitative information about the
degree of substitution of the silica, with lower wavenumbers
indicating a higher substitution.>®™” The catalysts Co@Si0,-2S
and Co@Si0O,-SA-2S show a little lowering of this signal com-
pared to the silica sample. In the salicylic acid treated material,
there is no shift of the band, supporting the hypothesis of the
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Fig. 3 XPS spectra of the Co 2p region of the Co@SiO, catalysts. (A) Co@SiO,-SA-2S, (B) Co@SiO,-2S, (C) Co@SiO,-SA-1S, and (D) Co@SiO,-1S.
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Fig. 4 (A) XRD patterns of the passivated catalysts. (B) FTIR-ATR spectrum
of the prepared passivated catalysts in the region 1525 to 525 cm™* (C)
TPD-NH3 profiles (signal MS = 17) of the reported catalysts; signals
normalized per gram of catalyst.

shielding effect of the cobalt oxide against the silicate formation
by the salicylic acid. In the case of the materials prepared using
the one-pot procedure, Co@SiO,-1S, and Co@SiO,-SA-1S, there
is a shift of the Si-O band of 90 cm ™, indicative of a high degree
of substitution of the silica matrix with cobalt ions.>> Also, the
signal at 800 cm ™' is weak or negligible, caused by short silica
chains with fewer Si-O-Si bonds capable of absorption in this
region. For all materials, there is a broad band at 650 cm ™,
related to the presence of Co;0, species.*®

Fig. 4C shows the temperature-programmed desorption of
NH; (TPD-NH;) profiles for Co@SiO, catalysts normalized per
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gram of catalyst; in all catalysts, there is a wide signal centered
around 150 °C, which indicates the presence of weak acidic
sites in the materials.>® In the case of the catalysts prepared
using the one-pot route, the profiles show little difference
between them, with a higher amount of ammonia (mass 17)
desorbed from the Co@Si0,-SA-1S evidence of a higher quantity
of acid sites in the materials. In the case of the materials
prepared using a one-step approach, the formation of either
Co-Si-OH species with stronger acidity, or an increase in the
amount of silanol groups due to a branching of the silica matrix
by the intercalation cobalt cations could result in their higher
total acidity. The first proposal is not supported by the TPD-NH3
data, since the maximum for the peak is not shifted significantly
(less than 3 °C) between samples. The second hypothesis is
supported by the FTIR-ATR and XPS data, which show the strong
interaction present in the one-pot route and, for the SA-1S
catalyst the presence of different Si-O bonds. Considering the
maximum temperature, the weak Bronsted-acid type is domi-
nant in our materials; there is a negligible or not detectable
quantity of Lewis-acid sites.>® This leads to a favored demethox-
ylation to produce phenol, followed by hydrogenation to cyclo-
hexanol with a final dehydration step to yield cyclohexene.

The absence of Co® species in the XPS data for the catalysts
prepared using the one-pot method, coupled with its detection
on the XRD pattern of the samples, suggests a limitation of the
XPS technique for the analysis where the silica matrix is
extended and covers the cobalt phase in a wide range. This
behavior can be related to the working depth of the XPS
technique, which is around 7 nm. Regarding the different
proportion of Co species obtained from Rietveld’s refinement,
it has been reported that, for the hcp phase, the B5 type sites
exhibit a diminished sterically impediment, leading to an incre-
mented TOF for the ammonia decomposition reaction and the
Fisher-Tropsch synthesis.®”®* Thus, a rise in the quantity of the
hep phase could increase the activity in the catalysts treated with
salicylic acid. In addition, the particle size measured via TEM
(Table S3, ESIt) indicates that the catalysts’ particle size is
around 20 to 30 nm. In this range, the presence of both fcc
and hcp phases of Co are expected to appear in variable
proportions.®® Also, for the materials prepared using the two-
step route, the reduction of CoO, under our reduction conditions
is expected to form a mixture of the Co phases indicated above,*?
which could have an increased proportion of the more active Co
hep phase in the salicylic acid-treated material.

Some chemical properties are shown in Table 3, including total
acidity and chemisorbed CO. For the samples prepared using the
two-step procedure the amount of CO chemisorbed is the same.
Considering only Co® as the adsorption site for CO, a difference in
CO uptake between both samples was expected, from the XPS
data. Thus, other species of cobalt might be involved, in addition
to Co° in the CO uptake of the catalysts.®*®® The reversible
chemisorption of the CO over Co®" based on a MgO/CoO solid
solution has been described,®*® which explains why materials
with undetected surface Co° can chemisorb this probe molecule.
In conclusion, the CO uptake reflects the total active sites, being
either Co® or Co®" species. For the samples obtained using a one-

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 3 Physicochemical and catalytic properties of the synthesized
catalysts

Cobalt  Co phases Total CO Initial TOF

Catalyst content” present” acidity” uptake? rate® (s™)

Co@Si0,-2S  69.0 Co 36.3 0.510 1.3 6.4 49
CoO 62.7

Co@Si0,-SA-2S 59.6 Co 41.3 0.0532 1.0 9.6 96
CoO 58.7

Co@Si0,-1S 50.4 Co (FCC) 80.8 0.805 2.3 1.8 7.8
Co (HCP) 19.2

Co@Si0,-SA-1S 47.2 Co (FCC) 68.9 1.05 1.3 1.1 8.5
Co (HCP) 31.1

@ Mass percentage. ” From Rietveld analysis of XRD patterns. © mmol
NH; g~ cat. 410~° moleco g ' cat. ©107" molgya s ' g " cat. fAs a
mixture of fcc and hcp phases; overlapping of cobalt oxide peaks does
not allow for separate quantification of the phases.

pot approach, there is a diminished chemisorption of CO on the
salicylic acid-treated catalyst; this may be linked to a different
coordination mode of CO on the fcc and hcp surfaces of the
Co,%”%® thus adsorbing less CO in the hcp phase.

Catalytic activity: conversion of guaiacol

Fig. 5 shows the conversion of guaiacol in the presence of the
treated and untreated catalysts for all the samples. As can be
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observed, both catalysts prepared using the two-step route
are highly active in the conversion of guaiacol, while the two
prepared using the 1-step route are less active. The initial rates
of reaction for all the catalysts as well as their TOF are
summarized in Table 3. The main feature is the disparity
between initial rates based on the synthetic route: for the
materials prepared using a two-step approach, the catalytic
activity is around 5 times higher than for the materials synthe-
sized using the 1-step approach. This in turn reflects the fact
that the formation of cobalt silicate species, which was
enhanced in the 1-step route, is detrimental to the catalytic
activity of the materials.

The treatment with salicylic acid has a marked impact over
the initial rate; the catalyst prepared using a two-step route has
an increase of the initial rate of around 50%, while, for the
material prepared using a 1-step route, there is a slight decrease
in the initial rate of the treated catalyst compared with the
untreated sample, but a raise of the TOF of almost 50%.

Regarding the selectivity of the catalysts, the primary product
obtained is phenol for the conversion of guaiacol in all cases.
Afterwards, hydrogenation leads to cyclohexanol/one, followed
by dehydration and hydrogenation to yield cyclohexene and
cyclohexane. Cyclohexanol remains the main secondary product
in the case of the 2S catalysts, while for the 1S catalysts, this
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Fig. 5 Evaluation of the catalytic activity of the Co@SiO, family of materials. Reaction conditions: 300 °C, 5 MPa Hj, and 100 mL of a 0.3 mole per liter

guaiacol solution, with a catalyst load of 100 mg in each run.
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compound is converted quickly to cyclohexene and then to
cyclohexane. The absence of catechol in the samples is striking,
considering that the methyl-O bond is expected to be easier to
break than the Ar-O bond, indicating that some phenomenon is
inhibiting the detection of catechol during the analyses, presum-
ably the grafting of said compound over the surface of the metal
through chelation. A possible drawback of the core@shell struc-
ture would be a limited diffusion of the reactants towards the
active sites; for the 2S family of materials, the Mears’ and Weisz-
Pratter criteria were calculated (data and calculations are given in
the ESLt Table S2) and it was concluded that, for the materials
analyzed, there was no diffusion-controlled rate, thus the conver-
sion of guaiacol proceeded in the chemical-control regime. Also,
calculations for carbon balance (results are given in the ESIY)
indicate that more than 90% of the guaiacol was converted and
detected during our catalytic activity tests below 30% of conver-
sion, except for the Co@SiO,-SA-1S material, which has a carbon
balance of around 80%; this could be caused by adsorption of the
catechol formed during the reaction, limiting the number of
products detected, thus lowering the carbon balance.

The effects of the treatment with salicylic acid are related to
its chelating ability, which modulates the formation of cobalt
silicate, enhances the reducibility of the active phase, and tunes
the active sites. This is supported by the XPS data, where the
shift of the Co** to higher BE for the Co@SiO,-SA-2S indicates
the formation of vacancies in the cobalt’s phase surface for the
two-step synthesis catalyst. Those vacancies increase the activity
of Co@Si0,-SA-2S compared to Co@SiO,-2S. For the Co@SiO,-
AS-1S catalyst, the increased activity compared to the untreated
Co@Si0,-1S is related to the diminished formation of inactive
cobalt silicate, instead of modifications of the active surface.
Also, the increased presence of Co° species leads to a higher rate of
conversion of phenol into cyclohexanol for the Co@SiO,-SA-2S
catalyst compared to the Co@SiO,-2S system. The low acidity of
the catalysts, linked with a low quantity of Lewis-acid sites,
diminishes the ability of the material to completely deoxygenate
the substrate, which favors the production of phenol through the
demethoxylation of guaiacol. The produced phenol is hydroge-
nated to form cyclohexanol, which accumulates due to the low
acidity of the materials that limit its conversion to cyclohexene and
finally, to cyclohexane. In addition, the increased hcp phase
content for the salicylic acid treated catalyst impacts the TOF
value, due to the increased activity of the surface sites of the hcp
Co phase, leading to an increased activity. Thus, the combination
of oxygen vacancies on the surface of the catalyst synthesized, the
increased presence of Co® species, and lower acidity, allow for a
higher selectivity towards cyclohexanol for the Co@SiO,-SA-2S
sample. Also, the rise in the hep Co phase leads to a higher activity
in the guaiacol conversion for the catalysts modified with salicylic
acid, coupled with an enhanced reducibility of the materials
treated with salicylic acid, as observed in the TPR-H, results.

The product distribution at a conversion of 30% for all
catalysts is given in Fig. S10 (ESIt). At this conversion, the
main product in all cases is phenol, with nearly the same yield,
indicating that the first step of the conversion of guaiacol over
the obtained catalysts is a demethoxylation reaction. For the
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Fig. 6 Simplified proposed reaction network for the conversion of guaia-
col over the Co@SiO; catalysts researched in this work.

catalysts with the highest acidity, namely Co@SiO,-1S, and
Co@Si0,-SA-18S, there is also an increased conversion of cyclohex-
anol into cyclohexene and cyclohexane. Considering the reaction
network depicted in Fig. 6, it is expected that the most acidic
catalyst, Co@SiO,-SA-1S, will exhibit the highest combined yield of
cyclohexene and cyclohexane. This proposal supports the role of
the acid sites in the conversion of cyclohexanol into cyclohexene.

Conclusion

To conclude, the impact of the synthesis procedure is reflected in
three aspects of the obtained catalysts: morphology, acidity, and
interaction with the silica matrix. In the case of the morphology of
the catalysts, a well-defined core@shell structure is obtained for
the materials synthesized using a two-step route while, for the
materials prepared for a one-pot route, the morphology comprises
a mixture of quasi-spherical particles immersed in an extended
matrix of silica. The materials of the 1S family are the most acidic,
due to the higher degree of interaction between the cobalt ions
and the silica matrix favored by the interaction between the
Co(OH), and the silicate oligomer species. This rise in acidity is
reflected in the higher proportion of cyclohexene and cyclohex-
ane, emphasizing the role played by the acid sites in the conver-
sion of cyclohexanol to cyclohexane. The effect of the salicylic is to
block the surface from reacting with silicate ions, reducing the
formation of cobalt silicate species; then, the salicylic acid is
decomposed, creating unsaturated coordination sites which raise
the activity of the catalysts. Also, the usage of salicylic acid as a
modifier increases the proportion of the more active hcp Co
phase, leading to increased activity of the catalysts for the
conversion of guaiacol under the conditions used.

Overall, the combination of the synthesis route and the use of
salicylic acid as a surface modifier can be regarded as a reasonable
strategy to develop catalysts with high activity from inexpensive
metals, although in a high load, for the hydrotreatment of biomass
derivatives, showcased here for the conversion of guaiacol.
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