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ivity of silver catalysts for soot
combustion by modification of the alumina support

Ewa M. Iwanek (nee Wilczkowska), * Aleksandra Goździk, Piotr Winiarek,
Paweł Falkowski, Maciej Dębowski and Wojciech Patkowski

Catalysts with 15 wt% Ag supported on alumina and alumina-based solid solutions were synthesized and

characterized using a variety of techniques such as SEM-EDX, XRD, N2-physisorption, TPR, CO2-TPD,

FTIR, ToF-SIMS and Hammett indicator tests. Their activity in tight-contact soot combustion was

evaluated. The aim of the studies was to determine how the surface and structure of the support

influence the activity of the supported Ag catalysts. A series of alumina supports calcined at

temperatures ranging between 550 °C and 1300 °C were obtained and used as supports for silver to

investigate the Ag-support interactions. XRD studies revealed that the supports calcined below 1000 °C

contain low-temperature alumina polymorphs, but those calcined at or above this temperature contain

a-alumina. Catalysts supported on a-alumina were more active. ToF-SIMS measurement results indicate

that this step-wise change can be attributed to differences in the surface of the undoped alumina and

Hammett indicator tests revealed that the acidic sites in supports calcined above 1000 °C require lower

regeneration temperatures. The modification of the alumina support with ions such as cobalt, cerium

and chromium ions prior to silver deposition can improve catalytic activity in soot oxidation. The

catalysts with doped-alumina supports exhibit a similar activity and surfaces properties, including acidity,

to Ag/a-alumina catalysts. These studies show that the same effect can obtained by two different

methods, one of them being doping the support.
1 Introduction

The most common supports for silver catalysts are alumina,
ceria and zirconia.1–6 Therefore, much is known about silver
supported on specic pure oxides. There is some dispute about
the catalytic form of silver, i.e. Ag0/Ag+, though in the case of
alumina most studies affirm the presence of the metallic form
of silver in the XRD patterns.1,5,7–9 Nevertheless, the ndings of
experiments employing techniques such as temperature-
programmed-reduction also demonstrate the presence of
oxidized silver species on the surface.10–12 The same is true for
oxygen species: different types of oxygen ions have been detec-
ted on the surface of silver catalysts.8,13,14 Research indicates
that there is a dependence of the Ag loading on the type and
relative abundance of oxygen species on the surface of the
catalyst. Hence, in this study a xed silver loading was used to
focus on the support inuence. Due to the fact that different
oxygen and silver species can be expected on the surface of the
catalysts, a technique called Time-of-Flight Secondary Ion Mass
Spectrometry was implemented to probe the relative ease of
extraction of secondary ions from the surface of the oxide.
Considering the excellent surface spatial resolution of the
chnology, Noakowskiego 3, 00-664 Warsaw,

41764–41779
technique, it is much underused in catalysis where it could be
a great asset.15–19 However, this is due to the numerous variables
which contribute to the complex mass spectrum and difficulties
in interpretation of results. When comparing different oxides,
e.g. SiO2 and Al2O3, the comparison might not be very mean-
ingful because there are too many parameters which differ
between the two samples: the nature of Si4+ and Al3+ themselves,
the coordination of the cation, bond lengths, etc. However, in
the case of this study, the comparisons are made between
samples of an oxide with the same cation of the same valency
(Al3+) obtained from the same precursor, differing only in the
support calcination temperature. Hence, the ease of extraction
of specic ions can be meaningfully compared between these
supports. Our recently published paper showed that ToF-SIMS
studies might hold a key to understanding how differences in
the silver–alumina interactions can impact the catalytic activity
of these systems in soot combustion,20 prompting us to perform
further studies with a series of alumina supports calcined at
different temperatures. The “matrix effect”, which is typically
viewed as a aw of the technique21–23 because it yields different
relative intensities of secondary ions depending on the chem-
ical environment of species on the surface of the sample and is
an advantage when investigating the effect of support calcina-
tion temperature on its interaction with silver.
This journal is © The Royal Society of Chemistry 2025

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta05994a&domain=pdf&date_stamp=2025-12-06
http://orcid.org/0000-0002-8719-6047
http://orcid.org/0000-0002-7536-2992
http://orcid.org/0000-0002-7614-943X
http://orcid.org/0000-0001-5405-8433
http://orcid.org/0000-0001-5182-5190
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05994a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013048


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
ok

to
br

is
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

1.
03

.2
02

6 
19

:0
3:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The challenge in studying low-temperature alumina poly-
morphs as catalytic supports consists of two primary issues: the
diffraction pattern of low-temperature polymorphs oen yields
only a few broad peaks in the diffraction pattern1,5,9,20,24,25 and
secondly that the alumina support can react with the active
metal, e.g. nickel, to form a spinel such as NiAl2O4 as shown by
Alreshaidan et al.26 showed for alumina supported catalysts.
Our recently published paper also indicated that with A, X and Y
zeolites the relative abundance of metallic vs. bound silver
depends on the type of zeolite.20 We found that a part of the
silver reacts with the zeolite surface leading to pronounced
changes in the relative peak height ratios in the diffraction
pattern of the original zeolite and some forms metallic silver
particles on top of the support. Such observations have been
also made by Ruan et al. with Ag/HZSM-5 catalysts which
contain two types of silver on the surface: apart from metallic
silver, Z–O–Ag clusters have also been found on the surface.27

The latter were found, as in our studies, to be highly stable and
hence the formation of Z–O–Ag moieties on zeolites28,29 pre-
vented silver from agglomerating even upon heating to 800 °C.
In contrast to changes in the relative peak height ratios in the
diffraction patterns of zeolites, changes in low-temperature
alumina polymorphs would be difficult to monitor, as the
diffraction patterns do not have well-dened sharp peaks1,5,9,14,20

and any impact of the incorporation of foreign ions into the
support might not be visible. In contrast, by heating the
supports to 1300 °C to obtain a-alumina, intensive peaks are
expected. In the present paper, three different ions, namely
cerium, cobalt and chromium, were incorporated into a low-
temperature alumina polymorph, synthesized at 550 °C.

A portion of the prepared alumina solid solution was further
treated to 1300 °C. Cobalt is known to form a spinel with
alumina, the so-called “cobalt blue”, which is used as a pigment
in ceramics.30–33 A comprehensive study on the synthesis
conditions of CoAl2O4 has revealed that the preparation of this
spinel oen comes with either Co2AlO4 or Co3O4. These phases
differ in that though both have Co2+ ions in tetrahedral sites,
per one Co2+ ion, Co2AlO4 has one and Co3O4 has two Co3+ ions
in octahedral sites.33 Solid solutions with chromium incorpo-
rated into the alumina lattice have been studied in terms of
their optical, structural and mechanical properties.34–36 These
studies have shown that the amount of chromium incorporated
into the alumina determines the volume of the unit cell due to
the discrepancy of the ionic radii, namely 0.675 Å for Al3+ and
0.775 Å for Cr3+. The solid solution of Ce-doped alumina37–40 has
also been studied to determine the inuence of cerium ions on
the aforementioned properties, but rarely applied in catalysis. A
paper by Perez-Pastenes et al. implemented 27Al NMR spec-
troscopy, which suggested that the presence of cerium ion in
the alumina lattice slightly changed the coordination of Al3+

ions in comparison to that in undoped alumina.38 In a Pt–Sn
propane dehydrogenation catalyst supported on cerium-doped
mesoporous alumina, it was observed that cerium ions
“modify the acid function of the catalysts” as well impact the
metallic phases themselves.40 This is interesting and worth
investigating in other catalytic systems for other reactions, such
This journal is © The Royal Society of Chemistry 2025
as silver catalysts for soot combustion and was one of the
reasons for selecting cerium as one of the dopants.

In various catalytic reactions, the importance of the acidity of
the support is emphasized.8,41–43 In reference to selective cata-
lytic reduction of NO with methane it has been stated that: “The
acidity of these supports was considered key to stabilizing the
active state of the metal species”.8 There are several methods
which can be used to probe the acidic and basic sites of a cata-
lytic support as well as probing oxygen vacancies and active
oxygen species, including temperature programmed desorption
of compounds such as NH3,44–46 O2 (ref. 47–49) and CO2,25,50,51

electron paramagnetic resonance spectroscopy52–54 and Ham-
mett indicator tests.55–58 All of these have advantages and
disadvantages. The most substantial disadvantage of Hammett
indicator tests is that they involve the assessment of color
changes which can be obscured in the case of supports which
are colored, but they are very accurate in the measuring the
strength of both acidic and basic sites on the tested support. In
the current study all of the undoped alumina samples were
white regardless of their calcination temperature and were
tested with Hammett indicators. The method was also tried on
the prepared solid solution supports.

2 Results and discussion
2.1 Undoped alumina supports

The results of our recently published study revealed the supe-
rior activity of a silver catalyst supported on a-alumina with
a low-surface area, high-temperature alumina polymorph,
compared to that supported on a high-surface area, low-
temperature polymorph.20 These results prompted us to
synthesize a series of alumina-supported catalysts calcined
within the temperature range 550–1300 °C. The maximum soot
combustion temperatures noted for these systems in activity
measurements can be seen in Fig. 1A. The silver catalysts
produced on the support calcined at 550 °C, Ag/Al-550, exhibits
the maximum soot combustion rate at 574 °C (Fig. 1A solid
vertical line). This temperature is higher for the alumina
calcined at 700 °C, Ag/Al-700, and even higher for the catalyst
supported on alumina calcined at 900 °C, Ag/Al-900 (Fig. 1A
dashed-and-dotted line). A gradual decrease of the activity with
an increase in the support calcination temperature due to the
decrease in surface area (Fig. 1B), is expected. However, with
further increase of the support calcination temperature the
trend stops and a step-wise increase in the activity is observed
(Fig. 1A). There was a substantial drop in the surface area (from
114 to 40.4 m2 g−1) but this only caused an increase of Tmax by
approximately 11°, hence the decrease of Tmax to 537 °C
observed aer support calcination at 1000 °C is signicant. The
calcination of alumina at even higher temperatures leads to
a slight decrease in the activity of the silver catalyst, which again
corresponded with a slight decrease of the surface area (Fig. 1B).

The catalysts themselves were also tested without soot in
accordance with the same temperature program as the soot
combustion tests to verify that the calcination procedure
ensures that any changes of the catalysts do not lead to misin-
terpretation of the catalytic results. The silver supported on
J. Mater. Chem. A, 2025, 13, 41764–41779 | 41765
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Fig. 1 Catalyst properties: (A) soot combustion activity results of Ag/alumina samples; initial alumina calcination temperature is indicated on the
right; solid line: Tmax with Ag/Al-550, dashed-and-dot line: highest Tmax with Ag/Al-900, and dashed line: lowest Tmax with Ag/Al-1000, and (B)
surface area results.
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alumina catalysts did not exhibit any noticeable changes in the
mass loss curves regardless of the support calcination temper-
ature. The curves obtained for Ag/Al-550 and Ag/Al-1300 are
depicted in Fig. S1A and B, respectively revealing no substantial
changes. However, it can be seen in the comparison of back-
scattered electron images of the fresh and spent Ag/Al-550 (SI,
Fig. S2A and B, respectively) that the silver particles change their
shape and size (increased particle) during the activity
measurement.

Moreover, cyclic activity tests soot combustion tests, such as
in ref. 59 and 60 were performed in order to further investigate
this reaction. The cyclic tests were performed in order to verify if
the results are reproducible. The results of the cyclic tests of Ag/
Al-1300 show that there is no suppression of the activity of this
catalyst in six consecutive cycles (SI, Fig. S3A). However, the
backscattered images of the fresh Ag/Al-1300 and that used in 6
cycles (Fig. S2C and D, respectively) indicate a substantial
growth of silver particles. The silver particles have signicantly
enlarged as a result of the cycling, which led to a reduced uptake
of ammonia in NH3-TPD studies from 0.145 to 0.129 cm3 g−1.
The values are very low, but considering the high calcination
temperature, i.e. 1300 °C, large uptake quantities were not
expected.

Isothermal soot combustion tests were performed to allow
more time at temperatures at which soot combustion already
occurs. Two types of isothermal soot combustion tests were
performed, both starting at 420 °C: one with 3 h-long isothermal
segments, Iso1, and the other with 6 h-long isothermal
segments, Iso2 (for more details see Experimental section). The
results obtained for Ag/Al-1300 (black curve) and the support
itself (Al-1300, orange curve) run in Program 1 (Iso1) are
compiled in Fig. S4A. The experiments show that the soot mixed
with the catalyst combusts practically until completion (expo-
nentially) in the rst three hours of the experiment, whereas in
the case of the support itself, the reaction is much slower and
appears to have different rate slopes likely induced by the slight
step increases in temperature that it is the small temperature
41766 | J. Mater. Chem. A, 2025, 13, 41764–41779
steps that initiate a rate of reaction change. A very similar mass
loss curve was observed for soot (Fig. S4B, green curve), which
shows that Al-1300 is much less active than the silver catalyst
supported on this oxide. With an extension of the length of the
isothermal segment to 6 h, the rate of soot combustion slightly
changes. The nal result is the same for both hold times.

The secondary electron microscope images of the series of
alumina supports show how the support calcination tempera-
ture affects their topography (SI, Fig. S5A–G). When the support
is calcined at 550 °C, the obtained oxide is highly porous. The
sample calcined at 770 °C appears to be composed of larger
agglomerates. A much more pronounced change is observed for
the sample calcined at 900 °C. The samples heated at higher
temperatures appear to have parts that are smooth and severely
sintered. This is conrmed by the porosity studies of the sample
(Fig. 2). The shape of the hysteresis loops, and hence pore types
agree well with the differences in topography. The shape, very
similar for the samples calcined at 550 °C and 700 °C, is altered
due to calcination at 900 °C. The samples calcined at temper-
atures above 1000 °C are completely changed. The comparison
of the hysteresis loops of the alumina supports calcined at 900,
1000 and 1100 °C and their respective catalysts shows that there
is virtually no impact of the deposition of silver on the pore
shape and size of the supports, only a slight decrease of the
surface area (Fig. 2). There is a wide range of hysteresis loop
shapes found for alumina calcined below 1000 °C in the liter-
ature despite similar calcination temperatures.61–64

The X-ray diffraction patterns of the alumina supports are
compiled in Fig. 3A. Regardless of the calcination temperature,
each diffraction pattern contains only one phase. Those
calcined at 1000 °C or higher all have diffraction patterns typical
for the stable, high-temperature polymorph. In contrast, those
calcined at temperatures below 1000 °C showed that alumina
was in one of its low-temperature polymorphic forms. The
diffraction pattern obtained for the support calcined at 700 °C
looks slightly different than that obtained at 900 °C, but is still
a low-temperature polymorph. The diffraction patterns of the
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The influence of (A) calcination temperature of alumina and (B) silver deposition on the porosity.
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catalysts obtained with the high-temperature alumina poly-
morph contain silver only in the metallic form, as seen in
Fig. 3B. This is not the case for low-temperature polymorphs. It
can be seen that apart from metallic silver, the catalyst with the
support calcined at 900 °C (Fig. 3C) contains bothmetallic silver
and silver carbonate, as in the case of the catalyst obtained by
our group previously whose support was calcined at 550 °C.20

The peaks from silver carbonate and metallic silver are very
narrow, which means that the crystallites are well formed. Silver
Fig. 3 Diffraction patterns of (A) the alumina supports calcined at differ

This journal is © The Royal Society of Chemistry 2025
carbonate thermally decomposes at temperatures substantially
below Tmax of soot combustion, as shown in our previous
paper.20 The most intensive peak of metallic silver is found at
38.1° (111), whereas the most intensive peak of silver carbonate
is located at 33.6° (130). The increase of the ratio of these peaks
is higher in Ag/Al-900 (Fig. 3C) than in Ag/Al-550 (SI, Fig. S8B).
These results are in line with the results of the temperature
programmed CO2 desorption studies performed on this series
of the catalysts, which show a decreasing trend in the quantity
ent temperatures, (B) Ag/Al 1000 and (C) Ag/Al 900.

J. Mater. Chem. A, 2025, 13, 41764–41779 | 41767
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Fig. 5 XPS results for 15 wt% Ag/Al 550: (A) survey spectrum and
detailed regions: (B) Al 2p, (C) O 1s, (D) C 1s and (E) Ag 3d; measure-
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of the desorbed CO2, especially that of the highest temperature
peak (SI, Fig. S6). This trend is the same as that noted for the
surface area, which can imply that although aluminum
carbonate itself does not exist, the substantially higher surface
area of the low temperature alumina samples can and do adsorb
CO2 from the air, which hence leads to silver carbonate
formation upon deposition of silver from an aqueous silver
nitrate solution. The presence of stable carbonate groups on the
surface was conrmed by a very strong carbonate band in the
FTIR spectra which was present despite the outgassing of the
pressed pellet at 550 °C for 4 hours under vacuum, 5× 10−4 hPa
(SI, Fig. S8A).

The ChemiSEM image, the elemental maps and spectrum
obtained for the catalyst supported on alumina calcined at 550 °
C are shown in Fig. 4A. The ChemiSEM technology juxtaposes
the SEM image with the elemental composition as determined
with EDX. This image clearly shows that large yellow particles,
i.e. metallic silver, are scattered on the purplish surface. There
are no other particles on the surface, which is evidenced by
a lack of dark spots. The same can be seen in the elemental
maps: the blue map shows that the spots which have silver have
relatively less oxygen than the alumina support (Fig. 4B). The
aluminum maps also have dark spots where either a silver
particle has covered it or where there is a pore. It should be
emphasized that the spectrum shows no other elements
(Fig. 4C). The map showing the silver distribution reveals the
presence of silver in two forms (Fig. 4B): the large silver particles
which are found on top of the surface and silver uniformly
spread across the surface. In the light of the XRD data, it can be
inferred that the uniformly spread form of silver is silver
carbonate. However, carbon is an element which is always
present in an EDX measurement, and on this surface, it is
present in a very small amount (the peak is very low).
Fig. 4 EDX results: (A) ChemiSEM image of Ag/Al 550, (B) elemental
maps of oxygen, aluminum and silver, and (C) EDX spectrum.

ment points – red solid curve, envelope – blue dotted curve.

41768 | J. Mater. Chem. A, 2025, 13, 41764–41779
The purity of the surface of the catalyst was further probed
with a surface sensitive technique, namely X-ray Photoelectron
Spectroscopy (XPS). The results are depicted in Fig. 5. The
survey spectrum (Fig. 5A) shows that the catalyst supported on
alumina calcined at 550 °C does not contain any foreign
elements. All of the peaks come from silver, aluminum and
oxygen, as well as some adventitious carbon. The Al 2p region
can be tted with a single peak with a half width of 2.12 eV
(Fig. 5B), despite the fact that in the low-temperature poly-
morphs of alumina the Al3+ ions are either in octahedral or
tetrahedral coordination65 and despite the fact that silver has
been deposited onto it. The Ag 3d5/2 and 3d3/2 peaks (Fig. 5C)
have a spin–orbit split of 6.0 eV and each can be tted with two
components. The rest of the detailed regions are very typical,
namely O 1s can be tted with the main lattice oxygen peak
(Olatt) and an adsorbed oxygen peak (Oads) on the high binding
energy side of it (Fig. 5D), whereas the C 1s region can be tted
with three peaks (Fig. 5E), which correspond to: C–C (at 284.8
eV), C–O (at 285.0 eV) and C]O (at 288.2 eV).

The Hammett indicator tests were performed with samples
aer refreshing them by heating them to either 200 °C or 300 °C
This journal is © The Royal Society of Chemistry 2025
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and maintaining the temperature for 2 and 3 hours, respec-
tively, to desorb any surface species which could interfere with
the results of these tests. The results show that aer regenera-
tion at the higher temperature, all of the catalysts have the same
range of active sites, but not aer regeneration at the lower
temperature. This is interesting as it shows that the acidic sites
are more stable in the case of the alumina supports calcined at
temperatures at or above 1000 °C.

The results of tests aer each regeneration procedure (Table 1)
show that the support calcination temperature inuences the
range of strength of acidic sites on the surface of aged alumina
samples. The range of the strength of basic sites is the same for
all of the samples regardless of the regeneration or support
calcination temperature and falls in the range 7.2 # H− < 15.0.
This means that none of the samples changed the color of the
indicator whose pKA value was 15.0. In contrast, the range of the
strength of acidic sites is impacted by the regeneration temper-
ature and the ease of regeneration changed with support calci-
nation temperature. In the case of the higher regeneration
temperature, all samples exhibit the same range of the strength
of acidic sites, namely −3.0 < H0 # 4.8. However, with the lower
regeneration temperature, it can be seen that the three samples
with the lower support calcination temperature do not possess
available acidic sites. The alumina calcined at 1000 °C exhibits
only the weakest acidic sites. In contrast, for the alumina samples
calcined at a temperature of 1100 °C or higher, change can be
observed for two Hammett indicators, resulting in a range of the
strength of acidic sites denoted as follows: −3.0 < H0 # 4.8. The
fact that these results show a step-wise change in the acidity of
the surface of the alumina supports calcined at 900 and 1000 °C
may be a factor in the step-wise change of activity of Ag/Al-900
and Ag/Al-1000.

The Lewis and Brønsted acidity of the surface of Al-550 and
the solid solutions was further investigated with transmission
FTIR measurements using pyridine as the probe molecule (SI,
Fig. S7). Prior to exposure to pyridine, the samples were heated
to 550 °C in vacuum, which allowed the desorption of species
from the surface. In the case of Al2O3 calcined at 550 °C it can be
seen that even aer desorption under vacuum, a pronounced
band which corresponds to surface carbonates can be seen (SI,
Fig. S7A). This abundance of carbonate species is in line with
the CO2-TPD results which show a large, high-temperature
Table 1 Hammett indicator test results of undoped alumina

Sample

pKBH+/pKA

−3.0 0.8 4.8 7.2 9.3 15.0

Treg. [°C] 200/300 200/300 200/300 200/300 200/300 200/300

Al-550 −/− −/+ −/+ +/+ +/+ −/−
Al-700 −/− −/+ −/+ +/+ +/+ −/−
Al-900 −/− −/+ +/+ +/+ +/+ −/−
Al-1000 −/− +/+ +/+ +/+ +/+ −/−
Al-1100 −/− +/+ +/+ +/+ +/+ −/−
Al-1200 −/− +/+ +/+ +/+ +/+ −/−
Al-1300 −/− +/+ +/+ +/+ +/+ −/−

This journal is © The Royal Society of Chemistry 2025
desorption peak for this sample. This is not the case for the
CO2-TPD curve of Al2O3 calcined above 1000 °C and no
carbonate band can be seen in the FTIR spectrum of Al-1300 (SI,
Fig. S7A).

The results of the pyridine-FTIR for selected supports,
including those obtained with Al-550 and Al-1300, are compiled
in Fig. S7B (SI). The pyridine is desorbed at temperatures
between room temperature and 350 °C. The difference in the
intensity of the band aer desorption at room temperature and
150 °C is typically associated with the removal of physically
bound pyridine. The results, i.e. bands associated with pyridine
(approx. 1446 cm−1), show a progressive decrease of the height/
area of the pyridine band with a slight simultaneous shi to
higher wavenumbers with increased desorption temperature for
Al-550 (SI, Fig. S7C). Considering the height of the pyridine
band le aer desorption at 300 °C, it can be stated that the
concentration of strong Lewis sites (typically calculated based
on the band at 350 °C) is low regardless of the calcination
temperature. The binding of pyridine is stronger on the surface
of Al-550 than on Al-1300 which can be seen by a more
pronounced decrease of the band intensity with increased
desorption temperature. In the case of Al-1300 all of the pyri-
dine is desorbed at 150 °C and the curve goes back to the
baseline (SI, Fig. S7D). Moreover, these two samples differ in the
concentration of pyridine on the surface due to a much higher
surface area of Al-550, although caution should be taken when
directly comparing the intensity of bands between different
samples measured in transmission mode as pellets may differ
in thickness. The pyridine studies show no visible bands asso-
ciated with Brønsted acidity.
3 Alumina-based solid oxide
solutions
3.1 Solid solutions calcined at 550 °C

Solid solutions containing cobalt, cerium and chromium guest
ions in the host oxide, alumina, were obtained with a dopant:
Al3+ ratio of 1 : 9. As in the case of the undoped alumina
supports, the labels used in this section contain the symbol
“Al”, followed by the symbol of the dopant, a dash and the
support calcination temperature in degrees Celsius, e.g. AlCr-
550 is used to denote the chromium-doped alumina support
calcined at 550 °C. It is noteworthy that the XRD patterns
indicate that all three solid solution supports calcined at 550 °C
are composed of the same low-temperature polymorph as the
undoped alumina calcined at 900 °C (SI, Fig. S8A, red
rectangles).

The temperature of the maximum soot combustion with the
Co-doped alumina support is the same as that of soot alone
(602 °C, Fig. 6A) indicating that this solid solution does not
catalyze the reaction. The cobalt-alumina spinel, known as
cobalt blue, in which Co2+ ions are coordinated in tetrahedral
sites and Al3+ is found in the octahedral sites, is commonly
obtained with a much higher cobalt to aluminum ratio and is
typically acquired at much higher temperatures,33 but in the
current work, the solid solution was a vibrant blue despite the
J. Mater. Chem. A, 2025, 13, 41764–41779 | 41769
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Fig. 6 Temperature of the maximum soot combustion rate deter-
mined for: (A) supports calcined at 550 °C and the respective catalysts,
and (B) catalysts with different silver loadings supported on AlCr-550.
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low calcination temperature (Fig. 6A). XPS analysis showed that
the cobalt in the support is present in the form of Co2+ (SI,
Fig. S9A) with intensive satellite peaks approx. 6 eV from the
main Co 2p peaks. The blue color is typically attributed to
CoAl2O4, whereas in our studies the Co : Al ratio was 1 : 9, not 1 :
2. An addition of Co2AlO4 is said to make the pigment greener,
whereas the presence of Co3O4 is said to make it darker.33 In our
case, there was no other phase in the cobalt-doped alumina
calcined at 550 °C (SI, Fig. S8A) and no other element seen in
the XPS survey spectrum (SI, Fig. S9B).

The cerium-doped support has a slightly lower Tmax value
(592 °C) temperature than that noted for uncatalyzed soot
combustion. The XRD pattern of AlCe-550 reveals the presence
of peaks from CeO2 as well (SI, Fig. S8A). However, it is known
that even small concentrations of CeO2 give relatively very
intensive peaks in the diffraction patterns. Despite the presence
of CeO2, the Tmax observed for AlCe-550 is substantially higher
than that noted for the chromium-doped support, AlCr-550 (578
°C). The XPS spectra reveal no other elements in AlCe-550 (SI,
Fig. S8B). The value observed for AlCr-550 is the only one which
is noticeably below the temperature observed for uncatalyzed
combustion of the model soot used in these studies (602 °C).
Since the XRD studies do not show the presence of any
chromium-containing phase (SI, Fig. S8A), this means that all of
the chromium is incorporated into the alumina host. Moreover,
there are no foreign elements, as shown in the survey spectrum
of the support (SI, Fig. S9C). Hence, it is the incorporation of
chromium into the alumina lattice which is responsible for the
considerable improvement in the activity.

The deposition of 15 wt% silver onto these catalysts results
in a substantial decrease of the temperature of the maximum
soot combustion rate (Fig. 6A) regardless of the host ion.
Interestingly, the least active catalyst (Ag/AlCr-550) is the one
41770 | J. Mater. Chem. A, 2025, 13, 41764–41779
supported on the most active support. In the case of this cata-
lytic system, the decrease in Tmax upon silver deposition is only
21°, whereas for the catalysts supported on AlCe-550 and AlCo-
550, the decrease of Tmax equals 50 and 58°, respectively and the
resulting Tmax is the same for those two catalysts (within
experimental error). It must be emphasized that the addition of
a guest ion alone has signicantly improved the activity of the
low-temperature alumina. Nevertheless, the silver particles
supported on the low-temperature solid oxide solutions show
the same behavior as Ag/Al-550 during a catalytic measurement,
namely a change in both the shape and size of particles (SI,
Fig. S2E and F).

The thermogravimetric tests without soot have shown that
the curves of Ag/AlCe-550 and Ag/AlCo-550 (SI, Fig. S1C and D,
respectively) look the same as that obtained for Ag/Al-550. In
contrast, the results of the TG-MS study with Ag/AlCr-550 (SI,
Fig. S1E and F) has revealed that there is a decrease of the mass
of the sample, which is also true for the support itself. The MS
data indicate that there are no changes of the curves for any of
the four monitoredm/z ratios, namely: 28 (N2 or CO), 32 (O2), 18
(H2O) or 44 (CO2) due to this transition. It is important that
these are not impacted, which means that neither oxygen is
consumed nor CO2 forms during this transition. Themost likely
explanation for the mass loss is the elimination of CrO3, the
oxide of chromium(VI) is volatile and is the component in Ag/
AlCr-550 which is responsible for the formation of Ag2CrO4

(SI, Fig. S8B). A test with the spent catalyst in a second cycle
showed a slight change of the DTG curve (SI, Fig. S3B).

In order to determine if the relatively small improvement of
activity of the chromium-doped solid solution upon silver
deposition is a result of an excessively high silver loading,
another catalyst with 5% silver was obtained. However, the
result was a lower activity, i.e. higher Tmax than that noted for
the catalyst with 15 wt% Ag (Fig. 6B). In the case of the
chromium-doped support, both of these two turned bright red
upon silver deposition due to the formation of silver chromate,
as shown in the XRD pattern (SI, Fig. S8B). The crystallites of
this phase are large, probably >100 nm, but contain substantial
defects. This is unlike the other catalysts which contain metallic
silver and silver carbonate (SI, Fig. S9B).

The XPS spectra of the catalyst supported on undoped
alumina calcined at 550 °C have shown that there are no
impurities on the surface and that the Al 2p peak can be tted
with a single component, i.e. there are no shoulders associated
with a different chemical environment of aluminum ions
(Fig. 7A), even aer the deposition of silver (Fig. 5B). This,
however, was not the case for the solid solutions. All three
supports, namely AlCr-500 (Fig. 7B), AlCe-550 (Fig. 7C) and
AlCo-550 (Fig. 7D) have an additional component equal to 12, 13
and 10%, respectively, on the high binding-energy side. The
smaller peak is separated by 1.3–1.4 eV from themain peak. The
fact that these two components are similar for all three supports
further conrms that the incorporation of chromium, cerium or
cobalt ions into the alumina lattice impacts the chemical
environment of the aluminum ions. In the case of the
chromium-doped support the deposition of silver does not
inuence the Al 2p region (Fig. 7E). In contrast, when silver is
This journal is © The Royal Society of Chemistry 2025
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Fig. 7 The detailed Al 2p regions of: (A) Al-550, (B) AlCr-550, (C) AlCe-
550, (D) AlCo-550, (E) Ag/AlCr-550 and (F) Ag/AlCe-550; measure-
ment points – red solid curve, envelope – blue dotted curve.

Fig. 8 CO2-TPD study results of: (A) AlCr-550, Ag/AlCr-550 and Ag/
Al-550 and (B) AlCe-550 and Ag/AlCe-550.
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deposited onto AlCe-550, the shoulder further shis to become
a peak with 13% of the area and which is separated by 4.2 eV
from the main aluminum peak. Since the ratio of the two peaks
is the same as in the support itself, it can be postulated that the
chemical environment of those Al3+ species which are slightly
different in the support are further modied by the interaction
with silver. The difference between these two samples may
indicate that in the chromium-doped alumina, the formation of
silver chromate does not inuence the chemical environment of
the aluminum ions, whereas the silver on the cerium-doped
alumina interacts differently with the two types of Al3+ ions
causing an even more pronounced difference in the binding
energy. A study to investigate the matter is underway. Never-
theless, the XPS studies clearly show that the surface aluminum
ions are changed in the presence of foreign ions incorporated
into the support.

The CO2-TPD studies of the solid solutions show some
similarities between the undoped alumina and the doped
samples. Fig. 8A contains the desorption curves of AlCr-550
(blue curve) and Ag/AlCr-550 (black curve) which have the
same low-temperature peak as the catalyst supported on Al-550
(purple curve) whose maximum is at 90 °C. The deposition of
silver does not impact the position nor the area of the peak. The
same peak is observed in the cerium-doped sample (Fig. 8B).
This peak is much bigger than in the case of the chromium-
This journal is © The Royal Society of Chemistry 2025
doped support, though again, its position and shape is not
affected by silver deposition. The high-temperature peak,
however, is clearly shied to lower temperatures than in the
undoped alumina: to 605 °C for AlCr-550 and 630 °C for AlCe-
550, respectively. This peak is much higher for AlCr-550 than
for AlCe-550. In fact, the shape of the desorption curve of CO2

from AlCe-550 resembles that of Al-900 rather than that of Al-
550. In both cases the deposition of silver leads to a decrease
of the concentration of strongly bound CO2. This is interesting
considering the fact that silver is in different forms on these
supports: silver chromate on AlCr-550 and a mixture of metallic
silver and silver carbonate on AlCe-550 (SI, Fig. S8B). This shows
that the insertion of a dopant into the alumina lattice alters the
basicity of the obtained solids. It is noteworthy that a substan-
tially smaller high-temperature desorption peak in AlCe-550
than in undoped alumina corresponds well with a smaller
relative abundance of silver carbonate in the resulting catalyst
calculated based on their diffraction patterns. The choice of the
dopant leads to more pronounced changes than the deposition
of silver. The results show that the basicity of the system as
measured by CO2-TPD does not seem to be a major contributing
factor for the overall activity of the systems.

In Tof-SIMS studies the surface of the alumina catalysts is
actively probed by bombarding it with primary ions in order to
see what secondary ions are ejected. The “matrix effect”, oen
referred to as a aw of the method, is treated as an advantage in
this study. The “matrix effect” results in different ratios of
secondary ions when the chemical environment of ions is
different. The differentiation of the environment of ions by
changes in the calcination temperature of alumina is exactly
what we wanted to probe. The results are compiled in Fig. 9A.
Considering the support composition, the ions which can be
emitted from the surface and observed in the negative ion
spectrum, apart from O− (m/z = 16) and Al− ions (m/z = 27), are
J. Mater. Chem. A, 2025, 13, 41764–41779 | 41771
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Fig. 9 ToF-SIMS study results of: (A) alumina-supported silver cata-
lysts and (B) Ag/AlCr-550 and Ag/AlCe-550.

Table 2 Hammett indicator test results of the doped-alumina
supports

Sample AlCr-550 AlCo-550 AlCe-550

Blank Brown Dark blue Light yellow
H0 (pKBH+) −3.0 Brown Dark blue Light yellow

0.8 + + +
4.8 + + +

H− (pKA) 7.2 Brown Dark blue +
9.3 Brown + +

15.0 Brown — —
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(1) AlO−, m/z = 43, (2) AlO2
−, m/z = 59, and (3) AlO3H2

−, m/z =
77, as well as (4) Ag−, m/z = 107. These were used to create
a peak table so that relative abundances rather than absolute
values could be used for evaluation. As in the case of the
Hammett indicator tests, the ToF-SIMS measurements also
discriminate between the surface of the catalysts supported on
alumina calcined at 900 °C or below and those calcined at
1000 °C or above. For catalysts supported on alumina calcined
at 900 °C or below, the most abundant from the four selected
peaks is AlO−, but it is not the dominant fragment in the spectra
of Ag/Al-1000, Ag/Al-1100, Ag/Al-1200 or Ag/Al1300. The fact that
the fragments with the Al : O ratio of 1 : 1 and 1 : 2 are equally
likely to be emitted in the latter group speaks about the inter-
action of aluminum ions with the anion sublattice. It is also
noteworthy that a second trend can be seen is the increase of
the ease of extraction of Ag− ions with increasing calcination
temperature. The ToF-SIMS results of catalysts supported on
chromium-doped (AlCr-550) and cerium-doped (AlCe-550)
supports show that for these systems, the relative ratios of
AlO− (m/z = 43) and AlO2

− closely resemble those observed for
catalysts supported on alumina calcined at temperatures at or
above 1000 °C.

In contrast to the CO2-TPD results, which show that the
chromium-doped sample has strongly bound surface
carbonate, the FTIR spectrum obtained aer desorption under
vacuum at 550 °C of AlCr-550 shows no carbonate bands (SI,
Fig. S7A). This implies that unlike the undoped Al2O3 calcined
at 550 °C, the surface carbonates on AlCr-550 are much less
stable under reduced pressure. The lack of carbonate bands was
noted also for the Co-doped and Ce-doped solid solutions aer
desorption at 550 °C under vacuum. The FTIR studies have
shown that all three oxide solutions calcined at 550 °C give
similar spectra both prior aer and aer pyridine adsorption
(SI, Fig. S7A and B, respectively). A closer look at the desorption
curves, as shown in the example of AlCe-550 (SI, Fig. S7E)
reveals that the desorption of pyridine from the surface of the
solid solutions occurs in the same manner as in Al-550.
41772 | J. Mater. Chem. A, 2025, 13, 41764–41779
However, the shape changes due to a relatively higher concen-
tration of strong Lewis sites.

The Hammett indicator tests performed with the solid
solutions regenerated at both temperatures gave the same
results revealing that in comparison to the undoped alumina
supports, these supports have more stable/easier to regenerate
acidic sites. The results are compiled in Table 2. Since the
different indicators turn different colors and AlCr-550 turned
brown in several cases, which is not an option for any of the
indicators, a blank test was performed with anhydrous toluene.
When the change was visible for a certain support with a given
indicator, the table contains a plus. However, some color
changes were not discernible due to the color of the supports.
Hence, when the color change was difficult to assess, the color
itself was put into Table 2.

The chromium-doped solid solution calcined at 550 °C (AlCr-
550) reacts with the toluene itself, yet a clear change in the
presence of the indicators with pKBH+ of 0.8 and 4.8 to the
proper colors were observed (Table 2). In fact, transitions with
these two indicators were visible for all of the studied samples.
One interesting fact is that the intensive color of AlCo-550
hinders the assessment of the indicator with pKA value of 7.2,
but since the next one changed color, it is inferred that sites
with the lower strength are also present. What is paramount in
these results is the fact that the acidic sites are stable when
chromium, cobalt or cerium ions are inserted into the alumina
structure and the lower regeneration temperature was suffi-
cient, same as for undoped alumina supports calcined at high
temperatures.
3.2 Solid solutions calcined above 550 °C

In order to obtain a catalyst supported on chromium-doped
alpha alumina, the green AlCr-550 (Fig. 10A) was heated to
1000 °C. Although this temperature was sufficient to obtain the
high temperature polymorph in the case of undoped alumina, it
was not high enough for the chromium-doped sample, as evi-
denced by the comparison of the standard for alpha Al2O3 and
the diffraction pattern of AlCr-1000 (SI, Fig. S10A and B,
respectively). This sample exhibits a much higher crystallinity
than AlCr-550, but it is not the high temperature polymorph.
For clarity, the diffraction peaks of the standard were extended
with dashed lines all the way to the bottom of the gure to
elucidate which peaks comes from alpha alumina. No color
change from green occurred, only of the shade (Fig. 10A). The
This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Temperature of the maximum soot combustion rate deter-
mined for: (A) chromium-doped supports calcined at different
temperatures and (B) supports calcined at 1300 °C and the respective
catalysts.

Fig. 11 SEM-EDX results: elemental maps (A and B) and backscatter
electron images (C and D) of AlCo-1300 and AlCe-1300, respectively.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
ok

to
br

is
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

1.
03

.2
02

6 
19

:0
3:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
calcination temperature for this support was increased in
intervals of 100° and aer calcination at 1300 °C the diffraction
pattern of the alpha alumina (SI, Fig. S10C) was observed along
with a color change to pink (Fig. 10A). This is why the other two
supports were also calcined at 1300 °C, which showed to be
sufficiently high to yield alpha alumina in both (SI, Fig. S10C).
The higher support calcination temperature appears to allow
the non-incorporated CeO2 to form well-dened crystals which
yield very intensive peaks in the XRD analysis.

The activity of the chromium-doped supports themselves
decreased upon increase in Tcalc, which is different than what
was observed for the undoped alumina catalysts (Fig. 10A). One
possible explanation is the change in the oxidation state and/or
coordination of the chromium ions in the alumina host matrix.
It is known that in a-alumina chromium is present in the form
of Cr3+ in octahedral coordination, i.e. in rubies.34 In the case of
the support with the low calcination temperature, additional
studies are underway to determine the types of chromium ions
present and their location in the host structure. Nevertheless,
the measurements without soot have revealed that unlike AlCr-
550, neither AlCr1300 nor Ag/AlCr-1300 exhibit mass loss (SI,
Fig. S1G and H). The isothermal activity tests with the three-
hour-long isothermal segments indicate that in the presence
of Ag/AlCr-1300 (Fig. S4D) the majority of the soot combusts
within the rst isothermal segment and there is no additional
mass loss as in the case of Ag/AlCr-550, as in the tests without
soot. Moreover, the rate of soot combustion is slower than that
seen with Ag/AlCr-550.

It is noteworthy that all of the supports calcined at 1300 °C
have the same Tmax and all exhibit the alpha-alumina structure
This journal is © The Royal Society of Chemistry 2025
(Fig. 10B, purple bars). Apart from the change in the poly-
morphic form of the alumina, the high-temperature support
calcination did not lead to the formation of any new phases in
the case of chromium-doped alumina, nor the cerium-doped
alumina. Only for the cobalt-doped support, the formation of
another phase, namely Co3O4, was detected (SI, Fig. S10C). It is
interesting that despite the presence of Co3O4, the support was
a lighter shade of blue, not darker, as implied by other studies.33

The catalysts obtained with supports calcined at the higher
temperature exhibit very similar activity (Fig. 10B, yellow bars)
to those noted for the catalysts with the corresponding supports
calcined at 550 °C. In short, our studies have revealed that high
temperature treatment of these supports was not benecial for
the activity of the obtained silver catalysts in soot oxidation.
Therefore, further studies are planned with different dopants at
a low calcination temperature to tailor the properties of the low-
temperature polymorphs of alumina rather than inuencing
the activity of such systems by a high-temperature treatment
and subsequent change to alpha alumina.

The elemental maps of AlCo-1300 (Fig. 11A) show that in the
case of the cobalt-doped support, the calcination to 1300 °C
leads to the formation of cobalt-enriched particles on the
surface. Since the XRD results show the presence of Co3O4 and
the map of oxygen does not show depletion in oxygen, it can be
inferred that the particles seen in the cobalt elemental map and
the CBS image (Fig. 11C) are those of Co3O4. In contrast, the
elemental maps of AlCe-1300 (Fig. 11B) reveal an even distri-
bution of cerium across the surface. The fact that a part of the
cerium ions is present as the solid oxide solution but a part is
J. Mater. Chem. A, 2025, 13, 41764–41779 | 41773
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present as CeO2, even aer support calcination at 550 °C, would
suggest that the ceria particles should be very large aer further
calcination at 1300 °C. However, only small, discrete particles of
a heavier compound can be seen in the CBS images. Indeed,
these particles are much smaller than those of Co3O4 found on
the surface of AlCo-1300.

The results of Hammett indicator tests for the doped
samples calcined at temperatures higher than 550 °C (SI, Table
S1) indicate a small inuence of the increased calcination
temperature on the acid–base properties of these solid solu-
tions. The results did show that in contrast to AlCr-550, the
sample AlCr-1000, which is also green, did not turn brown in
anhydrous toluene, which may suggest that it does not contain
as many oxidation states of chromium as the sample calcined at
550 °C. Moreover, it was seen to turn pink in the presence of
phenolphthalein. This transition was also observed for AlCe-
1300.

The FTIR spectra of the supports calcined at 1300 °C are
similar to those of Al-1300 (SI, Fig. S7A). Considering the high
calcination temperature, and hence the decrease of surface area
it is logical that the degassed samples would exhibit relatively
fewer functional groups as well as less pyridine would be
adsorbed (SI, Fig. 8B). However, the pyridine tests have revealed
that the high-temperature solid oxide solutions have stronger
bound sites than undoped alumina (SI, Fig. S7F). This is evi-
denced by the fact that the undoped alumina loses all of the
pyridine during the desorption at 150 °C, whereas AlCe-1300
still has a visible band at 1444 cm−1 aer pyridine desorption
at 150 °C and also 200 °C.

4 Experimental
4.1 Materials and methods

4.1.1 Supports. The undoped alumina samples were
prepared by thermal decomposition of aluminum nitrate
(analytical grade, POCh Gliwice). They were calcined for 4 hours
at different temperatures: 550 °C, 700 °C, 900 °C, 1000 °C,
1100 °C, 1200 °C and 1300 °C. These are labelled as: Al-550, Al-
700, Al-900, etc. The calcination temperature in every symbol,
including those of the catalysts, refers to the calcination
temperature of the support.

The solid solutions were synthesized using the following
reagents: aluminum nitrate nonahydrate (analytical grade,
POCh Gliwice), ammonium ceric(IV) nitrate (analytical grade,
Pol-Aura), cobalt(II) nitrate hexahydrate (analytical grade, POCh
Gliwice) and chromium(III) nitrate hexahydrate (analytical
grade, POCh Gliwice). A dopant to aluminummolar ratio of 1 : 9
was applied. The salts were dissolved in deionized water, mixed
and precipitated with excess ammonia water (25%, POCh Gli-
wice) under stirring. The obtained gel was washed to a pH of 7,
dried at 200 °C for two hours and calcined at 550 °C for four
hours. Next, the grains with the average size between 0.230 and
0.500 mm were obtained. The same procedure was used to
obtain undoped alumina.

4.1.2 Catalysts. The supports were impregnated with an
aqueous solution of silver nitrate (analytical grade, POCh, Gli-
wice) containing 0.27 g of silver nitrate per gram of catalyst to
41774 | J. Mater. Chem. A, 2025, 13, 41764–41779
obtain a nal loading of approximately 15 wt%, dried for 2 h at
150 °C and calcined at 550 °C for an hour. The nal calcination
of the catalyst aer silver nitrate deposition was 550 °C
regardless of the support calcination temperature. Therefore,
the symbol Ag/AlCr-1300 is used for the silver catalyst obtained
using the chromium-doped alumina support which was
calcined at 1300 °C onto which silver nitrate was deposited and
calcined at 550 °C.

4.2 Activity studies

The activity experiments were performed using an STA 449C
(NETZSCH) thermobalance with a mass spectrometer (QMS
403C, NETZSCH) in the DTA-TGAmode. Prior to ameasurement
the samples were ground for one minute in an agate mortar
with soot (a 5 : 1 ratio) and approx. 30 mg were weighed out into
a crucible, which was kept at 30 °C for 30 minutes in a ow (90
mL min−1) of synthetic air (5 N, Multax). They were conducted
in synthetic air with a steady temperature ramp of 10 degrees
per minute up to 850 °C.

Additional measurements in accordance with the same
temperature program were conducted without soot in either the
TG or TG-MSmode to determine if the calcined catalysts remain
unchanged in the studied range of temperatures.

Cycling activity tests were also performed in order to test the
stability of the catalytic activity, in which a catalyst used for an
activity test was reused by grinding it with another portion of
soot.

Isothermal experiments were completed with one of two
temperature programs. Both were carried out with approx.
30 mg of a sample of a 5 : 1 catalyst/support to soot ratio ob-
tained by grinding the sample with soot for one minute in an
agate mortar. Isothermal Program 1 (Iso1) consisted of the
following steps: (1) heating to 420 °C at a ramp of 10 degrees per
minute, (2) isothermal hold for 3 hours, (3) heating for two
minutes at a rate of 10 degrees per minute, (4) isothermal hold
for 3 hours, (5) repeating steps 3 and 4 until the isothermal hold
at 480 °C was completed. Isothermal Program 2 (Iso 2) was
comprised of the following steps: (1) heating to 420 °C at a ramp
of 10 degrees per minute, (2) isothermal hold for 6 hours, (3)
heating for two minutes at a rate of 10 degrees a minute, (4)
isothermal hold for 6 hours.

4.3 Characterization studies

4.3.1 Temperature programmed desorption of carbon
dioxide (CO2-TPD) and H2 (H2-TPD) studies. The CO2-TPD and
H2-TPD determinations were performed with an Autochem
2920 instrument from Micromeritics equipped with a Thermal
Conductivity Detector using approx. 0.15 g and 0.30 g of
a sample, respectively. The CO2-TPD measurements were done
in accordance with the following procedure: the sample was
ushed with helium at 500 °C owing at 40 mL min−1 for 1 h,
then the sample was cooled to 40 °C and was dosed with a 9 : 1
He–CO2 mixture (40 mLmin−1) for 2 h, next, it was ushed with
owing helium for 1 h (40 mLmin−1) and the measurement was
carried out with a heating ramp of 10 °C min−1 to 800 °C, fol-
lowed by a 25 minutes isotherm. Prior to the H2-TPD
This journal is © The Royal Society of Chemistry 2025
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measurements the oxidized forms of silver in the samples were
thermally decomposed to metallic silver by increasing the
temperature to 550 °C at a rate of 30 degrees per minute in
owing argon (40 mL min−1), hold time of 120 minutes, fol-
lowed by cooling to 150 °C at a rate of 10 degrees per minute.
Next, the sample was dosed with hydrogen while being cooled to
0 °C and for 15 minutes aer that temperature was reached.
Next, the sample was ushed with owing argon until the
baseline was stable. The sample was then heated to 800 °C at
a rate of 10 degrees per minute in owing argon. External
calibration curves were obtained prior to measurements and
used for quantication.

4.3.2 X-Ray diffraction studies. The XRD studies were per-
formed on a Siemens D 5000 diffractometer (Bruker AXS GmbH)
using a copper X-ray tube which operated at 40 kV, 40 mA. The
diffraction patterns were recorded within the 2q range of 20–
140° using a 0.02 angular resolution. Rietveld analysis was used
for the renement of structures of the crystalline phases.

4.3.3 Scanning electron microscopy (SEM) – energy
dispersive X-ray spectroscopy (EDX) studies. Two microscopes
from ThermoScientic were used for this study: Prisma E and
Helios 5 PFIB. In both cases the topography was probed with an
Everhart-Thornley Detector and the homogeneity of the samples
was determined using a Circular Backscatter Detector. More-
over, Prisma E has a feature called ChemiSEM™ Technology,
which compiled the SEM image of a given surface with the
chemical information from the EDX measurement. The
measurements were performed with the acceleration voltage of
15 kV. Magnications between 500 and 10 000 times were used.

4.3.4 Time-of-ight secondary ion mass spectrometry (ToF
SIMS) studies. Helios 5 PFIB was applied for Time-of-Flight
Secondary Ion Mass Spectrometry using a Xenon ion gun as
the source of primary ions. The parameters were: 4 nA current,
30 kV voltage, 512 × 442; 50 mm horizontal eld width (HFW)
and 10 ms dwell time. The analysis of negative and positive ion
spectra was performed with ToF-SIMS Explorer v. 1.12.2.0 from
Tofwerk.

4.3.5 Hammett indicator tests. The following indicators
were used for probing the acidic sites (the pKBH+ value of each is
given in parentheses): chalcone (−5.6), dibenzylideneacetone
(−3.0), crystal violet (0.8) and methyl red (4.8). The following
indicators were used for probing the basic sites (the pKA value of
each is given in parentheses): bromothymol blue (7.2),
phenolphthalein (9.3) and 2,4-dinitroaniline (15.0), 4-nitroani-
line (18.4), diphenylamine (22.3), 4-chloroaniline (26.5) and
triphenylmethane (33.0). Prior to performing the experiments,
the samples were refreshed to desorb any adsorbed species with
a thermal treatment. Two thermal treatments were applied in
sequence: Treatment 1, in which the samples were heated and
kept at 200 °C for 2 hours and Treatment 2, in which the
samples were heated to 300 °C and kept at that temperature for
3 hours. Directly aer the thermal treatment approximately
30 mg of the samples were placed in vials and four drops of the
0.1 wt% toluene solutions of the indicators were added. The
color of the grains of the catalyst was determined aer 24 hours
to allow the indicator color to develop.
This journal is © The Royal Society of Chemistry 2025
4.3.6 Fourier transform infrared spectroscopy studies. Two
spectrometers from ThermoScientic were used for this study:
the ATR-FTIR measurements were performed with Nicolet iS5
using the iD7 ATR ad-on, whereas the transition mode experi-
ments were conducted using a Nicolet 6700 instrument. The
preliminary ATR-FTIR studies were carried out in the wave-
number range 500–4000 cm−1 (16 scans). The pyridine
adsorption studies were performed in transmission mode on
the Nicolet 6700 apparatus equipped with a furnace, liquid
nitrogen traps, CaCl2 windows and a quartz holder in which the
wafer was held during heating and measurements. A mechan-
ical li sha was used to move the holder with the sample
between the heating zone and the path of the beam. Prior to
measurements a pellet was made using approx. 20 mg of the
alumina powder pressed using a pressure of 40 MPa. The
sample was placed in a quartz holder and heated to 550 °C for
degassing for 4 hours at a pressure of 4 × 10−4 hPa. Next, the
sample was cooled to room temperature, a spectrum was
collected and the sample was exposed to pyridine for 5 minutes.
The pyridine was desorbed at the following temperatures: room
temperature, 150, 200, 250 and 300 °C with 10 minutes holding
time at each temperature. A spectrum was collected aer cool-
ing with 24 scans, recorded in the range of wavenumbers 1300–
4000 cm−1.

4.3.7 Nitrogen physisorption studies. Nitrogen phys-
isorption studies were conducted on a Micromeritics ASAP 2020
instrument at liquid nitrogen temperature (77 K). Samples were
pre-treated under vacuum (500 mmHg) for 60 minutes, then the
temperature was increased to 150 °C and maintained for 240
minutes prior to the cool-down and subsequent measurement.
The surface area was calculated using the Brunauer–Emmett–
Teller (BET) equation. The adsorption–desorption isotherms
data was collected in the p/p0 range of 0.01–0.99.

4.3.8 X-ray photoelectron spectroscopy (XPS) studies. XPS
measurements were performed on an X-ray photoelectron
spectrometer, model K-Alpha, from ThermoScientic equipped
with a monochromated Al X-ray source operating in the Fixed
Analyzer Transmission mode. A ood gun was used for charge
compensation. Prior to the measurements the samples were
placed on the holder using double-sided graphite tape and
subjected to evacuation in an ultra-high vacuum. A 250 mm spot
size was used. The survey spectra were obtained with a pass
energy of 100 eV, 15 scans. The following detailed regions were
acquired with a 0.1 eV step: C 1s, O 1s, Al 2p, Ag 3d, Co 2p, Cr 2p
and Ce 3d. The peaks were tted using Avantage 5.982 soware
from ThermoScientic. The spectra were shied to align the
binding energy of the main C 1s peaks to 284.8 eV and the
aluminum oxide Al 2p peaks were tted by a single component
rather than with two spin–orbit components as with metallic Al
(as suggested by ThermoScientic analysis soware).

5 Conclusions

A series of alumina supports were obtained at different calci-
nation temperatures. Silver was deposited onto them and DTA-
TGA measurements were conducted to assess the activity of the
obtained catalysts in tight-contact soot combustion. Tmax of the
J. Mater. Chem. A, 2025, 13, 41764–41779 | 41775

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05994a


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
ok

to
br

is
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

1.
03

.2
02

6 
19

:0
3:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
DTA curve, which was used to compare the activity of the
systems, showed that the catalysts supported on a-alumina
exhibited higher activity than the catalyst supported on the low-
temperature alumina polymorphs. The enhancement in activity
was a step-wise change. Though several parameters changed
gradually with alumina calcination temperature and therefore
cannot be held accountable for the difference, the results of Tof-
SIMS studies and Hammett indicator tests both revealed a yes/
no-type of change between the catalysts supported on the low-
temperature polymorphs and on the high-temperature one.
Interestingly, the three solid solutions with the Al3+:dopant
ratio of 9 : 1 which were calcined at 550 °C prior to silver
deposition, yielded more active catalysts than the one sup-
ported on alumina calcined at this temperature. In fact, the
catalysts on doped-alumina supports calcined at 550 °C
exhibited similar activity to the catalysts supported on a-
alumina, though they contained a low-temperature polymorph
of Al2O3. However, the ToF-SIMS and Hammett indicator tests
pointed to the similarities of the catalysts with doped-alumina
supports to Ag/a-alumina rather than catalysts on low-
temperature alumina polymorphs. An increase in the calcina-
tion temperature of the doped-support to 1300 °C did not result
in an improvement of activity despite the transition of the
supports to a-alumina.
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Technology, for granting guidance and access to reagents for
Hammett indicator tests conducted as part of this study.
References

1 E. Aneggi, J. Llorca, C. de Leitenburg, G. Dolcetti and
A. Trovarelli, Soot combustion over silver-supported
catalysts, Appl. Catal., B, 2009, 91, 489–498.

2 K. Shimizu, H. Kawachi and A. Satsuma, Study of active sites
and mechanism for soot oxidation by silver-loaded ceria
catalyst, Appl. Catal., B, 2010, 96, 169–175.

3 L. Nossova, G. Caravaggio, M. Couillard and S. Natis, Effect
of preparation method on the performance of silver-
zirconia catalysts for soot oxidation in diesel engine
exhaust, Appl. Catal., B, 2018, 225, 538–549.

4 M. Montaña, M. S. Leguizamón Aparicio, M. A. Ocsachoque,
M. B. Navas, I. de C. L. Barros, E. Rodriguez-Castellón,
M. L. Casella and I. D. Lick, Zirconia-Supported Silver
Nanoparticles for the Catalytic Combustion of Pollutants
Originating from Mobile Sources, Catalysts, 2019, 9, 297.

5 P. Promhuad, B. Sawatmongkhon, K. Theinnoi,
T. Wongchang, N. Chollacoop, E. Sukjit, S. Tunmee and
A. Tsolakis, Effect of Metal Oxides (CeO2, ZnO, TiO2, and
Al2O3) as the Support for Silver-Supported Catalysts on the
This journal is © The Royal Society of Chemistry 2025

https://doi.org/10.1039/d5ta05994a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05994a


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
ok

to
br

is
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

1.
03

.2
02

6 
19

:0
3:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Catalytic Oxidation of Diesel Particulate Matter, ACS Omega,
2024, 9, 19282–19294.

6 Z. Zhao, J. Ma, M. Li, W. Liu, X. Wu and S. Liu, Model Ag/
CeO2 catalysts for soot combustion: Roles of silver species
and catalyst stability, Chem. Eng. J., 2022, 430, 132802.

7 N. Bogdanchikova, F. C. Meunier, M. Avalos-Borja, J. P. Breen
and A. Pestryakov, On the nature of the silver phases of Ag/
Al2O3 catalysts for reactions involving nitric oxide, Appl.
Catal., B, 2002, 36, 287–297.

8 X. She and M. Flytzani-Stephanopoulos, The role of Ag–O–Al
species in silver–alumina catalysts for the selective catalytic
reduction of NOx with methane, J. Catal., 2006, 237, 79–93.

9 E. M. Iwanek (nee Wilczkowska), D. W. Kirk and Z. Kaszkur,
Anomalous behaviour of silver catalyst for soot oxidation
explained: state of silver when operating and the inuence
of potassium ions, Catal. Sci. Technol., 2023, 13, 6910–6920.

10 M. V. Grabchenko, G. V. Mamontov, V. I. Zaikovskii, V. La
Parola, L. F. Liotta and O. V. Vodyankina, The Role of
Metal–Support Interaction in Ag/CeO2 Catalysts for CO
and Soot Oxidation, Appl. Catal., B, 2020, 260, 118148.

11 D. Chen, Z. Qua, S. Shen, X. Li, Y. Shi, Y. Wang, Q. Fu and
J. Wu, Comparative studies of silver based catalysts
supported on different supports for the oxidation of
formaldehyde, Catal. Today, 2011, 175, 338–345.

12 M. Richter, U. Bentrup, R. Eckelt, M. Schneider, M.-M. Pohl
and R. Fricke, The effect of hydrogen on the selective
catalytic reduction of NO in excess oxygen over Ag/Al2O3,
Appl. Catal., B, 2004, 51, 261–274.

13 L. Zeng, L. Cui, C. Wang, W. Guo and C. Gong, Ag-Assisted
CeO2 Catalyst for Soot Oxidation, Front. Mater. Sci., 2019,
13, 288–295.

14 J. H. Lee, S. H. Lee, J. W. Choung, C. H. Kim and K.-Y. Lee,
Ag-incorporated macroporous CeO2 catalysts for soot
oxidation: Effects of Ag amount on the generation of active
oxygen species, Appl. Catal., B, 2019, 246, 356–366.

15 J. Grams, A. Ura and W. Kwapiński, ToF-SIMS as a versatile
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