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Anomalous behaviour of silver catalyst for soot
oxidation explained: state of silver when operating
and the influence of potassium ions+

Ewa M. lwanek (née Wilczkowska), @ *2 Donald. W. Kirk @ ° and Zbigniew Kaszkur ¢

Two independent steps in which CO, formed were observed in soot oxidation using silver catalysts
supported on cerium-doped zirconia and zirconium-doped ceria. The first was attributed to thermal
decomposition of oxidized silver species to metallic silver with simultaneous soot combustion, whereas the
second was catalytic soot combustion. The first step was endothermic when the catalyst was heated
without soot, whereas it was overall exothermic when the catalyst was heated while in tight contact with
soot. Both mechanisms of CO, formation are described. The influence of potassium ions on the catalytic
activity in soot oxidation was found to be substantial for 1 wt% Ag/Zrg 93Ceq 0705, though negligible for 10
Wt% Ag/Zro03Ce0070,. In contrast, in the case of the zirconium-doped ceria support, the 1.5 wt% K*/
Cep.g5Zr0.1502 sample was equally active in soot combustion with and without silver. Proper interpretation
of activity onset of silver catalysts for soot combustion, the state of silver when operating and the influence

rsc.li/catalysis

1. Introduction

Particulate matter from diesel engines continues to be an
environmental issue. Supported silver catalysts for
combustion of soot have been often studied for potential
application in diesel engine exhaust clean-up."® The harmful
nature of particulate matter (PM) in the exhaust of vehicles
with diesel engines is well-documented.”™* In fact, PM has
been classified as a carcinogenic substance by the World
Health Organization' and so its removal from the exhaust
stream is critical for human health. In the view of our recent
findings, in order to design the best catalyst, the
interpretation of activity results from laboratory studies must
take into account several decisive points. The results of our
studies show that a critical assessment of the optimistic
diagnosis of activity of silver catalysts for soot oxidation is
warranted. Although many issues have been successfully
tackled and are commonly agreed on by researchers, some
still need to be addressed. One of the points of agreement is
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of potassium ions on the activity was the focus of this study.

that the contact between the soot and catalyst plays an
important role."*"” Another commonly accepted fact is that
silver catalysts contain metallic silver, as evidenced by X-ray
Diffraction patterns,"®'® but also contain some oxidized
silver species on the surface. The presence of the latter has
been determined by means of Temperature-Programmed
Reduction studies, in which low-temperature peaks are
assigned to the reduction of oxidized silver species.*® Some
high-resolution TEM images indicate the presence of silver
oxide as a separate phase between metallic silver and CeO,,®
but even when no such phase is observed, the TPR still shows
a low-temperature reduction peak attributed to oxidized silver
species.>*® However, the views on which species are more
active is divided. Some groups consider the oxidized form to
be less reactive, e.g,, Aneggi et al® They have noted a
negligible influence of a pre-reduction treatment on the T, of
the zirconia supported silver catalyst and concluded that in
soot combustion the metallic form of silver is more active
than oxidized forms of silver. In contrast, Shimizu et al.*!
state that “Ag,O completely deactivated after the first catalytic
run because of its conversion to Ag metal particle, indicating
that Ag,O does not act as a catalyst but as a strong oxidant
for soot combustion”.

Two other important factors for laboratory-scale tests are
the model soot material used in the study and the conditions
of the catalyst pre-treatment. Studies of processes such as
catalytic gasification of coal and catalytic oxidation of diesel
soot are often performed on different carbonaceous
materials. Few studies deal with actual coal®** or diesel

This journal is © The Royal Society of Chemistry 2023
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engine soot> at the laboratory scale. In the case of model
soot materials some are easier to obtain than others, some
are easier to combust. In order to obtain meaningful and
reproducible results using a model material with uniform
composition and properties helps to systemize the results
and knowledge acquired through catalytic tests. In the case
of silver catalysts, the pre-treatment of the catalyst prior to
the activity tests is also of critical importance. Some groups,
e.g., Aneggi et al® have performed soot combustion
measurements after maintaining the catalysts in a reducing
atmosphere in order to reduce the surface Ag,O prior to
activity measurements. Nevertheless, thus far, few papers
have properly addressed the issue of the impact of the
oxidized forms of silver on the activity of the catalyst,
suggested a proper pre-treatment method which is not
affected by oxidized forms of silver.

The term “ceria-zirconia” or “ceria-zirconia mixed oxide”
is often found in the literature, but is not precise, and the
material itself does not contain both oxides as separate
phases, but is rather a solid solution of one type of ions
incorporated into the matrix of the oxide of the major
component.>>*® When the Ce/(Ce + Zr) ratio is large, the
structure of pure ceria is kept intact, i.e., the fluorite-type,
cubic structure, but the zirconium ions do influence the
lattice parameter of the oxide due to ionic radius mismatch.
In this study, such oxides are referred to as “zirconium-
doped ceria”. In contrast, when the Ce/(Ce + Zr) ratio is
small, the structure is that of zirconia with cerium cations
inserted into the Zr*" sites,® and those will be called
“cerium-doped zirconia”. Understanding this distinction is
crucial in comprehending why ceria® ' and zirconium-
doped ceria®* are highly reducible oxides with excellent soot
oxidation activity, whereas zirconia and cerium-doped
zirconia are only used as a support rather than a catalyst for
soot oxidation,'® though both are referred to as “ceria-
zirconia”. A very important characteristic of zirconia is the
existence of three polymorphic types of ZrO,, namely:
monoclinic (P24/c), tetragonal (P4,/nmc) and cubic (Fm3m).*
The polymorph into which the other two transform at
elevated temperature is the monoclinic zirconia, which has
the least beneficial properties. In order to keep from turning
into the monoclinic polymorph, it is often partially stabilized
with magnesia or yttria.** Stabilization of zirconia with
yttrium ions is well known in the application of fuel cells,
which have employed yttria stabilized zirconia (YSZ) as the
solid electrolyte for decades.***® Cubic zirconia is partially
stabilized with magnesia to increase strength of the
material.***” In this study both cerium-doped zirconia and
zirconium-doped ceria are investigated and compared.

2. Experimental
2.1 Materials

The zirconia and ceria-doped zirconia supports were
synthesized using ammonium ceric nitrate (analytical grade,
BDH) and zirconyl nitrate (pure for analysis, Sigma-Aldrich)
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in order to get the desired compositions. In the case of the
zirconium-doped ceria, the concentration of zirconium ions
was 15 at% (Zr/(Ce + Zr)), whereas the cerium-doped zirconia
was obtained with cerium loadings of 7 at% (Ce/(Ce + Zr)).
Such compositions allowed us to have a single-phase support
in each case, which makes the interpretation of the results
easier than in the case of multiphase supports. The salts were
dissolved in water, mixed and precipitated with a 15% NH;
solution (purum p.a. POCh, Gliwice, Poland). The precipitate
was washed, dried, and calcined at 550 °C for 4 h. Undoped
zirconia and undoped ceria were obtained from the same
reagents by the same method as the mixed systems. The
supports were impregnated sequentially with a solution of
silver nitrate (analytical grade, POCH Gliwice) to give a final
loading of 1, 5 and 10 wt% of metallic silver and then with a
solution of potassium carbonate (analytical grade, POCH
Gliwice) to obtain a loading of potassium ions of either 0.5 or
1.5 wt%. In the case of both steps, the solvent was
evaporated, the catalyst was calcined for one hour at 550 °C.

2.2 Characterisation studies

2.2.1 Temperature Programmed Oxidation (TPO). The soot
combustion measurements were performed in a tight contact
mode using the STA 449C thermobalance. The experiments
were conducted using the Differential Scanning Calorimetry
mode (DSC-TGA) in which the thermal analysis was coupled
with Mass Spectrometry (QMS 403C, NETZSCH). Only one
model soot was used for all of the experiments: a high purity
activated carbon (CAS 7440-44-0, Merck) due to its low ash
content (<2%). The soot and catalyst were weighed in a 5:1
ratio, transferred into an agate mortar and ground with a
pestle for exactly 1 minute directly before the TPO
measurements to attain a tight contact of the catalyst with
soot. No other pretreatment of samples was implemented.
The powder was thoroughly mixed and sample of approx. 50
mg were used for the experiments. Most of the experiments
were conducted in premixed synthetic air (N,:0, = 80:20 =+
1%, Multax). The temperature program consisted of heating
the samples to 850 °C at the constant rate of 5 degrees per
minute with the flow rate of 100 mL min™*. Mass spectra
were collected during the measurement in the scan bar graph
mode. An experiment with argon (99.999% purity, Multax)
was also performed in accordance with the same temperature
program, though with a smaller sample (only 4 mg of soot
were used) so that the exothermic effect would not upset the
temperature program, with the Multiple Ion Detection MS

mode (m/z = 18 and 44 signals were collected using the
Channeltron detector).
2.2.2 Temperature Programmed Reduction (TPR).

Temperature Programmed Reduction (TPR) measurements were
performed with Autochem II 2920 V4.05 from Micromeritics.
Prior to reduction approx. 0.1 g of a sample was heated to 150
°C at 10 K min™* in a mixture of O, and He (5:95 + 0.5%, both
99.999%, Multax) flowing at a rate of 30 mL min™", followed by
a 10-minute-long isothermal stage and cooling in helium
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flowing at 30 mL min~". The reduction was carried out in a
flowing mixture (30 mL min") containing 10% H, (99.999%,
Multax) in Ar (99.999%, Multax). The experiment was carried
out with 0.1 g of each sample up to 900 °C with a heating rate
of 10 degrees per minute.

2.2.3 Powder X-ray Diffraction (PXRD). The XRD powder
patterns were collected with a Siemens D 5000 diffractometer
(Bruker AXS GmbH) using a Cu tube operated at 40 kV, 40
mA, scattering angle range: 20-140 degrees, Ni filter (1:200)
and LynxEye strip detector, working in Bragg-Brentano
geometry. Diffraction patterns were recorded in a continuous
mode with rate of 0.02 degree per second.

The in situ PXRD measurements were performed in a lab-
build environmental chamber (described in ref. 38) equipped
with an automated gas-feeding system, temperature controllers
and mass spectrometer (Hiden Analytical). The sample was kept
in He (5.0 purity, 20 mL per minute) and heated in 20 °C steps
from room temperature to 280 °C. The diffraction patterns were
collected for each step in the scattering angle range of 10-140
degrees after the temperature had stabilized.

2.2.4 Scanning Electron Microscopy (SEM) with Energy
Dispersive X-ray Analysis (EDX). A Prisma E (Thermo Scientific)
microscope was used to obtain images of the samples. SEM
image colouring based on Energy-Dispersive X-Ray Spectroscopy,
ChemiSEM™ Technology, was applied for better differentiation
of the phases. The parameters used for imaging were as follows:
acceleration voltage of 10 kV, beam deceleration 5 kV, working
distance 8 mm, spot size 3, and magnifications of: 2000, 5000,
10000 and 20000 times. EDX data were acquired with the
following parameters: 15 kV, spot size 7. Images were also
acquired using a circular backscatter detector.

2.2.5 Nitrogen physisorption. The total surface area of the
catalysts was determined by nitrogen physisorption using
ASAP2020 apparatus from Micromeritics Instrument Co.
Before the measurement, the samples were degassed at 50 °C
for 2 hours. Then nitrogen adsorption was carried out at the
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temperature of liquid nitrogen. The specific surface area
(Sger) of the supports and catalysts was calculated using the
BET adsorption isotherm model (Brunauer-Emmett-Teller)
in the range of p/p, = 0.05-0.3.

2.2.6 X-ray Photoelectron Spectroscopy (XPS). The X-ray
Photoelectron Spectroscopy (XPS) analyses of the samples
were performed with a K-alpha instrument (ThermoFisher
Scientific), using a monochromated, micro-focused, low-
power Al K-alpha X-ray source (1486.6 eV). A pass energy of
100 eV was used to obtain the survey spectra, whereas 50 eV
was applied to acquire detailed peak energy regions (C 1s, O
1s, Ce 3d, Zr 3d, Ag 3d). Samples charging was countered by
a flood gun and shift of peak binding energy values to C1s
(285.0 eV). The analysis of peaks was performed with a
Gaussian (70%)-Lorentzian (30%) peak shape after a Shirley
type baseline subtraction using Avantage processing software
(ThermoFisher Scientific).

2.2.7 Transmission Electron Microscopy (TEM). The TEM
images were collected on a CM20 Super Twin instrument
(Philips) operating at 200 kV. The samples were dispersed in
2-propanol using a sonic bath. Three droplets of the
suspension were deposited onto a copper grid subsequently
and allowed to dry prior to the measurements.

3. Results and discussion

The zirconium-doped ceria and cerium-doped zirconia supports
chosen for further testing were selected based on the results of
our previous studies, which have shown that the Ce, gsZrg 150,
and Zr, 93Cey.9;0, supports contain only one phase, the fluorite-
type cubic ceria structure and tetragonal zirconia structure,
respectively, and have the most beneficial properties.>>>® As in
the case of all of the silver catalysts for soot combustion in the
literature cited in the Introduction section, the XRD studies
have shown that the silver deposited onto Zrj¢3Ce 0,0, is
present in the metallic form (Fig. 1), even in the sample which

* Ag® (PDF#040783)
* t-2rO, (PDF#800785) 4 Ag (111) \

10% Ag

5% Ag.

no Ag

80 100 120 140

Scattering angle [°]

Fig. 1 XRD patterns of the support (Zrg.93Cep.0702) with different silver loadings with back-scattered electron (BSE) images (left) of the undoped
support and of 10 wt% Ag; enlarged 35-40 deg scattering angle region of the 1 wt% Ag and 5 wt% Ag patterns (right) to show presence of metallic

silver peaks.
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Fig. 2 Influence of potassium ions and silver loading on the specific
surface area of catalysts.

contains only 1 wt% Ag (Fig. 1 enlargement). All of the other
peaks belong to the tetragonal zirconia phase with the P4,/nmc
space group.

The values of the specific surface area of the cerium-doped
zirconia (ZC) and zirconium-doped ceria supports are 63 and
77 m* g, respectively (Fig. 2), whereas those of undoped
zirconia and undoped ceria were only 48 and 35 m® g”*. Hence
it can be seen that the incorporation of zirconium ions into the
ceria lattice and vice versa increases the surface area. It can be
seen that the deposition of potassium onto the ZC support does
not lead to changes in the surface area, whereas the silver
loading leads to a substantial decrease of the specific surface
area of the catalyst. Already the addition of 1 wt% leads to a
decrease of approx. 14% of the original surface. The deposition
of 5 and 10 wt% of silver on this support leads to further
decrease of the surface area, namely by 41 and 48%
respectively. In the case of the zirconium-doped ceria support,
the deposition of a large dose (1.5 wt%) of potassium causes a
decrease of the surface area, but the drop is not as substantial
as that observed for the catalyst with 10 wt% silver. The
deposition of potassium carbonate on the catalyst with 10 wt%
silver, followed by calcination, causes only a slight further
decrease of the surface area.

Fig. 3 shows the compilation of the results of Temperature
Programmed Oxidation experiments with both supports,
namely: ZC (Fig. 3A) and CZ (Fig. 3B), as well as that of 10
wt% Ag/ZC (Fig. 3C). The weight loss curves for these
samples are orange. The back dashed line corresponds to the
TGA curve of the pure soot and it has been rescaled and
overlayed with the other TGA curves for comparison. The
weight loss, DSC signal and CO, evolution curves of the pure
soot are in the ESIf data (Fig. S1) and are typical for the
combustion of carbonaceous material-the mass loss is
associated with a large exothermic peak and CO, formation.
The blue curves in Fig. 3 show the CO, evolution from
catalysed combustion. The first two samples have
qualitatively similar TGA curves with one major mass loss
step, which can be attributed to the combustion of soot. The
soot combustion on zirconium-doped ceria (Fig. 3B) occurs at
a lower temperature than in the presence of cerium-doped
zirconia. It can be seen that the temperatures of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 TGA (orange) and MS m/e = 44, CO, evolution, curves (blue)
obtained during TPO of a 5:1 mixture of the following three systems
with soot: (A) ZI"0_93CEO_0702, (B) Ceo_852r0_1502, and (C) 10 wt% Ag/ZC,
dashed black line: TGA curve of soot alone; inserts: images of catalyst
1 - prior to test, 2 — post test.

beginning and end of CO, evolution are lower than those
noted for the ZC support.

In contrast, when looking at the TGA curve of a catalyst
containing 10 wt% silver on Zr, ¢3Cey.070, (Fig. 3C), one can
notice a change in its shape, i.e., the onset is more gradual,
which is accompanied by a qualitatively different CO,
evolution curve shape. Although CO, emission begins earlier
than in the two other systems, it has two phases of CO,
emission. This could be explained as the catalytic effect of
silver, but by definition of a catalyst, it should not be used
up during the reaction and should be unchanged at the end
of the catalytic cycle. This is not the case because the black/
dark grey supported silver catalyst changes colour
(Fig. 3C inset 1: colour of catalyst before mixing with soot)
during the measurement relative to that of the undoped
support (Fig. 3C inset 2). Moreover, the temperature at which
CO, emission ends is not the lowest of the ones for the
studied systems, i.e., CO evolution for this system ends at a
higher temperature than with CZ, but lower than with ZC.
Although the XRD patterns all indicate the presence of
metallic silver in the catalysts, as did the TEM measurements
(Fig. 4A), the results of techniques which are more sensitive
to the surface, such as SEM-EDX (Fig. 4B) and XPS (Fig. 5),
indicate that a part of the silver in the studied systems is
associated with oxygen, which can be the reason for the
observed colour change during activity tests. The application
of SEM-EDX allows for precise measurement of specific
locations, which is why it was used to investigate the
elemental composition of silver agglomerates and their
immediate surrounding area. The three points were chosen
in the following manner: the first was a part of the support

Catal. Sci. Technol,, 2023, 13, 6910-6920 | 6913
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(A)

Fig. 4

on which no silver agglomerate was visible, whereas the other
two were different sized silver particles. The composition of
point 1 shows that when very little silver, ie., 1.7 at%, is
present, the Zr:O ratio is close to 2, as expected from the
stoichiometry of zirconium oxide. At point 2, in which a
larger silver agglomerate is present, the relative zirconium
content is only approx. 11 at%, which means that twice the
amount of oxygen comes from the support and the rest is
associated with the silver agglomerate. In point 3, which
contains a larger silver agglomerate and hence the relative
at% of silver is even higher and less of it is associated with
oxygen. This indicates that silver is mostly metallic, which
can be expected after calcination at 550 °C. The larger
agglomerates have relatively less oxygen than the smaller
ones, which shows that this is a surface phenomenon, and
could account for the metallic silver in the XRD results as
well as the relative decrease of the oxygen in the elemental
maps shown in Fig. 6. The same was noted for the other
catalytic systems.

The results of the X-ray Photoelectron Spectroscopy
measurements of the Zr,¢;Ce( 0,0, support with 1, 5 and

Ag 3d
El
— 1wt.% Ag — Swt.%Ag — 10 wt.% Ag 8
>
G
]
Ag £
v
— Ce o zr
& v v ¢ 385 375 365
z
o _N_MfuﬁL_AAl | he3d
£ L -
J N 35
s
z
1400 1200 1000 800 600 400 200 0 =
a
Binding energy [eV]
385 375 365
Binding energy [eV]
Fig. 5 XPS measurement results: survey spectra of x% Ag/

Zro.93Ce0070; (x = 1, 5, and 10) samples, and Ag 3d detailed regions of
10 wt% Ag/ZC and 1 wt% Ag/ZC.
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Investigating silver agglomerates: (A) TEM images of 10 wt% Ag/ZC and (B) SEM-EDX results of 10 wt% Ag supported on undoped zirconia.

10% silver are depicted in Fig. 5. The survey spectra show
that the only elements present on the surface of the samples
are oxygen, zirconium, cerium, silver and adventitious
carbon. It is noteworthy that the support, which contains 7%
cerium ions in the tetragonal zirconia lattice shows very little
cerium. The effect of surface enrichment in zirconium ions
on the surface of the zirconium doped ceria support has been
reported by us and other research groups earlier.”® In the
case of cerium-doped zirconia, an enrichment of the surface
with cerium ions has been reported, though after a much
higher thermal treatment than in the present study.*
However, in this case, the low cerium content in the top 10
nm of the surface may be attributed to the presence of silver.
It can also be seen that the zirconium signal also decreases
along with the increased silver loading and this is in line
with the results of the SEM-EDX measurements which
indicate a substantial coverage of the surface with silver, as
well as the decreased surface area of the samples.
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Fig. 6 TPR results: the influence of potassium ions on the reduction

curves of different supports and catalysts; (A)-(D) compilations of
analogous systems.
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The Ag3d detailed regions of XPS spectra of the samples
with 10 wt% Ag and 1 wt% Ag deposited onto Zr, 93Ceg 070,
can be fitted with two doublets with the Ag 3ds,, components
at 368.2 eV and 372.0 eV (Fig. 5). The first of these is
associated with metallic silver and hence both spectra
contain a loss feature 4.5 eV away from the main signal,
which is typical for metallic silver.*® The second doublet can
be attributed to ionic silver. This is the silver associated with
oxygen and so it is noteworthy that the smaller silver loading
has a greater contribution of this type of species, which is
the same conclusion which was reached on the basis of the
SEM-EDX results for the different-sized silver particles.

Selected TPR results are shown in Fig. 6. In order to allow
a meaningful comparison, the first three images (Fig. 6A-C)
have the same y-axis scale, i.e., from 9.8 to 10.8 units, whereas
the fourth (Fig. 6D) depicts results from unsupported Ag,O
and therefore has a much larger scale despite the smaller
overall mass of the sample. The obtained results show that
the deposition of silver onto a support completely changes
the reduction profile by making the oxygen of the support
unavailable to the hydrogen. In the case of the zirconium-
doped ceria support (Fig. 6A), the solid solution itself is
reduced to a large extent in a mid-temperature region with a
smaller reduction at higher temperatures. The presence of 1.5
wt% potassium ions slightly changes the shape of the two
peaks and shifts the maxima to slightly lower temperatures,
but does not change the overall character of the reduction
peaks. In contrast, the addition of 10 wt% silver, with or
without potassium ions, onto this support leads to a
substantially suppressed reduction of the support (Fig. 6B).
Similarly, the suppression of the surface reduction peak of
pure ceria upon the deposition of silver has already been
reported by Grabchenko et al.*

An interesting finding is that the studied cerium-doped
zirconia support (Fig. 6C red curve) shows some reduction
(this result has been verified with another measurement due
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to the unusual shape), although undoped zirconia does not,
e.g., ref. 19. This hydrogen consumption peak is also
suppressed once loaded with 10 wt% Ag (Fig. 6C blue curve).
It can be seen that the catalyst contains oxidized silver
species, which are reduced at temperatures even lower than
in the case of the CZ-supported catalyst. The fact that the
hydrogen uptake signal in the 10 wt% Ag/ZC sample begins
at a much lower temperature than that of 10 wt% Ag/CZ
indicates a different strength of silver-support interactions.
The total hydrogen consumption, however, is lower. Even
lower H, consumption was reported by Montafa et al."® The
TPR curves clearly indicate that there is a different intensity
of the metal-support interactions in these two types of
catalysts. In order to get the whole picture, a measurement
with unsupported Ag,O was performed. The hydrogen uptake
signal for Ag,O begins at a higher temperature than in the
case of the supported silver catalysts. The presence of
potassium ions shifts the beginning of the reduction peak to
higher temperatures.

In order to investigate the impact of the presence of
oxygen associated with silver on the onset of soot
combustion, TPO-MS experiments were performed with Ag,O
mixed with soot in a 5:1 ratio. The DSC and the TGA curves
obtained in the measurement in air both clearly show two
exothermic mass loss steps (Fig. 7A top panel) and each of
them is associated with the evolution of carbon dioxide
(Fig. 7A bottom panel). Therefore, the requirement for of
oxygen in the atmosphere was probed by running the same
experiment in argon. The results (Fig. 7B) show that the first
exothermic step takes place even in an inert gas atmosphere,
which means it is due to the interaction of the silver oxide
sample with the soot. It may be argued that the exothermic
peak is only due to the decomposition of the silver
compounds from the sample, but such a decomposition
reaction would require heat rather than give off heat. Indeed,
a measurement with only Ag,O shows a sharp endothermal
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Fig. 7 TGA and DSC curves (top panel) and MS m/e = 44 (CO, evolution) curves obtained during Temperature Programmed Oxidation of a 5:1
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signal with a mass loss when soot is absent (Fig. 7C). The
magnitude of the CO, evolution is much smaller than that
observed in the experiments with soot. The fact that CO,
evolves at all is a result of the fact that surface carbonate can
be formed in the presence of CO, in the air. Such surface
species on silver oxide have been reported in other studies.”
Hence, another measurement was performed in the DTA-
TGA-MS mode, which allowed for a larger sample of Ag,O to
be analysed. The results are depicted in Fig. S4.f The TGA
curve shows two weight loss signals, one at approximately
200 °C and another which ends at 400 °C. The DTA curves
reveal they are both endothermic. The first is smaller and is
typical for solids which desorb chemisorbed species such as
water (m/e = 18), and CO, (m/z = 44). This is confirmed by the
MS results shown in Fig. S2.

The next step is associated with the evolution of some
CO,, which again evolves over a narrow time range. It is
accompanied by the evolution of water, as well as oxygen due
to the decomposition of the silver oxide to metallic silver.
The evolving oxygen should be capable of oxidizing some
soot, which would account for a larger emission of CO, and
the change from endo- to an overall exothermic type of
reaction. It is known from literature that silver carbonate
decomposes into silver oxide and then metallic silver,** both
of which occur below the temperature at which the majority
of soot is combusted. Hence, the presence of such species on
the surface of silver catalysts for soot combustion will lead to
the same sequence of reactions.

In situ XRD studies were performed to confirm that in the
presence of soot the same processes take place as without
soot, i.e., the thermal decomposition of silver oxide and silver
carbonate. The results obtained in the temperature range
from 30 to 280 °C are compiled in Fig. 8A. For convenience,
the diffraction patterns recorded at three distinct
temperatures are shown in Fig. 8B with the reflexes assigned
to each of the three phases. It can be seen that at the
beginning of the measurement, the sample contains two
phases, namely silver oxide and some silver carbonate, whose
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peaks can be seen up to 140 °C. Metallic silver can be
observed already at 100 °C, though peaks from silver oxide
are observed all the way up to 200 °C. At temperatures above
220 °C, so those at which the combustion of soot occurs, the
only form of silver which is present is metallic silver. This
means that regardless of the amount of the oxidized forms of
silver or surface carbonate, the active form is metallic silver.
Hence, the metallic core with some surface oxide and
carbonate is actually a precursor of the catalyst, which is
activated prior to soot combustion. It has been found,
however, that the form of the silver is dependent on whether
the activation is performed in the presence of soot or not.
XRD studies of 10 wt% Ag/Zr, 5Ce 9,0, have shown that the
size of the silver particles is much larger when the activation
takes place with soot, i.e., several nanometers vs. >40 nm.
The analysis of the obtained results can be summed up in
the following way: two steps of CO, formation were
identified, i.e., (1) a stoichiometric reaction of the oxygen
emitted during the thermal decomposition of oxidized silver
species and (2) catalytic soot oxidation. These pathways are
depicted in Fig. 9. During the thermal decomposition of the
silver oxide, oxygen was detected by mass spectrometry. This
is not reversible, as evidenced by the studies which have
shown a loss of activity of silver oxide in the second cycle.*!
However, when only a single cycle of activity measurements
is performed, it is easy to confuse this step with a catalytic
reaction because at these temperatures, the presence of
oxygen and soot alone is not enough to combust any soot.
Therefore, there has to be a reason why the oxygen evolving
from the silver oxide is more active than that found in the air
which flows during the entire measurement. This reason has
been provided by Ertl et al.,, who have shown that there are
single oxygen atoms on the surface.*’ These are most likely
responsible for the soot combustion which has been
evidenced by the MS data in Fig. 7 for the step called “Exo
1”. Hence, the soot combustion which occurs in this step
starts when the oxidized silver species start to decompose
and ends when they are all transformed into metallic silver.
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In situ XRD studies of Ag,O with soot: (A) in the temperature range 30-280 °C and (B) at three selected temperatures, i.e., 30, 160 and 220 °C.
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The extent of the soot combustion in this step strongly
depends in the amount of oxidized silver species in the
catalyst: soot mixture. Since our studies used an unusually
low, i.e., 5:1 ratio, the results of studies with much higher
catalyst : soot ratios can be expected to be more impacted by
the presence of oxidized silver species.

The mechanism of the catalytic soot combustion over
supported metallic silver can be broken down into four
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distinct steps (Fig. 9B): step 1: adsorption of oxygen from air,
step 2: migration of O,q4s onto the soot, step 3: formation of a
CO, molecule, and step 4: desorption of the CO, molecule
from the surface. The first step, i.e., adsorption of oxygen
from air, can be easily reversed by the desorption of O, when
recombination occurs. Hence, the key is the successful
delivery of the adsorbed oxygen onto the soot or to the three-
phase boundary of air, silver and soot. It is possible that the
successful adsorption would have to occur near or at the
three-phase boundary if the migration of oxygen on the silver
surface is limited. The adsorbed oxygen then reacts with the
soot to form carbon dioxide (step 3), which then desorbs
from the surface of the soot restoring the catalyst and leaving
the soot more depleted with each cycle until all of it is
oxidized.

When potassium carbonate is deposited onto the silver
catalysts and calcined, its distribution follows that of silver
(Fig. 10), as seen in the elemental maps. Apart from maps of
single elements, there are maps which are the sum of the
individual signals. In all of the maps the same colours were
used: silver is coloured yellow, zirconium is red, cerium is
purple, oxygen is blue and potassium is pink. This is why the
background of the two maps of the cerium-doped zirconia-
supported catalysts have a red background, whereas the
zirconium-doped ceria supported catalyst has a purple
background. What can be seen in the maps is a substantial
difference in the distribution of silver on these two supports.
The two cerium-doped zirconia supported catalysts whose
images are shown in Fig. 10A and B, differ in the silver
loading, which is 1 and 10 wt%, respectively. The silver is
distributed as visible particles already at 1 wt% and even
larger ones when the loading is higher. This indicates that
the interaction of zirconia with silver is not very strong. In

Fig. 10 SEM-EDX results for catalyst containing 1.5 wt% potassium ions deposited onto the following catalysts: (A) 1 wt% Ag/Zrg 93Ceg.0702 and

(B) 10 wt% Ag/Zr0,93Ce0‘o702, and (C) 10 wt% Ag/ceolsszro'lsoz.
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Fig. 11 TGA curves of mixtures of soot with: (A) potassium carbonate,
Ag,O without potassium ions and with 1.5 wt% K*, (B) CZ with 1.5 wt%
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1.5 wt% K*, and (D) 10 wt% Ag/ZC with 0.5 wt% K* and 1.5 wt% K™.

the case of a ceria-type support (Fig. 10C), i.e., Ceyg5Zr(.1502,
the silver is distributed differently: some of it is distributed
evenly across the support with a few very large particles.

The Temperature Programmed Oxidation studies have
shown numerous interesting effects and factors which are
critical for the proper design of a soot combustion catalyst.
The results of these studies are compiled in Fig. 11. For all
these studies the catalyst: soot ratio was 5:1. Since the onset
temperature of catalytic soot combustion is problematic due
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to the thermal decomposition of oxidized silver species, the
final temperature was used as an indicator of catalytic
performance. Fig. 11A contains a comparison of the TGA
curves obtained for Ag,0 with (1.5 wt%) and without
potassium ions. It can be seen that the addition of potassium
led to a very pronounced (almost 100 °C) lowering of the end
temperature of soot combustion. Therefore, it is clear that in
the case of unsupported Ag,0, the potassium ions can act as
a promoter or even a catalyst, as in coal gasification, due to
their high mobility. It has been observed (Fig. 11B) that the
zirconium-doped ceria support doped with 1.5 wt% K'
exhibits similar activity with and without silver. This is not
surprising since pure ceria has been studied as a stand-alone
catalytic system for soot combustion.”"****?" Nevertheless,
such a comparison is a valuable piece of information because
it shows that the presence of potassium ions is not the only
reason for obtaining such excellent activity in this reaction in
the Ag,0 + 1.5 wt% K' system. These two sets of results tell
us that the stabilization of oxygen by the potassium species
is beneficial for the overall activity of a silver catalyst when
no oxygen from the support is available. In fact, the
combination of silver and potassium ions is the most
effective catalytic system from those studied in this paper.
Therefore, it can be seen that the potassium ions are not
responsible for the soot combustion, but they help the silver.
Otherwise, the results of all systems with 1.5 wt% K" would
be the same.

Another interesting result is that with the lowest silver
loading, ie., 1 wt% Ag, supported on the cerium-doped
zirconia, the effect of the potassium loading is substantial, as
seen in the curves presented in Fig. 11C. There is a 45 deg
difference between the temperature of the end of soot
combustion upon the increase of the potassium ion loading
from 0.5 to 1.5 wt%. No such influence is observed when 10
wt% of silver is deposited onto this support. This is indeed
an interesting result, which shows that although the
Fig. 11B and C indicate that the beneficial impact of shape of
the TGA curve indicates a lower onset temperature, the final
temperature is higher for the higher silver loading, which is
in line with the proposed mechanisms of CO, formation,
which is enhanced when the silver loading is higher due to a
higher content of oxidized silver species. Considering the fact
that potassium ions are mobile and associated with
oxygen*>"® and taking into account the analysis of results
presented in figure potassium ions on the catalytic soot
combustion may be attributed to facilitated migration of
oxygen from the silver to the soot (step 2 Fig. 9b).

4. Conclusions

Despite the fact that the silver catalysts used in this study, as
well as those described in the literature, are calcined at
temperatures above 220 °C and hence are predominantly in
the form of metallic silver, some oxidized forms of silver are
present on the surface. The Temperature Programmed
Reduction curves unambiguously show low temperature

This journal is © The Royal Society of Chemistry 2023
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reduction peaks, which can only be attributed to oxidized
forms of silver. The result of our research has clearly shown
that catalysts operating at temperatures above this
temperature are solely in the metallic form, as the heating to
this temperature leads to their thermal decomposition. This
means that the active form of silver in soot oxidation is
metallic silver and the system which contains oxidized forms
of silver is, in fact, a catalyst precursor, which is activated
during the first stage of heating. What is more, our studies
have shown that when the precursor is heated in the
presence of soot, the silver particles are larger than those
when the precursor is activated alone. During activation the
thermal decomposition of the oxidized forms of silver release
oxygen, which can oxidize soot and lead to artificially lower
soot combustion onset temperature. The unsupported silver
oxide showed to be the best, especially when doped with
potassium ions. Instead of pre-activation of the precursor, it
was concluded that the end temperature is the least impacted
by the presence of oxidized species and is a good indicator of
the activity of a given catalyst, provided that all of the tests
are conducted with the same heating rate. The impact of the
presence of potassium ions was more beneficial in the case
of 1 wt% Ag/Zr,.9,Ceg 030, than for higher silver loadings. For
Cey.g5Z10.150, the results obtained for samples with 1.5 wt%
K" either with or without silver are very similar.
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