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Abstract 

 

The catalytic activity and mobility of silver nanoparticles used as catalysts in temperature 

programmed oxidation of soot:silver (1:5 wt:wt) mixtures have been investigated by means of flow 

reactor experiments and in situ environmental transmission electron microscopy (ETEM). The carbon 

oxidation temperature was significantly lower compared to uncatalyzed soot oxidation with soot and 

silver loosely stirred together (loose contact) and lowered further with the two components crushed 

together (tight contact). The in situ TEM investigations revealed that the silver particles exhibited 

significant mobility during the soot oxidation, and this mobility, which increases the soot/catalyst 

contact, is expected to be an important factor for the lower oxidation temperature. In the intimate tight 

contact mixture the initial dispersion of the silver particles is greater, and the onset of mobility occurs 

at a lower temperature which is consistent with the lower oxidation temperature of the tight contact 

mixture.  

Keywords: silver mobility, environmental TEM, soot oxidation 

 

1. Introduction 

 

Soot particles in the exhaust from diesel vehicles are likely to cause lung cancer and to affect the local 

climate and air quality [1-6]. For that reason the soot particles are typically removed from the exhaust 
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gas by filtration through a ceramic filter [7, 8]. The filter needs periodic regeneration, in which the 

filter temperature is increased, and the soot is burned away. The growing back pressure due to the 

soot deposits and the increased temperature required for filter regeneration increase the fuel 

consumption [9, 10]. To limit this extra fuel consumption it is desirable to develop low temperature 

soot oxidation catalysts to lower the regeneration temperature. The heterogeneously catalyzed soot 

oxidation is a gas/solid/solid interaction, and the contact between soot and catalyst is very important 

for the catalytic activity [11]. In tests where soot and catalyst are crushed together (so-called tight 

contact), the oxidation occurs at a significantly lower temperature, compared to when soot and 

catalyst are stirred together with a spatula (so-called loose contact) [11]. Several experiments with 

diesel soot filters [10, 12-15] have indicated the presence of both contact types. An explanation of 

this may come from the environmental scanning electron microscopy experiments by Kameya and 

Lee [16], who observed that the catalytic oxidation at the interface between the bottom of the soot 

cake and the catalyst containing filter caused the soot cake to crack, leading to a delamination and 

subsequent diminishment or even loss of soot/catalyst contact [16]. It is thus likely that the 

development of catalysts for real filter applications will benefit from an understanding of both types 

of contact.  

     In terms of what constitutes a good catalyst both the surface area [17-19] and the strength of the 

oxygen-catalyst bond are very important for the catalytic activity [20]. Silver is able to activate 

oxygen by dissociative adsorption already at low temperature [21, 22], and in a number of cases 

silver-based catalysts have been reported to exhibit high activity for catalytic soot oxidation [18, 23-

33]. It is particularly interesting that soot oxidation at relatively low temperatures has been achieved 

in loose contact with silver [24, 33]. It is therefore relevant to investigate the behavior of silver at the 

conditions of catalytic soot oxidation. In this work we employ catalytic oxidation tests and 

environmental transmission electron microscopy (ETEM) during in situ soot oxidation to evaluate 

the behavior of silver at the conditions relevant for catalytic soot oxidation. ETEM is a unique tool 

for visualizing and characterizing the dynamic evolution of soot oxidation catalysts in action as 

illustrated by earlier works [34,35]. 

 

 

2. Experimental 

 

2.1 Materials  



 

A commercial Ag nanopowder sample from Sigma-Aldrich (2.1 m2/g, <932 ppm metal impurities, 

~2 wt% PVP) was used as catalyst in the experiments. The identity of the silver sample was verified 

by X-Ray diffraction (Figure S1 in the Supplementary Information). The soot used in the experiments 

was a reference material from NIST: “SRM 2975 Diesel Particulate Matter” (91 m2/g, 86-87 wt% C, 

1-2 wt% H, ~1 wt% S, 2.7 wt% extractable organics [19, 34-36]). 

 

2.2 Catalyst characterization 

 

     Morphology, chemical composition and crystallinity of silver and soot were investigated with a 

FEI Titan 80-300 Analytical transmission electron microscope (TEM) operated at 300 kV in bright-

field (BF) and high-angle annular dark field (HAADF) scanning TEM (STEM) mode. The soot:silver 

mixtures were dry dispersed onto lacey carbon supported copper grids and loaded on a standard single 

tilt TEM holder. 

 

2.3 Catalytic soot oxidation in flow reactor 

 

The catalytic activity of Ag in soot oxidation was measured using temperature programmed oxidation 

(TPO) in a flow reactor setup described elsewhere [20]. For the activity tests soot (~2 mg) and catalyst 

in a ratio of 1:5 (wt:wt) were stirred together with a spatula (loose contact) or crushed together for 6 

minutes in an agate mortar (tight contact). The soot/catalyst mixture was transferred to a 7 cm long, 

1 cm wide alumina sample holder, which was placed in the center of a quartz tube (length: 65 cm, 

inner diameter: 24 mm) within a horizontal, tubular furnace. The sample was then subjected to a 1 

NL/min flow of 10.2 vol% O2 in N2. The feed gases (N2 and O2 from AGA A/S) were dosed by means 

of Bronkhorst EL-FLOW mass flow controllers. When the sample had been installed in the oven, and 

once any remnants of air had been purged from the reactor (when the CO2 signal from ambient air 

had dropped below the detection limit) the reactor was heated at a rate of 11 °C/min to a final 

temperature of 750 °C. The temperature was monitored by a type K thermoelement at the external 

surface of the quartz tube wall. The concentrations of CO and CO2 in the reactor effluent were 

monitored continuously using an ABB AO2020 IR gas analyzer calibrated using a certified 

CO/CO2/N2 gas mixture from AGA A/S. During the experiments the levels of CO and CO2 in the 

effluent stream were in the 0-500 ppmv range, and the oxygen conversion was thus negligible in the 



present experiments. In one experiment the supply of pure oxygen was replaced with a 1 vol% O2 in 

N2 gas mixture (AGA A/S) to obtain an oxygen partial pressure (296 Pa) almost identical to the one 

employed in the ETEM experiments. 

 

2.4 In situ soot oxidation in the environmental transmission electron microscope 

 

In situ soot oxidation was investigated in a FEI Titan 80-300 transmission electron microscope 

equipped with a differentially pumped environmental cell [37]. The soot:silver mixtures (1:5 wt:wt) 

in loose and tight contact mode were dry dispersed on the surface of MEMS thermal EMheaterchips 

(DENSsolutions) with no carbon support film and then mounted in an SH30 heating holder 

(DENSsolutions). In the electron microscope, the samples were exposed to 300 Pa O2 and heated in 

the temperature range 150 – 854 °C at a rate of 11 °C/min.   

 

3. Results and Discussion 

 

3.1 Soot/catalyst contact 

 

The bright field TEM (BF-TEM) micrographs of soot:silver mixtures (1:5 wt:wt) in Figure 1Figure 1 

illustrate the contact between the solids in the two contact conditions. In loose contact silver was 

observed to form big agglomerates sharing a limited number of contact points with the soot 

agglomerates. In tight contact silver particles were instead observed to be more dispersed, and most 

of the surface of the catalyst appears to interface the soot. 
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Figure 1 Bright Field TEM micrograph of a soot:silver (1:5 wt:wt) mixture in (left) loose contact 

and (right) tight contact condition. Darker agglomerates represent the silver fraction of the 

specimen while the lighter porous structure is the soot. In both micrographs a portion of the lacey 

carbon support holding the specimen is visible.
 

 

Scanning Transmission Electron Microscopy (STEM) analysis of the two samples revealed the 

presence of a distribution of small nanoparticles of approximately 2-5 nm diameter in both contact 

modes (cf. Figure 2Figure 2). These were mostly identified in the near vicinity of big silver clusters, 

but were found as well mixed with the soot cake far from the main Ag agglomerates. STEM Energy 

Dispersive X-Ray Spectroscopy (STEM-EDX) measurements carried out on a single small 

nanoparticle (cf. Figure 3Figure 3-a) and on areas containing few particles (cf. Figure 3Figure 3-b) 

revealed in both cases the presence of the elements silver, carbon and sulfur. The presence of carbon 

and sulfur were ascribed to the soot fraction [34]. The small nanoparticles identified by STEM might 

represent a finely divided fraction of the silver catalyst. The copper signal in the spectrum originated 

from the sample holder, and the observed sodium might be a part of the ash in the soot.   
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Figure 2 (Left) STEM micrograph of a soot:silver (1:5 wt:wt) mixture in loose contact mode. A 

group of small nanoparticles (bright spots in the white box) close to a silver agglomerate is 

highlighted. (Right) Close-up on the particle area. Contrast has been enhanced in order to better 

visualize the soot underlying the catalyst.
 

 

 

 

 

 

    

  

(a) Single particle analysis 

 



 

 

(b) Group particles analysis 

Figure 3 STEM micrograph (left) and STEM-EDX spectrum (right) of (a) a silver single particle 

and (b) a group of silver particles. Graphical elements in white indicate the origin of the EDX 

signal on the sample. 
 

 

3.2 Activity in catalytic oxidation 

 

Figure 4Figure 4 shows the oxidation rate as a function of temperature for pure soot, and for soot 

mixed with Ag in tight or loose contact in the flow reactor tests. The silver catalyst generally shows 

a high activity for soot oxidation. The significant activity in loose contact, where the temperature of 

maximal oxidation rate is shifted downwards by 123 °C compared to pure soot, is especially 

noteworthy, since it is very challenging to achieve a significant activity in this situation [11, 20]. The 

reason for the high activity in loose contact will be discussed further in section 3.4 below. The sharp 

peak in the oxidation rate at a temperature of 325 °C is due to oxidation of polyvinylpyrrolidone 

(PVP), which is present as as a stabilizer/dispersant in the commercial silver nanoparticle sample. 

Figure S2 in the Supplementary information shows how the oxidation of this polymer in the absence 

of soot occurs in a sharp peak just above 300 °C (see also Shen et al. [38]). In a rerun experiment, 

where the spent silver sample is again mixed with soot in loose contact, the activity is decreased, 

however despite having been exposed to high temperature the silver catalyst retains significant 

activity for loose contact soot oxidation (“Loose contact rerun” in Figure 4Figure 4).   
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Figure 4 The rate of carbon oxidation (normalized by the total, initial mass of carbon) during 

TPO experiments with silver catalyzed soot oxidation. Experimental conditions: soot:silver = 1:5 

wt:wt, ramp = 11 °C/min, 1 NL/min, 10.2 vol% O2 in N2. 

 

     
 

3.3 In situ soot oxidation in the environmental transmission electron microscope 

 

It is known [11, 20] to be a great challenge to achieve a significant lowering of the oxidation 

temperature with loose contact between catalyst and soot, and the significant effect of metallic silver 

in loose contact with soot is thus a particularly striking feature in Figure 4Figure 4. Assuming an 

intermediate oxygen coverage the heat of oxygen chemisorption on metallic silver should be in the 

order of 130 kJ/mol [39-41], which should make silver well suited for oxygen activation [20, 42]. 

However there might also be behavioral traits that contribute towards enabling silver to achieve soot 

oxidation at relatively low temperatures. In order to improve the understanding of the catalytic 

behavior of metallic silver, soot:silver mixitures in both tight and loose contact conditions were 

investigated using environmental transmission electron microscopy (ETEM). In situ oxidation was 

carried out in an oxygen partial pressure 
2Op  = 300 Pa by heating the mixtures from 150 to 854 °C 

using the same temperature ramp as in the flow reactor experiments (11 °C/min). Micrographs of the 
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oxidation reaction are acquired every 25 seconds and finally combined together to form playable 

time-lapses of 8 FPS (Movie 1 and 2) and 10 FPS (Movie 3). 

 

In situ oxidation in loose contact 

 

Figure 5Figure 5
 
shows four key frames representing soot oxidation in the ETEM in the loose contact 

condition. As Movie 1 shows, in the temperature range 25-280 °C no evident changes in soot or Ag 

morphology were observed (Figure 5Figure 5-a). As the temperature increased from 280 to 472 °C, 

silver particles began to coalesce, forming larger rounded agglomerates (Figure 5Figure 5-b). At 500 

°C coalesced silver agglomerates were observed to be mobile, moving on the soot cake and actively 

oxidizing the soot particles. Soot oxidation at the Ag/C interface was visually confirmed by the 

disappearance of soot particles in contact with silver. The mobility was estimated visually to be 

maximal around 700 °C (Figure 5Figure 5-c) and oxidation was reported to end at about 760 °C, 

when all the soot was consumed and the silver had coalesced to a single particle (Figure 5Figure 5-

d). 
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Figure 5 BF-TEM micrographs of in situ soot oxidation in the ETEM in loose contact condition 

showing (a) initial distribution and morphology of silver and soot, (b) coalescence of silver 

particles, (c) mobility of coalesced silver agglomerates over the soot cake and (d) final silver 

agglomeration. Scalebar is 500 nm. 
 

 

In situ oxidation in tight contact 

 

Similarly to what has been presented in the previous paragraph for loose contact, the four steps of in 

situ soot oxidation in the tight contact condition are summarized in Figure 6Figure 6. As Movie 2 

shows, in the temperature range 25-250 °C no obvious changes in soot or Ag morphology were 

observed except for the collapse of part of the soot structure on the right hand side of the specimen 

area (Figure 6Figure 6-a). Between 250 and 338 °C silver particles coalesced forming round 

agglomerates (Figure 6Figure 6-b). Silver coalescence was observed to occur approximately 30 °C 

earlier compared to the loose contact condition due to the presence of smaller silver particles in the 

sample– naturally requiring lower temperatures for initiating the coalescence process. Starting from 

T=342 °C the small silver particle groups exhibited high mobility over the soot cake. Oxidation 
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activity by silver particles could again be identified by disappearance of soot. Silver mobility was 

estimated to have its peak around 526 °C (Figure 6Figure 6-c). Around 700 °C soot oxidation was 

observed to be complete (Figure 6Figure 7-d). 

 

 

 

Figure 6 BF-TEM micrographs of in situ soot oxidation in the ETEM in tight contact condition 

showing (a) initial distribution and morphology of silver and soot, (b) coalescence of silver 

particles, (c) mobility of coalesced silver agglomerates over the soot cake and (d) final silver 

agglomeration. Scalebar is 300 nm. 
 

 

3.4 Origin of silver mobility and its implications on catalytic activity 

 

Previous studies in literature have shown that the oxidation of graphite single crystals can be 

effectively catalyzed by a two-step mechanism involving the mobility of metallic nanoparticles [43, 

44]. At 500 °C in a 670 Pa O2 atmosphere, platinum nanoparticles were reported to initially 

penetrate the graphite basal plane to produce pits. Upon temperature increase to 735 °C the particles 
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were found to move parallel to the graphite surface, digging relatively straight channels with sudden 

change of direction by 60 and 120° [43]. In a similar experiment, between 327 – 577 °C and in an 

atmosphere of 4.5 – 13 Pa O2, silver nanoparticles deposited on graphene were reported to 

catalytically remove carbon atoms producing channels aligned parallel to the <100> graphene 

directions [45]. This channeling effect could be explained by taking the adhesion energy between 

the metal particle and the carbon edge atoms in contact with it into consideration. This adhesion has 

been ascribed to van der Waal forces at the metal/carbon interface [44], although chemical bonding 

cannot be completely excluded. In DFT calculations Pizzocchero et al. [46] did observe a bonding 

between the edge of graphene and silver. During oxidation, the temperature is high enough to 

enhance the mobility of silver atoms and cause wetting of the graphite surface. As carbon atoms are 

removed by catalytic oxidation these attractive forces at the interface pull the silver particle along 

with the reaction front causing the particle to move. The straightness and preferential orientation of 

the channels would then arise from the anisotropic reactivity of the oxidation reaction along 

different lattice directions, as seen in both graphite and graphene oxidation where channels were 

found to be oriented parallel to the <100> directions. Silver particle motion on an amorphous and 

tridimensional structure like soot is not expected to follow any preferential direction, but rather to 

reflect the local variations of the Ag-C interface due to soot morphology. As shown in Section 3.3 

and summarized in Table 1 the onset of silver mobility and the mobility peak temperatures remain 

very dependent on the initial contact, although silver was found to start coalescing at approximately 

the same temperature for both loose and tight contact. The presence of PVP might have an influence 

on the initial silver coalescence. Oxidation of the PVP stabilizer layer is most likely needed before 

Ag nanoparticles start to coalesce. This may justify the similar temperature needed to trigger this 

sintering process for both contact modes.   

 

Table 1 Temperature (in °C) onsets and ranges for coalescence, mobility onset, maximal mobility and end of 

oxidation as observed from ETEM experiments. 

 Loose contact Tight contact 

Coalescence 280-472 250-338 

Mobility onset 500 342 

Maximal mobility 700 526 

End of oxidation 760 700 

 



Overall, mobility of silver in the tight contact condition was found to occur at consistently lower 

temperature than in the loose contact condition. As Movie 3 shows, in loose contact, silver particles 

in larger clusters are kept together by the Ag-Ag cohesive energy from large agglomerates in contact 

with the soot cake (cf. Figure 7Figure 7-a). Upon temperature increase, silver particles start to 

coalesce forming round agglomerates (cf. Figure 7Figure 7-b). Silver was observed to maintain its 

crystalline state after coalescence phase and throughout the rest of the in situ oxidation experiment 

for both contact modes. This was confirmed by the report of typical BF-TEM diffraction halos from 

silver particles and the acquisition of time lapsed electron diffraction patterns during additional in 

situ oxidation experiments (cf. Figure S3 in Supplementary Information). As the temperature rises, 

silver layers situated at the edge of the coalesced agglomerates have sufficient energy to overcome 

the internal Ag-Ag cohesive energy and start wetting the soot surface causing a local deformation of 

the agglomerate (cf. Figure 7Figure 7-c). When the temperature is high enough, catalytic carbon 

oxidation occurs and the attractive forces between silver and soot will maintain the contact between 

silver and the progressing oxidation front, causing a net movement of the Ag agglomerate (cf. Figure 

7Figure 7-d). The local geometry of the silver/soot interface can greatly influence the magnitude of 

the attractive forces. In extreme cases, wetting can cause portions of silver agglomerates to deform to 

the point where separation occurs and smaller silver particles released from the main Ag agglomerate 

start to move on the soot cake (cf. Figure 8Figure 8).  

 

 

Figure 7 Wetting and movement of a silver agglomerate during in situ oxidation of soot:silver 

mixture in loose contact condition. BF-TEM micrographs shows (a) initial agglomeration and 

morphology of silver and soot, (b) coalescence of silver particles, (c) initial deformation of 

coalesced silver agglomerate due to capillary forces and (d) movement of silver agglomerate. 

Arrows in red indicate the direction of deformation of the silver agglomerate. The previous 
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position of the silver agglomerate as observed in (c) is highlighted in subfigure (d) with a dashed 

white line. Scalebar is 200 nm. 

 

 

Figure 8 BF-TEM micrographs showing the detachment of a small portion of silver from a 

bigger agglomerate during in situ oxidation of soot:silver mixture in loose contact condition. The 

red dashed ring indicates the region where detachment occurs. Scalebar is 200 nm. 

 

It thus seems reasonable that silver exhibits a relatively high loose contact activity, as the relatively 

high mobility of the silver helps to overcome the initially poor dispersion of the catalyst particles in 

loose contact.  

     In the case of tight contact, where the oxidation occurs at a lower temperature, the silver is present 

as smaller agglomerates (or isolated silver particles), and not only is the carbon/silver interface greater 

than in the loose contact case, but the mobility of an isolated silver particle is also not restricted by 

the same Ag-Ag cohesive energy as a silver particle within a larger cluster. It is hence reasonable that 

the tight contact mixture exhibits mobility at lower temperatures compared to loose contact in 

complete consistency with the lower oxidation temperature. A clear example of this mobility behavior 

is further shown in Movie 3, where small (< 10 nm) silver nanoparticles dispersed on the soot fraction 

were observed to be mobile at lower temperatures than the large silver agglomerate (c.f. Figure 

9Figure 9). 
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Figure 9 Mobility of small (< 10 nm) silver particles during in situ oxidation of a soot:silver 

mixture in loose contact condition. The area highlighted in the white rectangle is magnified in the 

subfigures on the right. Scalebar in the main figure is 200 nm. Scalebar in the subfigures is 50 

nm. The position of the red rectangle is fixed and can be used as a reference for the eye in order 

to track the movement of the silver particle. 

 

     Ag mobility thus plays a key role in the catalyzed oxidation of soot by constantly ensuring the 

presence of a silver-carbon-oxygen reactive interface. This reciprocal relationship between oxidation 

and mobility was verified in an in situ control experiment, wherein a soot:silver mixture in tight 

contact mode did not show any mobility effect when heated in absence of oxygen (vacuum), thus 

confirming that soot oxidation is necessary for mobility to take place (cf. Figure S4 in Supplementary 

Information).  

 

3.5 Effects of oxygen pressure 

 

     The oxidation temperature differences observed in the flow reactor experiments for soot:silver 

mixtures in loose and tight contact conditions (cf. Section 3.3, Table 2), could then be ascribed to the 

different temperatures required to trigger the mobility of silver for the two different contact 

conditions. In tight contact, small silver particles requires lower temperatures to start moving and 

actively oxidize the soot cake while being moved by attractive forces, possibly van der Waal forces. 



Vice-versa, in loose contact, higher temperatures are needed in order for van der Waal forces to 

overcome the silver agglomerate’s internal Ag-Ag cohesive energy and initiate oxidative mobility.  

 

Table 2 Peak and ending temperatures (in °C) of soot oxidation as observed from activity measurements 

(Section 3.3). 

 Loose contact Tight contact 

Carbon oxidation rate peak 520 440 

End of oxidation 625 500 

   

In this case the ETEM experiments at a comparatively low oxygen pressure are used to explain the 

behavior in the flow reactor tests with a partial pressure representative for real diesel vehicle exhaust, 

and the pressure gap should thus be taken into account. For both loose and tight contact conditions 

the temperature offset between overall silver mobility as observed in ETEM experiments and carbon 

oxidation rate from TPO experiments could be related to the different oxygen pressures used in the 

two setups. If it is assumed that the soot oxidation is first order in the oxygen pressure and other 

kinetic parameters are fitted to the measured data one obtains the following rate expression:   

 
3

2

2

1 1 125
3268min exp 1

kJ
mol

O

dX
Pa X p

dt RT

   
    

 
 

Where X is the degree of carbon conversion, R is the gas constant, T is the temperature and pO
2 is the 

partial pressure of oxygen. The reaction order in the carbon conversion is usually interpreted in terms 

of the development in reactant surface area with carbon consumption (⅔ for shrinking spheres, 1 for 

a fully porous solid). A reaction order above one implies that the surface area increases with 

increasing consumption, which is usually not realistic. However, in the present case, where the degree 

of conversion is increased through increasing temperature, the in situ TEM studies illustrate that the 

very important Ag-soot interfacial area can increase at higher temperature as a result of silver’s 

mobility, so the high reaction order in the carbon conversion is to some extent consistent with the 

observed behavior of the catalyst. Figure 10Figure 10 shows the measured carbon oxidation rates in 

TPO experiments at two different partial pressures of oxygen, namely 10335 Pa (as used in the other 

TPO experiments) and 296 Pa (representing the pressure used in the in situ TEM experiments) as well 

as the predicted rate profiles using the fitted rate expression. The figure shows that the same rate 

expression can be used to provide a reasonable description of the behavior at both the two oxygen 

pressures, and since the occurrence of the oxidation in the in situ TEM experiments agrees well with 

Formatted: Font: Not Bold



TPO experiments in 296 Pa oxygen it seems that the temperature differences between TEM and TPO 

experiments (compare Table 1 and Table 2) can be attributed mainly to the pressure difference 

between the two methods. 

 
Figure 10 The rate of carbon oxidation (normalized by the total, initial mass of carbon) during 

TPO in loose contact with silver at two different oxygen partial pressures. Solid lines represent the 

experimental data and dashed lines the theoretical profiles calculated according to the presented 

kinetic model. Experimental conditions: Soot:silver = 1:5 wt:wt, T ramp = 11 °C/min, 10335 Pa O2 

= 1 NL/min, 10.2 vol% O2 in N2, 296 Pa O2 = 1NL/min 2960 ppmv O2 in N2. 

 

 

4. Conclusion 

 

In this study the catalytic behavior of metallic silver nanoparticles during soot oxidation was studied 

by means of TPO experiments carried out in a flow reactor and in an environmental transmission 

electron microscope. Soot:silver mixtures in a ratio 5:1 wt:wt showed different catalytic activity 

depending on the contact condition between soot and catalyst, which was determined by the 

preparation method. Crushing soot and silver together in a mortar (tight contact condition) resulted 
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in a much finer dispersion of silver particles within the soot cake as compared to soot:silver mixtures 

prepared by simply stirring the two powders with a spatula (loose contact condition). Flow reactor 

TPO experiments showed that silver in both contact types is able to achieve a relatively low carbon 

oxidation temperature. In a flow of 10 vol% O2 in N2 the maximal carbon oxidation rate of non-

catalytic oxidation occurred at a temperature of 654 °C, whereas the maximal oxidation rate occurred 

at significantly lower temperatures in loose contact (520 °C) or particularly in tight contact (450 °C) 

with Ag nanoparticles. The considerable activity of silver in both contact conditions should at least 

in part be ascribed to the behavioral characteristics of the silver particles, particularly their significant 

mobility, responsible for ensuring the constant presence of a reactive carbon-silver-oxygen interface 

during oxidation. Mobility of silver was observed by in situ oxidation experiments in the ETEM. 

Attractive forces, possibly van der Waal forces, exist between the metal and carbon, and in an 

oxidizing atmosphere, where the carbon is oxidized at the catalyst/carbon interface and the reaction 

front thus moves, these attractive forces pull the silver particles along with the progressing reaction 

front and cause significant mobility of the catalyst particles. The relatively good loose contact activity 

of silver could be related to the fact that the high mobility of the silver helps to overcome the poor 

initial dispersion of the catalyst particles. Concerning the difference between loose and tight contact, 

the mobility was observed in ETEM experiments to be triggered at lower temperatures for mixtures 

in tight contact (342-700 °C), compared to loose contact (500-760 °C). The mobility is a process 

highly influenced by the balance between attractive forces connecting silver agglomerates to the 

porous soot matrix and the size of the silver agglomerates themselves, which dictates their internal 

cohesive energy. As an example an isolated silver particle is not restricted by an internal cohesive 

energy in the same way as a silver particle within a larger silver cluster, and the isolated particle can 

therefore be set in motion by the progressing reaction front at a lower temperature as observed in the 

ETEM experiments. 
 

     The high mobility of silver shown here is of importance for the understanding of silver catalysts 

used for soot oxidation and should also be of importance for other soot oxidation catalysts that could 

derive mobility from e.g. a low melting point, for example vanadium oxide. 
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