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Beneficial Effect of β-Cyclodextrin Assisted Synthesis of
CuO/Hydroxyapatite Catalyst in Toluene Oxidation
Maya Ibrahim,[a, b] Madona Labaki,[b] Anne Ponchel,[c] Jean-Marc Giraudon,*[a] Olivier Gardoll,[a]

and Jean-François Lamonier[a]

Two hydroxyapatite supported CuO (10 wt% Cu) catalysts were
prepared using the wet impregnation method via the conven-
tional process and with the addition of native β-cyclodextrin
using Cu(NO3)2.3H2O as copper precursor and adopting a ratio
of β-cyclodextrin to copper of 0.1. After the impregnation step,
the materials were dried at 80 °C and calcined in flowing dry air
at 400 °C. The copper supported materials were characterized in
the dried state and after calcination by means of conventional
methods including X-ray diffraction, TG-MS, H2-TPR-MS, Raman
spectroscopy, UV-vis-DR, ToF-SIMS and XPS. It was found that β-
cyclodextrin hasd a profound impact on the final properties of
the catalysts, both in terms of reducibility and dispersion of

active species. It is suggested that at the early stages of the
calcination, some hydroxyl groups of the β-CD units in close
contact with Ca2+ of hydroxyapatite could play the role of
spacers between the copper-based entities thus minimizing the
aggregation process of the CuO nanoparticles. Finally, these
copper oxide catalysts prepared from β-cyclodextrin were able
to oxidize toluene more efficiently than the conventional
catalyst. The copper oxide particles generated by the thermal
decomposition of Cu2(OH)3(NO3) were smaller than those
formed with copper nitrate alone and exhibited a higher
reducibility, two key determinants for VOC total oxidation on
transition metal oxides.

Introduction

Toluene is regulated as a hazardous air pollutant and is subject
to the emission limitations for various processes and operations
in the synthetic organic chemicals manufacturing industry. Due
to severe problems caused by toluene, different techniques for
toluene abatement have been developed. Catalytic oxidation is
one of the effective methods for toluene degradation as it
oxidizes it to CO2 and does not deliver other pollutants to the
environment.[1–3] Catalysts can be divided into noble metal
catalysts and transition metal oxide (TMO) catalysts.[4] Noble
metals show excellent activities for the total oxidation of
Volatile Organic Compound (VOC) at low temperatures[5,6] but
have disadvantages such as being expensive, easy to sinter and
easy to poison, which greatly limit their practical application.
Compared to noble metals, TMO are cost-effective, superior
resistance to poisoning and higher thermal stability.[7,8] Among

the different TMO, CuO displays a good activity in toluene
oxidation.[9,10] Notably, Al2O3 supported CuOx show good
performances in toluene oxidation.[11,12] Interestingly, it has
been reported that a high density of weak acid sites is required
for high toluene oxidation activity.[13]

Among the different types of support materials, hydroxya-
patite (Ca10(PO4)6(OH)2, Hap, stoichiometric Ca/P=1.67) which is
the main component of bones and teeth has received
increasing interest in recent years due to its remarkable
properties including non-toxicity, stability (chemical, thermal),
easy tailoring of the acid-base properties (through variation of
the Ca/P ratio) and the ability to undergo cationic and anionic
substitution. The combined properties of hydroxyapatites
render them highly attractive for a wide range of
applications.[14] and especially in heterogeneous catalysis.[15,16]

Recently a new strategy in development of hydroxyapatite as
promising noble-metal-free catalyst for VOC elimination and
environmental cleaning techniques has emerged.[17] It is found
that the predominant defect/oxygen vacancy generation in
PO4

3� site and enhanced basic site population established by
selective mechanochemical activation of c-plane, facilitates the
favorable catalytic oxidation route towards highly-efficient CO2/
CO conversion of VOC. The decomposition mechanism of VOC
on stoichiometric HAp has been attributed to the generation of
active oxygen radical during heating process. Such active
radicals have been formed by the recombination of oxygen
molecules and electrons trapped on Hap, which have been
produced by the dehydration of � OH groups on c-plane of
Hap.[18,19] This finding has prompt researchers to synthesize Hap
structure with plenty of � OH groups such as ultralong Hap
nanowires (NWs) which have attracted considerable attention
due to their unique properties.[20] Indeed, Hap NWs alone[21] or
as a heterojunction (Hap NWs@Co-MoF)[22] are able to activate

[a] M. Ibrahim, Dr. J.-M. Giraudon, O. Gardoll, Prof. J.-F. Lamonier
Univ. Lille, CNRS, Centrale Lille, Univ. Artois, UMR 8181
Unité de Catalyse et Chimie du Solide (UCCS)
Lille, 59000 (France)
E-mail: jean-marc.giraudon@univ-lille.fr

[b] M. Ibrahim, Prof. M. Labaki
Laboratory of Physical Chemistry of Materials (LCPM)/PR2 N
Lebanese University
Faculty of Sciences
Fanar, BP 90656
Jdeidet El Metn (Lebanon)

[c] Prof. A. Ponchel
Univ. Artois, CNRS, Centrale Lille, Univ. Lille, UMR 8181
Unité de Catalyse et Chimie du Solide (UCCS)
Lens, 62300 (France)

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

ChemCatChem

www.chemcatchem.org

Research Article
doi.org/10.1002/cctc.202200943

ChemCatChem 2023, 15, e202200943 (1 of 14) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 03.01.2023

2301 / 279161 [S. 173/186] 1

 18673899, 2023, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202200943 by Portail B
ibC

N
R

S IN
C

, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0003-0476-7973
http://orcid.org/0000-0002-6420-1296
https://www.sciencedirect.com/topics/engineering/cyclodextrins
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202200943&domain=pdf&date_stamp=2022-12-13


peroxomonosulfate (PMS) to degrade efficiently persistent
water pollutants. Although the conversion of VOC leads to high
global COx (x=1, 2) yields, the conversion of VOC into CO2 is
rather low due to the lack of redox sites able to transform CO
into CO2. In a recent paper, Qu et al.[23] have explored the
impact of different methods including ion exchange, co-
precipitation and impregnation for the preparation of copper
doped hydroxyapatite catalysts to adjust the location of Cu on
hydroxyapatite and discussed the differences in catalytic
performances for HCHO oxidation. Firstly, five possible locations
for copper species supported on hydroxyapatite are proposed
based on the features of hydroxyapatite and experimental
results: (1) substitution of Ca2+ ions exposed on the surface CaS

corresponding to dispersed Cu(II) clusters; (2) attached on the
surface of hydroxyapatite (bulk CuO or Cu2(OH)PO4); (3)
substitution of CaII (calcium ions at site II); site 4: substitution of
CaI (calcium ions at site I) during the formation of
Ca19Cu2(PO4)14); (5) in the c-axis oriented channel (CuO particles).
It is found that the method of preparation has a profound
impact on the location of Cu species. While both impregnation
and co-precipitation resulted in high content of surface Cu
species in the form of bulk CuO along with some channel CuO
particles (impregnation) and Cu species occupying CaI sites (co-
precipitation), ion-exchange favor the substitution of CaS sites
leading to dispersed Cu(II) clusters found to be the most active
in oxidation of formaldehyde. However, ion-exchange resulted
in a three-fold decrease of the Cu content in the hydroxyapa-
tite, contrarily to the other two methods.

Our group has previously investigated the effect of copper
loading on hydroxyapatite using wet impregnation.[24] Better
activity and good stability over time in toluene oxidation
observed for the lowest Cu loading (2.5 wt%) is ascribed mainly
to well dispersed CuO nanoparticles on hydroxyapatite and
possibly because of the participation of hydroxyapatite in
toluene activation. Notably, an increase in metal loading results
in copper oxide particle agglomeration and therefore in a
decrease of catalytic activity. These results prompt us to select
another strategy of catalyst preparation to improve Cu
dispersion and redox properties based on the addition of β-
cyclodextrin (β-CD) during the wet impregnation step.

β-CD is a cyclic oligosaccharide consisting of seven α-(1-4)-
linked D-glucopyranose units. It is a hollow cone-shaped
molecule with an exterior hydrophilic surface and interior
electron-rich hydrophobic cavity of 0.79 nm depth, which is
capable of forming stable, supramolecular structures.

Cyclodextrins (CDs) take advantage of their hydrophobic
cavity and their two hydrophilic rims to form host-guest
complexes[25] and supramolecular adducts,[26–28] respectively. As
a consequence, cyclodextrins and their derivatives have found
applications in many areas, for example in drug carrier systems,
food industry, cosmetics, remediation and catalysis.[29]

Regarding heterogeneous catalysis the first application of
cyclodextrins in the preparation of supported heterogeneous
catalysts using aqueous impregnation has been reported for
the design of alumina supported catalyst efficient in Fischer-
Tropsch synthesis.[30] The structure and catalytic performance of
alumina supported cobalt catalysts for Fischer–Tropsch syn-

thesis are profoundly affected by the addition of β-CD during
catalyst preparation. Impregnation of alumina with solutions
containing β-CD leads to higher metal dispersion and exceed-
ingly enhances both reaction rate and heavy hydrocarbons
productivity. The use of β-cyclodextrin during the impregnation
step seems to increase the crystal nucleation site density which
can be associated to the complexes of cobalt with β-cyclo-
dextrin or to the products of its decomposition. The observed
activity, almost four times higher than without the use of β-CD
has been mainly ascribed to the enhancement of cobalt
dispersion.

Later, the pivotal role of β-cyclodextrin, among others, has
been particurlarly investigated in assisted synthesis of sup-
ported TMO catalysts for VOC oxidation. L. Bai et al.[31] have
reported the effect of β-cyclodextrin on the genesis of zirconia
supported cobalt oxide phase to be related on their perform-
ances in the total oxidation of formaldehyde. It turns out that β-
CD has a strong impact on the final structure of the catalysts, in
terms of reducibility and dispersion of active species. The
starting interactions between β-CD and Co(NO3)2 in solution
and in the dried solid states after impregnation on the support
are known to be of fundamental importance to control the
nucleation and growing processes of metal oxide species. The
authors postulate the formation of supramolecular adducts
between β-CD and Co2+ and NO3

� The catalytic results indicate
that the better-dispersed CoCD0.1/Zr (Co/CD molar of 0.1)
catalyst with enhanced reducibility of cobalt exhibits the
highest conversion of formaldehyde into CO2. Regarding the
role of β-CD in Co dispersion and catalytic performance, it can
be invoked that supramolecular adducts are formed between β-
CD and Co2+ as well as NO3

� . Knowing that the native β-CD is a
polyhydroxylated molecule containing 21 hydroxyl groups, the
optimal effect obtained at the ratio of 0.1 (in other words, 2.1
OH groups per cobalt atom) can be rationalized by invoking the
formation of supramolecular adduct of Co2+ with β-CD, in
which the cobalt center would interact with two O atoms from
the outside rims of the β-CD. Cyclodextrin can be considered as
scaffold molecule that concentrates the cobalt ions at its close
vicinity and leads to the formation of more stable complexes of
cobalt ions with β-CD and its oxidation products formed during
calcination. These complexes minimize the aggregation process
by preventing the interactions of cobalt ions together and their
subsequent decomposition results in the formation of smaller
and more reducible cobalt oxide particles on zirconia.

In a subsequent paper,[32] the same team has reported on
the use of β-CD during the preparation of zirconia-supported
cobalt oxide catalysts by impregnation with respect to three
cobalt precursors (i. e. cobalt nitrate, acetate and acetylaceto-
nate). The effect of β-CD is carefully discussed at different
stages of the material preparation. It is found again that β-CD
has a strong impact on the final properties of the catalysts,
both in terms of reducibility and dispersion of active species.
The results are rationalized to the occurrence of complexation
between the cobalt precursor and β-CD and highlight the
pivotal role played by the counter-anion. The best combination
is obtained using cobalt nitrate with a β-CD/cobalt ratio 0.1 and
the beneficial impact of cyclodextrin for the impregnation
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method have been successfully extended to other cyclodextrins
such as α-CD and γ-CD.

Recently, the facile CD-assisted co-impregnation method
has been used to prepare a highly active CuO-CeO2 catalyst
dispersed on mesoporous silica foam (MCF) after calcination at
450 °C for CO oxidation.[33] Compared with a reference catalyst
synthesized by a conventional method, the one prepared by
CD-assisted method has higher activity and stability in CO
oxidation. A higher dispersion, an enhanced homogeneous
distribution of the active components (Cu and Ce), more Ce3+

and Cu+ species linked to surface defects have been invoked as
contributing to the higher catalytic performances in CO
oxidation.

Based on these previous results, the objective of the present
work is to apply the concept of β-cyclodextrin assisted synthesis
for the design of hydroxyapatite supported copper oxide
catalyst containing 10 wt% copper with improved catalytic
properties in toluene total oxidation. On purpose, two catalysts
have been prepared by wet impregnation starting from copper
nitrate as copper precursor without and with β-cyclodextrin
added in a non-stoichiometric amount (β-CD/Cu=0.1). The
samples have been then dried at 80 °C and calcined at 400 °C.
Characterizations for dried and calcined samples with β-CD
additive and catalytic results have been systematically com-
pared with the data obtained for the reference copper catalyst
prepared without β-cyclodextrin.

Results and Discussion

Dried precursors

Structural characterization

X-Ray Diffraction (XRD)

The powder X-ray diffraction patterns of the dried 10 Cu/Hap D
and 10 Cu-CD/Hap D samples are shown in Figure 1-a. The XRD
diffractograms of both compounds display the characteristic
peaks relative to the hexagonal hydroxyapatite phase (PDF 00-
009-0432) with a P63/m space group. Additional peaks located
at 2θ=12.8° and 36.5° in both 10 Cu/Hap D and 10 Cu-CD/Hap
D diffractograms are ascribed to copper hydroxynitrate with
Cu2(OH)3(NO3) formula, naturally found in the mineral called
gerhardtite (PDF 75-1779).

This basic Cu(II) salt, which is known to be formed by careful
heating of Cu(NO3)2.3H2O at 80 °C,[34–35] has been previously
shown on dried copper-loaded hydroxyapatite systems using
incipient wetness impregnation method.[36]

The mean crystallite size of copper hydroxynitrate, based on
the Scherrer equation from the peak located at 2θ=12.8°, is of
the same order of magnitude for the 10 Cu/Hap D and 10 Cu-
CD/Hap D samples with values of 84 nm and 96 nm, respec-
tively. The presence of multiple peaks in the 10–25° 2θ range
characteristic of the XRD pattern of pure β-CD (Figure 1-b) in
accordance with literature reports[37–38] are not observed for 10

Cu-CD/Hap D sample, suggesting a homogeneous distribution
of β-CD in the material.

ToF-SIMS

The interactions between copper and hydroxyapatite with β-
cyclodextrin or its degradation products have been investigated
using ToF-SIMS. Figure 2 shows the superposition of the ToF-
SIMS spectra for the dried samples in polarity (+) in the 90.60-
94.60 m/z range. It is possible to observe intense secondary
ions at m/z 90.9217, 91.9295, 92.9264 which can be ascribed to
CuOC+, CuHOC+ and 65CuOC+ for 10 Cu-CD/Hap D. The
presence of these ions strongly supports the favorable inter-
action of the cyclodextrin degradation by-products with Cu.
Additionally it can be observed secondary ion at m/z 68.961
being ascribed to CaOCH+ which shows that β-cyclodextrin
degradation by-products interact with the Lewis acid sites Ca2+

of the hydroxoapatite. This finding agrees with previous study
highlighting that the hydroxyl groups of β-CD are the major
interaction sites between Ca2+ and β-CD.[39]

Figure 1. XRD patterns of a) 10 Cu/Hap D, 10 Cu-CD/Hap D and of b) pure β-
CD.
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Raman spectroscopy

The Raman spectra of different grains (A–F) of 10 Cu/Hap D are
shown in Figure 3-a. Differences appear between the various
spectra, both in terms of lines positions and intensity, high-
lighting a great heterogeneity of the solid. It is always observed
the characteristic modes of vibration of PO4

3� of the Hap

support located at 961 cm� 1 (ν1 symmetric stretching of P� O),
428 and 445 cm� 1 (ν2 bending modes of O� P-O), 578, 590, and
606 cm� 1 (ν4 mode).[40] The Raman spectrum A shows Raman
lines at 256, 278, 332, 407, 500, 709, 718, 745, 1047, 1320, and
1439 cm� 1 which can be ascribed to the characteristic lines of
Cu2(OH)3(NO3).

[41,42] Most interestingly, the Raman spectra C–F
exhibit two modes of vibration at about 290 and 646 cm� 1

which can be ascribed to the Ag and B2g modes of CuO,
respectively,[43] indicating the formation of some CuO particles
during the drying step. By opposition, the Raman spectra of
different grains (A–F) of 10 Cu-CD/Hap D shown in Figure 3-b
are rather similar showing a good homogeneity of the sample.
It is only observed, alongside the different vibration modes of
PO4

3� , the vibration modes of Cu2(OH)3(NO3) without the
presence of CuO. This last finding agrees with the work of Bai
et al.[31] who reported absence of transition metal oxide in the
presence of β-CD during the drying step.

Decomposition of the dried impregnated 10 Cu/Hap D and 10
Cu-CD/Hap D samples

Thermal analysis coupled with mass spectrometry
(TGA-DSC/MS)

A thermogravimetric analysis coupled with mass spectroscopy
was carried out in order to investigate the effect of β-CD on the
degradation pathway of the supported Cu precursors in dry air
on the dried solids, after impregnation on hydroxyapatite,
solvent evaporation and drying at 100 °C. Figures 4-a and 4-b
show the TGA/DTG and TGA/DSC traces of the solid trans-
formation and the temperature programmed desorption pro-
files of H2O (m/z 18), CO2 (m/z 44), NO (m/z 30) and NO2 (m/z
46) detected in the course of the solid transformation carried
out on 10 Cu-CD/Hap D and 10 Cu/Hap D. The weight losses
inherent to these transformations are displayed in Table 1.

Without β-cyclodextrin, a total weight loss of 17.6 wt% is
observed within the whole temperature range from 20 °C to
600 °C. The DTG curve shows three peaks at 65 °C, 320 °C and
415 °C corresponding to three distinct steps. The first endother-
mic step is associated with the release of adsorbed water[44] in
line with H2O evolution (m/z=18, 17; Figure 4-c). The second
weight loss which takes place between 200 °C and 400 °C
associated with concomitant NO (Figure 4-d) and H2O (Figure 4-
c) release can be the result of the slow and continuous thermal
decomposition of the copper hydroxynitrate[34–35] generating
CuO via H2O and HNO3 removal which decomposes rapidly into

Figure 2. ToF-SIMS spectra of 10 Cu/HapD and 10 Cu-CD/HapD in polarity(+)
in the 90.60-94.60 m/z range.

Figure 3. Raman spectra of a) Hap, Cu(NO3)2.3H2O, and 10 Cu/Hap D, b) Hap,
Cu(NO3)2.3H2O, β-CD, and 10 Cu-CD/Hap D materials (A, B, C, D, E and F
correspond to spectra obtained for different grains of sample).

Table 1. TGA based data for 10 Cu/Hap D and 10 Cu-CD/Hap D solids.

Sample Global weight loss
[%]

Experimental weight loss [%]
1st step 2nd step 3rd step

10 Cu/Hap D 17.6 4.1
(20–
200 °C)

11
(200–
400 °C)

1.2
(400–
450 °C)

10 Cu-CD/
Hap D

26.6 3.1
(20–
120 °C)

6.4
(120–
190 °C)

15.1
(190–
350 °C)
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NO and NO2.
[45–46] Finally, the third endothermic step, charac-

terized by a weight loss of around 1.2 wt%, occurring between
400 °C and 450 °C can be due to the decomposition of
remaining nitrate species probably incorporated in the Hap
support in line with NO removal.

The introduction of β-CD as additive at a ratio of 0.1 has a
significant effect on the thermal decomposition of the copper

entities adsorbed on hydroxyapatite surface. Indeed, the TG
curve is shifted to lower temperature indicating easier degrada-
tion of the Cu entities. As expected, a higher total weight loss
of 26.6 wt% is observed due to the presence of β-CD. The DTG
trace reveals again a three-step decomposition process with
peak temperatures located at 65 °C, 148 °C and 227 °C (Figure 4-
a). The first endothermic process leading to a slight weight loss

Figure 4. TGA-DTG a), TGA-DSC b) and MS signals corresponding to the evolution of H2O (c), NO, NO2 (d), and CO2 (e) in 10 Cu/Hap D and 10 Cu-CD/Hap D
sample.
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of 3.1 wt%, observed from 20 °C to 120 °C, is due to the release
of adsorbed water as well consistent with the evolution of
signal intensity for m/z=17 and 18 (Figure 4-c). By opposition
the second and third exothermic processes taking place at
120 °C–190 °C and 190 °C–350 °C are accompanied by the
release of H2O, CO2 (Figure 4-e) and NO/NO2.

Based on the trace of m/z=30, it is found that the nitrate
thermal decomposition starts at 120 °C as compared to 200 °C
for 10 Cu/Hap D. These nitrate species are supposed to belong
to the gerhardtite in close vicinity of β-CD in accordance with
simultaneous release of H2O and CO2, although the release of
H2O can also arise from water molecules present in the cavity of
the β-CD.[47] The third process is consistent with the complete
degradation of Cu2(OH)3(NO3) to generate NO/NO2 and H2O and
of the concomitant degradation and oxidation of β-CD to give
CO2 and H2O. Thus, while it is observed that β-CD starts to
decompose at about 150 °C, the major weight loss occurs at
227 °C. Note that these temperatures are significantly lower
than the temperatures observed for the thermal degradation of
β-CD (300–320 °C) when impregnated on hydroxyapatite
support,[48] in rather similar conditions, but in the absence of
copper salt. TG profiles with similar temperature ranges ~
300 °C have been also obtained for β-CD in the bulk state.[49]

Knowing the oxidizing potential of copper and nitrate species,
this shift toward lower temperatures may again be indicative of
the proximity of β-CD to the copper and nitrate ions on
hydroxyapatite surface. Finally, the constant weight loss
observed after 450 °C (1.3 wt%, 10 Cu/Hap D) and 350 °C (2 wt
%, 10 Cu-CD/Hap D) is mainly due to the dehydroxylation of the
Hap.[50–51]

Calcined catalysts

Structural characterization

X-Ray Diffraction (XRD)

To get more information on the effect of the β-CD addition on the
structural characteristics of the copper-supported hydroxyapatite
solids after calcination, the two calcined samples have been
further analyzed by wide angle X-ray diffraction. The correspond-
ing X-ray diffractograms are shown in Figure 5-a with a zoom in
the 2θ range of 34–42° (Figure 5-b) showing the dominant CuO
(111) and (11-1) diffraction peaks with a monoclinic structure
(tenorite, PDF n° 00-048-1548). We observe that, after the
impregnation of the copper precursor and the subsequent
calcination, there is no modification of the crystallographic
features of the hydroxyapatite support in the hexagonal phase
(PDF n° 00-009-0432) in terms of intensity and peak position.
These results indicate that the addition of copper does not
interfere with the structure of hydroxyapatite to some extent. The
two intense reflection peaks at 2θ=35.5° and 38.8° as well as a
less intense peak at 2θ=48.7° show that CuO nanocristallites can
be formed upon calcination in air at 400°C. The average crystallite
size estimated from the FWHM of the peak at 2θ=48.7° to get rid
of peak overlapping occurring for the most two intense peaks

(Figure 5-b) using Scherrer equation is 45 nm in accordance with
previous results.[22] Notably, a significant reduction in the intensity
and broadening of the peaks relative to CuO are observed for the
calcined β-CD sample indicating that the average crystallite size of
copper oxide strongly decreases to a value of 14 nm. This indicates
that the presence of the β-CD or its degradation products at the
early stages of the calcination in close interaction with the copper
entities prevents the growth of large particles of CuO.

Raman spectroscopy

Optical visualization of the 10 Cu/Hap and 10 Cu-CD/Hap samples
reveals bright and dark zones. The bright-contrast and the dark-
contrast zones are defined as hydroxyapatite and copper oxide
enriched zones, respectively. Figures 6-a and 6-b present typical
Raman spectra of grains belonging to the bright and dark zones
of 10 Cu/Hap and 10 Cu-CD/Hap to be compared with that of
pure Hap. The Raman spectra of the bright areas of both samples
are rather similar to that of pure Hap showing the four active ν1,
ν2, ν3 and ν4 vibrational modes of PO4

3� , the only differences being
those in the width and relative intensity of the lines. In particular,
it is noticed that the full width at half maximum (FWHM) of the
most intense ν1 vibrational mode increases owing to: 6.9 (Hap)
<7.5 (10 Cu-CD/Hap) <8.9 cm� 1 (10 Cu/Hap) indicating a decrease
in the crystallinity of Hap. The typical spectra of the dark zone for
both samples shows the three Raman active modes Ag and 2Bg

Figure 5. a) XRD patterns of 10 Cu/Hap, 10 Cu-CD/Hap and Hap samples; b)
a zoom in the 2θ range of 34–42°.
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relative to the monoclinic structure of CuO which is described by
the C2h space group. The Raman spectrum of 10 Cu/Hap displays
three distinct lines at 292 cm� 1, 340 cm� 1 and 626 cm� 1 which
correspond to the Ag, Bg (1) and Bg (2) modes of the CuO single
crystal, respectively.[52] By opposition, it is now observed large
peaks of low intensity located downshift at 286 cm� 1, 331 cm� 1

and 598 cm� 1 for 10 Cu-CD/Hap related to small CuO NP. The
broadenings and red shifts of the Raman lines can be mainly
attributed to the quantum confinement effect of the CuO
nanoparticles[53] in line with size effects[52] which agree with XRD
results.

Besides, it is observed for 10 Cu-CD/Hap (dark zone) that the
position of the main line of Hap (ν1 mode of PO4

3� ) is red-shifted
from 961.0 cm� 1 (Hap) to 956 .1 cm� 1 and that the line clearly
broadens as the measured FWHM increases from 7.2 cm� 1 (Hap)
to 10.4 cm� 1. This line broadening and red shift can be associated
to the decrease of crystallinity of the sample linked to the change
in the PO4

3� surrounding implying an increase of the P� O bond
distances. This finding can be related to the incorporation of some
Cu2+ in the Hap structure as previously observed in the
literature.[54]

Speciation of copper (II)

UV-visible/DR

The UV-vis diffuse reflectance spectra of the dried and calcined
samples at 400°C are shown in Figure 7. As pure hydroxyapatite
Hap shows only a band at 205 nm ascribed to O2� -Ca2+ charge
transfer,[55] the new bands for Cu based samples can be ascribed
to copper related species. Both dried samples show similar spectra
consisting of an intense absorbance band in the UV range
centered at about 260 nm which can be ascribed to O2� -Cu2+

charge transfer transitions[56] and a very large band starting from
540 nm to extend beyond 900 nm which can be due to d-d
transitions of Cu2+ in accordance with the two different distorted
octahedral sites within the layer of copper hydroxynitrate
Cu2(OH)3NO3.

[57]

The blue color of the uncalcined samples transform into gray
and brown after the calcination step for Cu10/Hap and 10 Cu-CD/
Hap, respectively. The spectrum of 10 Cu/Hap sample shows a
large band in the 600–900 nm range with a maximum at 750 cm� 1

which can be assigned to d-d transitions of Cu2+ in a tetragonal
distorted octahedral Oh configuration indicative of the formation
of dispersed CuO particles,[58] in agreement with XRD results.
Additionally, the absorption bands in the 290–400 nm range can
be assigned to Cu2+-O2� -Cu2+ charge transfer.[59] The calcination
step of the 10 Cu-CD/Hap D sample provokes the appearance of
CuOx three-dimensional clusters highlighted by the presence of
absorption bands region at 325 nm and 440 nm assigned to Cu2+-
O2� -Cu2+ charge transfer.[60] A band at about 715 cm� 1 can be
assigned again to d-d transitions of Cu2+ in a tetragonal distorted
octahedral Oh configuration.

Redox characterization

Temperature programmed reduction coupled with mass
spectrometry (H2-TPR-MS)

The reducibility of copper oxide to metallic copper is assessed by
H2-temperature programmed reaction - mass spectrometry. The

Figure 6. Raman spectra of a) Hap, 10 Cu/Hap bright zone, 10 Cu/Hap dark
zone b) Hap, 10 Cu-CD/Hap bright zone, 10 Cu-CD/Hap dark zone.

Figure 7. UV-vis diffuse reflectance spectra of the dried and calcined samples
at 400 °C.
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H2-TPR profiles of the copper catalysts are given in Figure 8 and
the temperature programmed desorption profiles of H2O (m/z 18),
CO2 (m/z 44), NO (m/z 30) and NO2 (m/z 46) are exhibited in
Figure 9 while Table 2 lists the results in terms of H2 consumption
and starting temperature of reduction. In both cases, the total
hydrogen consumed in the whole H2-TPR experiment exceeds the

theoretical amounts required for the complete reduction of
copper ions in the CuO phase, from the oxidation state + II to 0.
Taken these results into account, it is suggested the participation
of remaining reducible species such as NO3

� /CO3
2� incorporated in

the hydroxyapatite lattice to report on this hydrogen over-
consumption which is higher without β-CD additive. The H2-TPR
profile of the sample prepared without β-CD exhibits three distinct
H2 consumption peaks. The first H2-TPR peak at 234°C is attributed
to the reduction of remaining nitrate species in line with the
release of NO (m/z=30) while the second more intense peak
(250°C–375°C) corresponds to the reduction of CuO into metallic
Cu. The high-temperature peak with a peak maximum at 450°C is
ascribed to the reduction of nitrate species trapped in hydrox-
yapatite into N2 (m/z=28, m/z=14) and NH3 (m/z=17, m/z=16).
Such evolution of gaseous nitrogen species as a function of
temperature follows the reaction scheme of the catalytic hydro-
genation of nitrate species over copper bearing materials
proposed in previous investigations[61–62] and represented by
scheme 1:

The H2-TPR profile observed after addition of β-CD additive
shows a strong modification of the copper reducibility. One H2

consumption peak is visible in the 155°C-300°C region ascribed
mainly to the reduction of CuO into metallic Cu. Indeed,
examination of the gaseous product distribution at the exit of the
reactor reveals the presence of NO in the 150°C–250°C region
and of NH3/N2 in the 250°C–500°C region as already observed for
the cyclodextrin free sample but to a minor extent and shifted to
low temperatures. One can note also the detection of CO2 (m/z=

44, m/z=28) in the 150°C–250°C region resulting presumably
from the reduction of carbonaceous residues of the calcined β-CD.

To overcome the problem of reduction of nitrate species at
low temperature, the reducibility of the solids is determined from
the temperature corresponding to the onset of NO production
(TNO) knowing the capacity of Cu(0) to reduce NO3

� species into
NO at low temperature. The most reducible solid is thus the one
with the lowest value of TNO (°C): 10 Cu-CD/Hap (110) <10 Cu/Hap
(150). Such a beneficial effect of β-CD on the reducibility, already
observed in the literature,[31–32] can be related to the intimate
contact between β-CD and copper species taking place during the

Figure 8. H2-TPR profiles of 10 Cu/Hap and 10 Cu-CD/Hap solids calcined at
400 °C.

Figure 9. Evolution of the intensity of the signals corresponding to m/z=2
(given by the y-axis on the right), 12, 14, 15, 16, 17, 28, 30, and 44 (given by
the y-axis on the left) as a function of temperature for the solids: a) 10 Cu/
Hap and b) 10 Cu-CD/Hap.

Table 2. H2-TPR results.

Sample Tonset reduction

[°C] [a]
TNO [°C]
[b]

n(H2)th
[c]

[mmol.g� 1]
n(H2)exp

[d]

[mmol.g� 1]

10 Cu/Hap 156 150 1.58 2.81
10 Cu-CD/
Hap

85 110 1.58 1.99

[a] Temperature of onset reduction. [b] Temperature of NO appearance.
[c] Theoretical amount of H2 consumed. [d] Experimental amount of H2

consumed.

Scheme 1. Reaction scheme of the catalytic hydrogenation of nitrate on Cu-
based catalysts.
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first stages of the calcination. β-CD or its decomposition products
can act as spacers which prevent the sintering of the CuO particles
produced from the decomposition of Cu2(OH)3(NO3), then resulting
in a decrease of the nano copper oxides particles weakly
interacting with the hydroxyapatite support.

Surface characterizations

X-ray photoelectron spectroscopy (XPS)

XPS characterization of the calcined samples has been investigated
in order to get insight into the valence state of copper and its
relative dispersion on the hydroxyapatite support. The Cu 2p core
level XPS spectra are given in Figure 10-a and the quantitative
data are gathered in Table 3. For the calcined copper sample
without addition of β-CD, the BE of Cu 2p3/2 at 933.6 eV and the
satellite to the main Cu 2p3/2 peak (Isat/Ipp) intensity ratios of 0.50
compare well to the values of 933.6 eV and 0.53 found for a bulk
copper oxide.[63] For the sample with β-CD additive, the Cu 2p3/2

peak position is now observed at a higher BE of 934.2 eV and the
Isat/Ipp value is 0.55. These results are consistent with the presence
of copper oxide particles dispersed on hydroxyapatite which
interact more strongly with apatite in the presence of cyclodextrin
additive. Notably, the ratio of copper to the sum of calcium and
phosphorus surface concentrations Cu/(Ca+P) measured by XPS
of 0.06 doubles when using β-CD. The copper enrichment at the
surface of hydroxyapatite for 10 Cu-CD/Hap once again suggests
supported copper oxide particles of smaller sizes.[64] For both 10
Cu/Hap and 10 Cu-CD/Hap, Ca 2p3/2, P 2p and O1s photopeaks
(Figures 10-c, 10-d and 10-e) were found to be, respectively,
located at 347.0, 133.1 and 531,0 eV, values which are typical of
hydroxyapatite material.[65]

Regarding the presence of any residual carbonaceous based
entities in 10 Cu-CD/Hap, no additional feature or significant
increase in the intensity of the peaks noted in C1s core level
spectrum can be seen for 10 Cu-CD/Hap when compared to 10
Cu/Hap sample (Figure 10-b). The evaluation of the relative
proportions of phosphate and calcium ions exposed at the surface
of Hap was performed through the determination of the Ca/P
ratios from the peak corresponding to the Ca 2p and P 2p core
levels. It is worthy to note that the Ca/P ratio of 10 Cu/Hap of 1.50
is similar to that of the Hap calcined at 400°C of 1.49. However,
the Ca/P ratio of 1.35 for 10 Cu-CD/Hap is lower than that of the
10 Cu/Hap which might indicate that the presence of β-cyclo-
dextrin could have an effect on the Ca2+/PO4

3� surface distribu-
tion. However, the surface terminations of crystalline hydroxyapa-
tite particles which can be enriched either in calcium or in
phosphate species, play a crucial role in reactivity and raises the
question of whether the XPS method is reliable in characterization
the top layer of the sample. For this purpose, it has been
previously shown that LEIS which is a sensitive technique to probe
the top layer of the different Haps indicates an enrichment of Ca
while XPS data conclude to lower Ca/P ratios.[66]Figure 10. (a) Cu 2p, (b) C1s, (c) Ca2p3/2, (d) P2p and (e) O1s XPS core levels

for 10 Cu/Hap and 10 Cu-CD/Hap materials.

Table 3. XPS based data for 10 Cu/Hap and 10 Cu-CD/Hap.

Sample Cu 2p3/2 BE FWHM[a]

Cu 2p3/2

Cu 2p1/2 BE FWHM[a]

Cu 2p1/2

Isat/Ipp
[b] Ca/P[d] Cu/

(Ca+P)[d]

10 Cu/Hap 933.6 3.9 953.7 4.4 0.50 [0.47]c 1.50 0.06
10 Cu-CD/Hap 934.2 3.8 954.5 4.4 0.55 [0.53]c 1.35 0.13

[a] Full width at half maximum. [b] Intensity ratio between Cu 2p3/2 and corresponding satellite peak. [c] Intensity ratio between Cu 2p1/2 and corresponding
satellite peak. [d] XPS atomic ratio.
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Catalytic performances in the total oxidation of toluene

Toluene oxidation light-off curves (toluene conversion-temper-
ature plot) for 10 Cu/Hap and 10 Cu-CD/Hap are shown in
Figure 11. The comparison of the two curves clearly shows the
beneficial effect of the addition of cyclodextrin during the
preparation of the catalyst. Cu-CD/Hap outperforms Cu/Hap
whatever the reaction temperature and a T50 (toluene) of 232°C
and 253°C is respectively obtained. The catalytic performances of
10 Cu/Hap and 10 Cu-CD/Hap and some platinum-supported
(Al2O3, SiO2 and TiO2) catalysts tested in the total oxidation of
toluene are reported in Table 4. Our best performing catalyst, i. e.
10 Cu-CD/Hap, shows comparable activity to Pt-supported
catalysts. The catalytic properties of the various Cu-based materials
obtained in the total oxidation of toluene have already been
recently overviewed by our group.[24] Compared to copper-based
catalysts supported on classical supports such as alumina, titania
and silica,[24] 10 Cu-CD/Hap is significantly more active in toluene
total oxidation. The comparisons above clearly highlight the key
contribution of the cyclodextrin towards the development of low
cost and high-performance catalytic systems for toluene total
oxidation.

The catalytic performances of the copper oxide catalysts have
been finally assessed in the complete oxidation of toluene for
different inlet concentrations as a function of time. Figures 12-a
and 12-b show the toluene conversion as a function of time (24 h)
at 250°C for three successive different inlet toluene concentrations

(200-400-800 ppmv) in dry air for 10 Cu/Hap and 10 Cu-CD/Hap,
respectively. Interestingly, the 10 Cu/Hap catalyst undergoes an
activation period seen in an increase in toluene conversion as a
function of time in the first two stages of the experiment. The first
activation period can be connected with the elimination of
remaining poisonous surface nitrate species retained on the
hydroxyapatite. Anyway, it is observed that the toluene conversion
decreases with increasing toluene concentration. The toluene
conversion decreases from 65% to 62% to 31% for Cu/Hap and
from 85% to 65% to 38% for Cu-CD/Hap at the end of each stage
of the experiment. Notably, it is observed for the first two steps of
the experiment an induction period before stabilization of the
conversion for the Cu/Hap catalyst. In conclusion, the Cu-CD/Hap
catalyst exhibits a higher catalytic activity than that observed with
Cu/Hap. This behavior can be explained by the presence of highly
dispersed copper oxide crystallites of small size and high

Figure 11. Light-off curves for the toluene oxidation in the presence of 10
Cu/Hap and 10 Cu-CD/Hap catalysts.

Table 4. Toluene concentration, VHSV, T50 on our catalysts and conven-
tional Pt based catalysts.

Catalyst Toluene
[ppm]

VHSV
[L.g� 1.h� 1]

T50 toluene
[°C]

Reference

10% Cu-CD/
Hap

800 30 232 Present
work

10% Cu/Hap 800 30 253 Present
work

0.5% Pt/Al2O3 1000 200 205 [67]
0.5% Pt/SiO2 1000 200 205 [67]
0.5% Pt/TiO2 1000 200 230 [67]

Figure 12. Time-on-stream plot of toluene conversion at 250 °C over 10 Cu/
Hap and 10 Cu-CD/Hap catalysts for three different toluene concentration
values: 200, 400, and 800 ppmv.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202200943

ChemCatChem 2023, 15, e202200943 (10 of 14) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 03.01.2023

2301 / 279161 [S. 182/186] 1

 18673899, 2023, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202200943 by Portail B
ibC

N
R

S IN
C

, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



reducibility as previously established by XRD, XPS and TPR
measurements, respectively, in line with previous reports.

Role of β-CD throughout the preparation of CuO/Hap

Two copper oxide catalysts supported on mesoporous hydroxya-
patite were synthesized through impregnation with aqueous
solutions containing copper nitrate with or without β-CD. It was
found that the presence of β-CD affected the final properties of
the copper oxide catalysts, in terms of metal dispersion,
reducibility and catalytic behavior in the total oxidation of toluene.
The co-impregnation of copper and β-CD over hydroxyapatite was
found to promote the catalytic activity through a combined effect
of improved dispersion of CuO particles and improved reducibility
of copper. CuO/Hap obtained from the β-cyclodextrin assisted
synthesis led to the best catalytic performance. Regarding the role
of β-CD in dispersing Cu2+ species, the formation of Cu2(OH)3(NO3)
with a similar average crystallite size of about 45 nm in the dried
state with or without β-CD seems to rule out the complexation
between the copper precursor and β-CD. When comparing with
the β-CD assisted synthesis of Co3O4/ZrO2,

[30] while the TM
(Transition Metal) precursor was a nitrate salt with a β-CD/cobalt
ratio 0.1 in both cases, the two systems differed both by the
nature of the cation and support. It was assumed that the nature
of the hydroxyapatite which had the ability to undergo cationic
and anionic substitution could favor the formation of
Cu2(OH)3(NO3) at the expense of the Cu(II)-CD complexes.
However, the native cyclodextrin delayed the formation of some
CuO NPs that were observed in the conventional impregnation.
This finding was related to the identification of direct interactions
between cyclodextrin or its degradation by-products with Cu2+

and Ca2+ of the Hap at the outermost layers of the solid. The
presence of β-CD oxidation by-products in close interaction with
Cu2+ inhibited particle growth during the first stages of the
calcination step implying water departure and boosted the
decomposition of the precursor phase of oxide at lower temper-
ature allowing an increase of the nucleation sites. Considering that
the oxidation of toluene may involve a redox mechanism implying
lattice oxygen consumption to be replenished by air from the air
stream, the beneficial effect of β-CD addition consists in a better
reducibility and dispersion of the CuO NPs on the surface of Hap.

Conclusion

To conclude, we have extended the scope of β-CD for the
synthesis by wet impregnation of a novel hydroxyapatite
supported copper oxide at a Cu content of 10 wt% for the total
oxidation of toluene. Our findings show that the addition of β-
CD (β-CD/Cu of 0.1) has strong impact on the properties of the
final catalyst in terms of reducibility and dispersion of the active
copper species. These characteristic features have been related
to the beneficial effect of β-CD on the thermal degradation
pathway of the hydroxyapatite supported Cu2(OH)3(NO3) enti-
ties detected after the drying step. The β-CD or its degradation
products homogeneously distributed on hydroxyhapatite at the

first stages of the calcination step can play the role of spacers
preventing the growth of the CuO particles as well avoiding the
incorporation of NO3

� in the hydroxyapatite support.

Experimental Section

Material preparation

Synthesis of 10 Cu/Hap and 10 Cu-CD/Hap

The stoichiometric hydroxyapatite (Hap) support, with a Ca/P molar
ratio equal to 1.67, was prepared according to a co-precipitation
procedure reported previously in literature,[68] corresponding to
Equation (1):

10 CaðNO3Þ2 þ 6 NH4H2PO4 þ 14 NH3:H2O

! Ca10ðPO4Þ6ðOHÞ2 þ 20 NH4NO3 þ 12 H2O
(1)

Prior to the impregnation step, the Hap support is calcined in dry
air at 400 °C for 4 h with a heating rate of 2 °C.min� 1.

The copper oxide catalyst with a theoretical copper content of
10 wt%, derived from β-CD-assisted synthesis was prepared by a
wet impregnation technique inspired by the work of Bai et al.:[31] in
a round bottom flask, 1.7559 g (7.19 mmol) of copper (II) nitrate
trihydrate (Sigma Aldrich, purity�99%) was added to 50 mL of an
aqueous solution containing 0.8156 g of native β-CD (C42H70O35,
M=1134 g.mol� 1, Roquette Frères) so as to have a molar ratio of
cyclodextrin to copper equal to 0.1. The solution was kept under
constant stirring for 2 hours at room temperature. The Hap support
(4 g) was then added to the copper-β-CD suspension and then
stirred again for 2 supplementary hours. The resulting mixture was
placed in a rotary evaporator (Büchi Rotavapor R-114; 60 °C; 20 rpm;
70 mbar) to remove water. The recovered solid was dried overnight
in an oven at 80 °C, resulting in a blue colored powder with a tint of
green. Then, it was calcined under air flow at 400 °C for 10 h,
leading to a dark gray powder. The so-obtained catalyst is denoted
as 10 Cu-CD/Hap. A conventional copper oxide catalyst (Cu loading:
10 wt%), prepared with the same procedure, but without addition
of β-CD and with a smaller calcination time at 400 °C (4 h instead of
10 h) is designated as 10 Cu/Hap. This conventional catalyst was
characterized by a blue color after drying step and a light grey
color after calcination step. Dried samples are labeled with the
suffix D.

Characterization

X-ray diffraction (XRD)

Powder XRD measurements were performed on a laboratory X-ray
diffractometer (Bruker AXS D8 Advance powder diffractometer
equipped with a LynxEye Super Speed detector) using a Cu� Kα
radiation (λ=1.5418 Å), with a step of 0.02° in the 2θ range of 10–
55° and a count time of 5 s. The sample was ground gently, then
filled in the depression of the XRD sample holder and smoothed
flat. Crystalline phases’ identification was made using EVA software,
by comparison to reference patterns registered in Powder Diffrac-
tion Files (PDF) of the International Centre for Diffraction Data
(ICDD) database. The Scherrer equation given below, was employed
for the calculation of the mean crystallite size of Hap supported Cu
catalysts derived from both conventional and β-CD-assisted syn-
thesis [Equation (2)]:
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D ðA∘Þ ¼
kl

bcosq (2)

where D is the crystallite size in Angström, k a dimensionless shape
factor taken as 0.9. λ is the wavelength of the Kα radiation in
Angström, θ the diffraction angle in radians and β full peak width
at half-maximum intensity in radians after subtracting the instru-
mental line broadening using LaB6 as an internal reference.

Raman spectroscopy

Raman spectra were recorded using an XploRA PLUS Raman
Microscope (HORIBA Jobin Yvon). Raman analysis was conducted
using a laser wavelength of 532 nm with an output power of
20 mW, which was reduced by attenuation filters to 0.2 mW on the
sample. The presented spectra corresponded to the average of 5
scans with 1800 s acquisition time for each scan. Preceding Raman
analysis a calibration step was performed using a silicon wafer
characterized by the Si line λ=520.6 cm� 1. A color camera linked to
the software allowed the sample to be visualised and the image to
be captured on the computer and saved.

UV-visible/DR

Diffuse reflectance spectra (DRS) of the samples were recorded at
room temperature between 200 and 900 nm with a resolution of
2 cm� 1 using a Perkin Elmer Lambda 650 optical spectrometer
equipped with a diffuse reflectance accessory.

Thermal Analysis coupled with Mass Spectrometry (TGA/DSC-
MS)

A TA Balance instrument, model: SDT 2960 DSC-TGA X, was used to
conduct thermal analysis (TGA/DSC) under an atmosphere of 20%
O2 in He (100 mL.min� 1). The sample was heated at a rate 5 °C.min� 1

from 25 °C to 1000 °C. A Pfeiffer vacuum Omnistar GSD 320 mass
spectrometer was coupled to the exit of the TGA analysis instru-
ment, allowing the monitoring of the following selected m/z
signals: m/z=12, 14, 16, 17, 18, 28, 30, and 44.

Temperature Programmed Reduction coupled with Mass
Spectrometry (H2-TPR/MS)

The H2-temperature-programmed reduction (H2-TPR) experiments
were conducted using a Micromeritics Autochem II (2920) instru-
ment, equipped with a U-shaped quartz reactor. Prior to starting
the analysis, fresh (200 mg) and used catalysts (100 mg) were
treated in Ar at 150 °C for 1 h. After cooling down, the H2-TPR
measurements were conducted in 5 vol% H2/Ar gaseous mixture
(50 mL.min� 1) from room temperature to 800 °C (10 °C.min� 1). The
amount of consumed H2 was measured by a thermal conductivity
detector (TCD) and calculated from the integrated peak areas of the
profiles. The produced water was confined in a cold trap composed
of isopropanol and liquid nitrogen before reaching the detector.
The outlet gases were identified through the study of m/z signals,
acquired by coupling the H2-TPR instrument with a mass spectrom-
eter (MS).

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

Time of flight secondary ion mass spectroscopy (ToF-SIMS) data
were acquired using a ToF-SIMS5 spectrometer (ION-TOF GmbH
Germany) equipped with a bismuth liquid metal ion gun (LMIG).

X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed on an AXIS Ultra DLD Kratos
spectrometer equipped with a monochromatic Al� Kα source (hν=

1486.6 eV), operating at 120 W. Irradiation is performed at ambient
temperature, under ultra-vacuum conditions (base pressure:
10� 9 mbar). The photoelectron spectra were calibrated using the C
1s signal detected at a binding energy of 284.8 eV from contami-
nant carbon. Data treatment was conducted using CasaXPS
software. Two recordings of Cu 2p core level XPS spectra were
carried out: one at the beginning and one at the end of XPS
analysis, in order to monitor the potential occurrence of an XPS-
induced reduction of copper particles during data acquisition.
Finally, XPS quantification was performed from the study of peak
core levels of Ca 2p, P 2p, Cu 2p, and O 1s.

Catalytic activity test

Toluene catalytic oxidation experiments were carried out at
atmospheric pressure using a continuous-flow fixed-bed reactor
located in an electrical furnace. For each catalytic run, 200 mg of
powder catalyst (100 < φ <200 μm) was placed into the micro-
reactor. The catalysts were activated 2 h at 390 °C in a dry air flow
(75 mL.min� 1) before being submitted to the reactive gas atmos-
phere (~ 800 ppmv of toluene diluted in synthetic air) at a flow rate
of 100 mL.min� 1 for 1 h (VHSV � 30 L g� 1 h� 1). Catalyst perform-
ances were evaluated at 390–25 °C with a decreasing rate of
0.5 °C.min� 1. The concentrations of the gaseous reactants and
products were analyzed online using a 7860 A Agilent Gas
Chromatograph equipped with two detectors (a thermal conductiv-
ity detector (TCD) and a flame ionization detector (FID)) connected,
respectively, to two columns (Restek Shin Carbon ST/Silco HP NOC
80/100 micro packed and capillary column Cp-Wax52CB 25 m, ∅=

0.25 mm).

Toluene conversion into CO2 (%) was evaluated by Equation (3):

CCO2 ¼
½CO2� � 100
7� toluene½ �i

(3)

in which [CO2]t was the CO2 outlet concentration and [toluene]i was
the toluene inlet concentration.

The stability tests for 72 h were performed at atmospheric pressure
and a temperature of 250 °C in a continuous-flow fixed-bed Pyrex
reactor. For each test, 200 mg of catalyst were placed in the reactor
which was set in an electric furnace. Two thermocouples were
employed, one fixed to the exterior of the reactor and one placed
into a thermowell, positioned in the middle of the catalyst bed, in
order to perform an ongoing monitoring of the reaction temper-
ature. The reactive gas mixture consisted first of 200 ppmv (from 0
to 24 h), then 400 ppmv (from 24 to 48 h) and finally 800 ppmv
(from 48 to 72 h) of toluene diluted in dry air (100 mL.min� 1)
corresponding to a gas hourly space velocity (GHSV) of 14,500 h� 1.
Prior to each stability test, the samples were activated in dry air at
390 °C for 2 h (75 mL.min� 1). Then, the temperature was decreased
to 250 °C, and the catalyst was exposed to the reactive gaseous
mixture for 72 h. The catalyst was kept in flowing air (90-300 min)
during the stabilization of the new toluene concentration. At the
end of each stability test, no more reactive gaseous mixture was
sent to the catalyst, the furnace was turned off and the system
cooled down to room temperature under static conditions. The
concentrations of the gaseous reactants and products were
assessed by gas chromatograph (7860 A Agilent Gas Chromato-
graph) equipped with two detectors and two columns: a Thermal
Conductivity Detector (TCD) that identifies permanent gases (CO,

ChemCatChem
Research Article
doi.org/10.1002/cctc.202200943

ChemCatChem 2023, 15, e202200943 (12 of 14) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 03.01.2023

2301 / 279161 [S. 184/186] 1

 18673899, 2023, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202200943 by Portail B
ibC

N
R

S IN
C

, W
iley O

nline L
ibrary on [22/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



CO2, etc.), separated on a Restek Shin Carbon ST/Silco HP NOC
80/100 micro packed column; and a Flame Ionization Detector (FID)
that recognizes hydrocarbons and aromatic compounds (toluene,
benzene, etc.), separated on a capillary column CP-Wax 52 CB:
25 m, Ø 0.25 mm ×1.2 μm.

Toluene conversion (Ct) was evaluated by the following equation:

Ct ð%Þ ¼
toluene½ �i � toluene½ �t

toluene½ �i
� 100 (3)

where [toluene]i and [toluene]t correspond to toluene inlet and
outlet concentrations, respectively.
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